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THE SOUTHERN PINE BEETLE

PCPULATION MODELING SYMPOSIUM--

AN INTRODUCTION AND OVERVIEW

Fred M. Stephen and Robert N. Coulson!

The impetus for this svmposium came
from a result of conversations initiated
in meetings of the E£xpanded Southern
Pine Reetle Research and Applications
Program Technoleogy Transfer Team con-
cerned with population sampling and pre-
dictive modeling. This team has three
primary charges: (1} to identify the
accemplishments realized from the ESPBRAP
in population sampling and predictive
modeling; (2) to inform technical spe-
cialasts, foresters, and forest managers
that SPB population trends and associ-
ated damage can be reliably estimated
using the new techhnology; and (3} to
participate in developing a means for
marketing this technelogy in a form com=-
patible with user needs and technical
capabilities.

We believe that the ultimate bene-
factors of the models we have developed
will be those practitioners who are con-
cerned with pest control decisiommaking
in the forest environment. However, an
intermediate "user? who was clearly iden-
tified in a previous symposium (Ciesla
1979) and who also needs to be considered
in this overall process of technology
transfer 1s the research scientist.
Since mathematical modeling is a tech-
nigque to abstract pertinent information
about complex systems, a particular model
can always be considered as incomplete.
Nevertheless the modeling approach forces
researchers to objectively conceptualize
and gdefine the particular system being
investigated. Therefore, there is good
reason to examine periodically the
assumptions, the logic, and the tech-
nigues being used in development, vali-
dation, and implementation of models.
Qur technology transfer team thus con-
ceived this symposium as a vehicle to
reach scientists. It represents an
effort to draw together and present in
a single forum a synthesis of the SPB
populaticon and damage prediction models
that have been formulated to date.

The importance to research scien-
tists of examining intermediate results

! The au'hors are, respectively,
Assocliate Professor, Dept. of Entomology,
University of Arkansas, Fayetteville; and
Professor, Dept. of Entomology, Texas
A. & M. University, Colleqge Station.

is clear from an iterative approach to
model building proposed by Hamilton et
al. {1%6%9). They suggest that follow-
ing preparatory work and initial formu-
lation of a model, computer experimenta-
tion, examination and evaluation of new
research findings, and model validation
using new and ¢ld data all contribute
to the refinement and reformulation of
the initial model. These processes
following initial model formulation are
repeated until an acceptable model is
developed. In simpler terms, we all
can profit from examination and criti-
cism of our work both internally and
externally as we progress with our re-
search efforts. We hope this symposium
will provide a suitable forum for this
process.

Defining the organizaticn of the
symposium presents several problems. A
holistic treatment of those models, which
may be appropriate for the development
of an SPB pest management system, is
much broader than what we have elected
to include. However, a traditional view
of insect population models excludes
some of those topics we propose to incor-
porszte. We found it difficult to delin-
eate clearly the spectrum of papers.
For example, is a model that uses meas-
urements relating to SPB-infested trees
as input and output properly considered
a southern pine beetle population model?
It is certainly apparent that the trees
would not be of interest if some level
of SPB population had not killed them.
But bugs and trees are not synonymous.
Population dynamics researchers have
been trying for years to make this point
with those making pest control decisions.
We aren't planning on abandoning the
fact now but nevertheless feel that a
too-narrow view of what constitutes a
population model might provide an un-
necessarily biased and limited summary
of the modeling efforts relating to SPB
and its impact. This reasoning was used
as the basis for including models con-
cerned with SPB infestation trend pre-
diction, as well as prediction of pine
plantation growth and the impact of bee-
tle populations therein. We did not,
however, choose to cover those models




concerned primarily with hazard ratings,
silvicultural systems or site-stand
classifications and the beetle. Various
economic models were likewise excluded.

What then is the organization plan
for this symposium, and how was it con-
ceived? The Expanded Southern Pine Bee-
tle Research and Applicatiens Program
management, as elucidated by Leuschner
{1979), suggests four types of impact or
damage models that are defined by geo-
graphic and temporal boundaries and the
use to which the models will be put.
Briefly summarized, these include (1)
models for short-term (1 to & months)
prediction of beetle population growth
and related damage in discrete spots;
(2} models alse of a short-term, pre-
dictive nature but directed toward multi-
spot infestations over a vide area; (3}
those models that focus on a more leong-
term {1 to 5 years} projecticn of damage
over a wide area; and (4) areawide
models that predict impact on a leng-
range basis (5 to 50 years). The defini-
tion of these models focuses primarily
on the spatial area of concern and the
time frame for impact prediction. The
orient: “ion of these model-group defini-
tions provides a useful framework for
thelr consideration in planning forest
management strategies but does not pro-
vide enough detail to define sessions
within this symposium. We hope that
the organization of the sessions in a
slightly different framework, based not
only on spatial and temporal resolution
but alse on biological aspects of the
SPB life system, will be useful.

It may then be appropriate here to
preview the different symposium sessions
and in a very brief manner to provide a
synopsis of their contents.

Considered in the first sessicn
are those meodels concerned with the
dynamics of beetle populations within
trees and discrete spots, and with pre-
diction of population change through
time. Two models of this nature have
been developed, one as a cooperative
effort between the Entomology and Indus-
trial Engineering Departments at the Uni-
versity of Arkansas and the other as a
cooperative venture between the Biosys-
tems Research Division {Industrial Engi-
neering) and Entomclegy at Texas A. &
M. University. Both of these models
have similarities. The models are flex-
ible, each being able to use numbers of
infested trees or measurements of actual
beetle populations as input or cutput;
and each is based on aspects of SPB re-
production and survival. The modeling

approaches differ, however, as will be
evident from the presentations given
here. Also included in this session is
an examination of sensitivity analysis
and how it can be used to assess the
1mportance of particular rates and vari-
ables in the Arkansas population dynamics
model.

In the second session, the speakers
will present models that are related to
specific processes in the southern pine
beetle 1life system. Included here are
those models often considered esoteric
by ultimate users (i.e., forestry prac-
titioners). These very mndels, however
can be essential elements of more damage-
oriented population prediction models,
and can aid our understanding of the
dynamics of the SPB life system. Some
of these models have already been incor-
porated into the predictive systems dis-
cussed in the first session. The tem-
perature/development studies by Gagne
et al. at Texas A. & M. are, for example,
essential components of both the Arkansas
and Texas models. The biophysical model-
ing approach taken by the Texas group
should eventually lead to the inclusion
of part or all of the models on gallery
censtruction and oviposition, host habi-
tat changes relating to tree drying,
and pheromone dispersion. The models
of gallery initiation and landing and
component life-cycle processes provide
alternatives for examining elements of
SPB colonization, reproduction, and
development. A quantitative look at
the impact of a major SPB predater,
Thanasimus dubius, is provided from
studies conducted in Mississippi.
Finally in this session, North {arolina
researchers present a model for the tran-
sition of SPB activity from the endemic
to epidemic state. The model is for-
mulated as a multilevel hierarchy pro-
ceeding from the individual tree level
to the level of the large geographic
region.

In session three, discussion centers
on those meodels concerned with damage
prediction via models not based prlmarlly
on beetle population dynamics. The in-
fluence of selected site and stand fac-
tors on the rate of expansion of indi-
vidual SPB spots is considered. Also,
attention is given to a regional SPB
damage projection system based on site
and stand parameters and applicable over
a l-year period. The incorporation of
this model into a long-term, areawide
damage projection system will be pre-
sented, along with models for host dy-
namics. This session will close with an
examination of trend prediction systems
that are based on beetle population-re-
lated measurements and secondary fac-
tors and that are used for prediction
of timber mortality in the Georgia Pied-
mont and Gulf Coastal Plain.



Following the discussion of damage
projection and trend prediction, an eval-
uation of what we have (or what we should
have) included in this symposium will
be conducted. We hope here to gain some
insight into how those who are not close-
ly tied to SPB population modeling view
the progress we have made over the past
several years. Constructive criticism
should assist us as we move toward imple-
mentation of these models in field situ-
ations, and as we attempt to develop
integrated forest and pest management
systems that must be built around the
praedictive models we are about to dis-
cuss in this symposium.
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MODEL FCR PREDICTING

SOUTHERN FINE BEETLE POFULATION

GROWTH AND TREE MORTALITY

Gail 5. Hines, Hamdy A. Taha, and Fred M. Stephen!

Abstract.--The concept of systems
dynamics is applied to populations of
the southern pine beetle, Dendroctonus
frontalis Zimm., in presenting a deter-
ministic model to predict timber losses.
The model can be used by forest practi-
ticners and requires a minimal amount of
entomological data for initialization.
Population development is primarily a
function of temperature, with growth
being regulated by a series of variables
affecting mortality and production rates.
Results of the simulaticn include a pre-
diction at weekly intervals of the num-
bers of dead and infested trees plus the
expected monetary loss reflecting local
stumpage prices.

INTRODUCTION

Considerable research has been done
on various aspects of the biolecgy of the
southern pine beetle, Dendroctonus fron-
talis 2immermann, in an effort to develop
management strategies to minimize timber
losses from this pest. Accurate predic-
tions in forecasting the growth of the
pest population are an essential compo-
nent of a pest management system to
achieve these goals (Waters and Ewing
1974).

In this paper we present a model
for predicting timber losses in discrete
infestations (i.e., spots) as a function
of changes in southern pine beetle popu-
lation over time (ca. 4 months or less).
The model is designed for use by forest
management personnel and does not reguire
intensive sampling to obtain direct mea-
surements of the various SPB life stages
as they exist within infested trees.
Rather, surveys requiring a minimum of
specialized equipment can supply measures
of certain initial conditions that govern
the state of infestation and site and stand

1 The authors are, respectively,
Assistant Professor, Dept. of Industrial
Engineering and Dept. of Forestry, Auburn
University, Auburn, Ala.; Professor,
Dept. of Industrial Engineering, and
associate Professor, Dept. of Entomology,
University of Arkansas, Fayetteville.

conditions. The facts that measurements of
the population can be made by a forest
technician and that a deterministic ap-
proach is taken--i.e., a treatment of
variables as constants choosing average
effects as parametric values--have re-
sulted in a fairly simple and inexpensive
simulation model.

The model utilizes principles of
systems dynamics (Forrester 1968) de-
veloped initially for the simulation and
study of continuous systems usually in-
volving economic or industrial processes
as a functiocn of time. These concepts
may be applied to biological systems
(e.g., Paulik and Greenough 196&) and
are applicable for meodeling insect popu-
lations based on the assumption that the
life cycle of a holometabolous insect
and its interactiong with its host, para-
sites, and predators are analogous to a
production process (Berryman 1374). The
production levels describe the quantities
of insects in the various stages of devel-
opment, and the systems dynamics rates
regulate the flow of life forms between
these levels as determined by the condi-
tions of the system at a given point in
time.

Systems dynamics has been employed
in an insect populaticn model (SIMECOB)
for the European corn borer (Loewer 1976).
SIMECOB considers population growth in
each of the stages of insect development
to be a continuous system, with probabil-
ities for passages of insects to a suc-
ceeding level determined by weather con-
ditions. Many biological factors,
including the population density of
natural enemies, host variety resistance,
and migration, are not included.

BASIC DESIGN OF THE MODEL

The model is conceptually designed
to represent the life cycle of the south-
ern pine beetle by considering the influ-
ence of physical and biotic factors in
the forest environment of the various
beetle life stages. Figure 1 depicts
the flow of beetles through the life
stages and production of a subseguent
generation. Each rectangle represents a
developmental level containing numbers
of SPB in specific life stages. As shown
in figure 1, the population of adult
beetles (BAA) that are arriving at trees
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Figure l.--Graphic representation of the
basic flow paths within the SPB model.

can come from two sources. If no previous
beetle activity has occcurred in the imme-
diate vicinity, the arriving adults must
immigrate from an external source popula-
tion. PBut in most spots the arriving
adult population is produced from emerg-
ing and reemerging adults in the immediate
vicinity.

As colonization of trees is success-
ful, the arriving adults become parent
adults (BPA) and initiate a new generation
via gallery construction and egg produc-
tion (BE}. Two paths then exist for
production of emerging adult bheetles
(BEA}. Parent adults can reemerge, at
which time they are arbitrarily classi-
fied as emerging adults. The alternate
path results from within-tree development
of eggs to larvae-pupae (BLP)} and brood
adults (BBA), both of which subsequently
contribute to the new emerging adult
population. Although the model is now
designed to include both brood and re-
emerging adults in the emerging adult
level (BEA), the two variables could be
considered separately.

The effect of selected physical and
biotic factors on the basic southern
pine beetle life cycle is introduced in
figure 2 by overlaying the variocus rates
(bottlenecks) and variables (circles)
that control the magnitude of changes in
gach level through time. A solid line
represents the flow of material (SPB)
between levels, whereas a dashed line
represents the flow of information affect-
ing the wvalues of levels, rates, and
variables. The irregular closed curves
represent population sources, or sinks,
which are external to the system being
mcdeled.

The model is expressed in terms of
rates of change in the form

dy

i+1 = f{X, Yi)
dt

where Y, is the vector of state vari-
ables déscribing the bark beetle popu-
lation by age structure at time t. These
rates govern the movement of beetles
through the various life stages and the
production of a subseguent generation.
The wvector X contains a collection of
variables that affect the state variables.
This collection of independent variables
includes mortality rates computed from
life tables for the various life-stage
levels and reflects attrition due to
parasites and predators.
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Production Rates

Since temperature is the primary
determinant of maturation and reproduc-
tion, the model possesses a subsystem
that simulates envircnmental conditions.
Information reported by the environmental
subsystem is used to modify the produc-
tion rates. This environmental subsystem
produces a profile of hourly temperature
reacings that can be made site-specific
by accessing recorded maximum and minimum
temperatures for the appropriate date
and geographical location (Ballard 1974).
Estimates of the declination of the sun
and the equation of time using Fourier
analysis determine the time of sunrise.
Three half-cosine waves are then fitted
through readings of successive daily
high and low temperatures. The time of
sunrise determines the frequency of each
wave, based on the assumption that each
day's minimum temperature occurs 1 hour
after sunrise and the mazximum occurs 3
hours past noon. The model has the capa-
bility of modifying the ambient tempera-
ture profile to simulate conditions under
the forest canopy.

The egg development rate of the
southern pine beetle (BEDR} under a series
of constant temperature regimes was de-
termined by J. A. Gagne at Texas A. & M.
University. Successful egg development
occurs within the range of 50° to 92.1°
F. The maximum rate of development at
constant temperature occurs at approxi-
mately 81.5° F, as depicted in figure 3.
Rates of development for other SPB life
stages are described as functions of
temperature bearing this same relation-
ship (Cilbert et al. 1976) but altered
properticnately, based on Gagne's experi-
mental laboratory data and our field
cbservations on total time required for
within-tree development. Table 1 lists
the temperature-dependent developmental
rates and gives a descripticn of the
developmental processes that each rate
controls. The eqgg production rate (BER),
which is not a developmental rate but
regulates the number of eggs deposited
per female per time unit, is also temper-
ature dependent. At approximately BL.5°
F, BER will cause production of 28 eggs
per female over a 4-day period. The
rate centrolling the rearrival on newly
colonized hosts of the emerging and re-
emerging population (BRR) is a constant
chosen such that half the colony will
have amassed on an adjacent tree within
0.1 day. Flight ceases at temperatures
less than 57° F. (Kinn 1978).

DEVELOPHENT RETE/DAY

B8 &5 7@ 75 B 8BS 98  af
JEMPERATURE It DEGREES F

Figure 3.--5PB egg development rate per
day as a functien of temperature (° Fj.

Table 1.--Temperature-dependent production rates

Process Controlling rate

Successful attack rate BSAR
Gallery construction,
oviposition, and parent
aduli reemergence rate
Egg development rate
1zt instar through pupa

Brood adult to emergence

Mortality Rates

A variety of physical and biological
factors affect survival between successive
levels of the developing within-tree

brood. For graphic purposes the different
causes of mortality affecting each level
are combined and referred to collectively
as mortality rates (fig. 2). In actuality
the equations for these mortality rates
are composed of a number of factors,
including natural enemies, competitors,
and other measurable causal agents of
mortality (table 2). The analysis of
additional data may provide further

‘identification of the impact of each of

these factors on mortality.

Data ccllected at test plots in
southwest Arkansas suggest that mortality
of within-tree stages is seasonally de-
pendent and affected by the host pine
species. Parasite and predator densities
in addition to stand age and vigor, also
influence mortality of within-tree S5PB
stages. The rates regulating the mortal-
ity of the attacking and emerging seg-
ments of the population area are altered




Table 2.--Variables affecting mortality rates

Pine basal area
Hardwood basal area
Host pine species
Season
Stand age and vigor
Density of attacking SPB population
Parasites and predators

Competitors

Table 3.--Data required for medel initiaiization

Date infestation was observed
Length of simuiation
Site and stand conditions

Geegraphical location

Pine and hardwood basal areas

Host species compasition
infesled tree data

Growth rate

Age

d.b.h.

Tree count by SPB life stages
Average height at top of infestation

Current stumpage prices

depending on the hardwood and pine basal
areas, the age and vigor of the stang,
and the density of the atlacking popu-
lation {fig. 2).

The mortality rate of the attacking
adult population is used to simulate the
effect of the southern pine beetle phero-
mone during the initial period of an
attack. The rate, when eguated to one,
has the effect of allowing a convergence
of attacking beetles (i.e., mass attack)
in numbers sufficient to overcome the
resistance of the host. Once this thresh-
old of resistance has been reached, the
attack comnences with the mortality rate
reset at a level dependent on environ-
mental conditions, as previously dis-
cussed. The attack continues until the
cumulative number of attacks reaches a
predetermined density level. At this
time the numbers of emerging and reemerg-
ing beetles disperse to infest adjacent
trees.

MODEL FORMULATION

The model is cast in terms of rates
of changes of numbers of beetles in each
of the life stage levels and formulated
in a set of differential eguations. The
balance eguation for change in the level
of arriving adults in a given time inter-
val is

d{BAA) = (1-BEAMR} x BEA x BRR (1)
dt - BAA x BSAR

Eguation {1) describes the amount of
change in a given level of arriving adults
as the difference between the numbers of
surviving emerging adults and the numbers
that successfully attack the host to
become parents. Periodically, each rate
is adjusted to reflect changes in the
environment. In this way, the model can
account for continucug variation in time.

Similarly, changes during an update
interval in the remaining levels are
regulated by the follewing eguations:

1l

d(BPA) = {(1-BAAMR) X BAA X BSAR

dat - BPA X BPAR (23

d{BE} = (1-BPAMR} X BPA X BER (3)
dt - BE X BEDR

d(BLP) = (1-BEMR) x BE x BEDR (4)
dt - BLP x BLPDR

d(BBA) = (1-BLPMR x BLP x BLPDR (5)
4t - BBA X BBADR

d(BEA) = {(i-BPAMR) x BPA %X BPAR
dt + {1-BBAMR} x BBA » BBADR

- BEA X BRR {6}



Diatrtbution of SPB by lite stage in treas
examined at breast hefght
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Figure 4.-~Hypothetical distribution of
SPB by life stage in trees examined at
breast height.

The model, then, is a seguence of
levels representing the life stages of
the southern pine beetle, with movement
through the variocus levels regulated by
rates which are determined by environ-
mental conditions.

INTTIALIZATION OF THE MODEL

An existing infestation can be sur-
veyed by forest technicians and the levels
within the model initialized to represent
the current status of the spot. The
information needed to initialize the
model is outlined in table 3. A field
manual describing the measurements to be
taken and the level of their precision,
and a user's manual providing model docu-
mentation to assist in computer implemen-
tation of the system are available upon
request.

As noted earlier, the model is
designed for use by forest management
personnel and thus does not reguire
intensive sampling to obtain direct meas-
uremente of the various within-tree south-
ern pine beetle life stages. Examination
of the boles of ca. 200 infested trees
suggests that various stages of SPB de-
velopment may be found along an infested
bole, and that these stages may be de-
scribed by the stage of development ob-~
served at breast height. Forest tech-
nicians determine the numbers of infested
trees that contain each of the brood
stage levels at breast height. The model
converts the infested trees to beetle
life forms present within those trees,
for input into the various developmental
levels in the model. This conversion
process uses the allocation method graph-
ically illustrated in figure 4, an esti-
mate of infested area, and an average
density of beetles per bark area {depen-
dent upon the life stage present}.

An estimate of the amount of in-
fested bark area can be obtained by
measuring the d.b.h. of each infested
tree, and determining the average height
at top of infestation within the spot by
climbing or felling a minimal number of

rees {Stephen and Taha 1979%9a}. A more
accurate estimate of infested bark area
can be made by reccording for each in-
fested tre= in the spot its height at
base and top of infestation plus the
circumference at breast Neight and at
top of infestation (Stephen and Taha
1978k},

The survey crew's assessment of the
average amount of growth of the stand
during the past 5 years, the average age
of the stand, the species composition,
and the pine and hardwood basal areas
will be needed to meodify the mortality
rates of selected life stages. Additional
data required for initialization of the
model inciude the geographic location of
the stand and date of survey so that
appropriate temperature files may be
accessed and rates initialized at values
appropriate for the season. The current
stumpage prices reflect local market
conditions, and a description of the
stand by 4.b.h. class is used to deter-
mine volumetric timber losses.

ACCURACY OF SIMULATION

To determine the wvalidity of the
model simulation, actual field results
were compared to the predicted tree mor-
tality for several infested spots in two
geographic areas. Climatic data were
obtained for each locatiocn.

A comparison cof field observations
and simulated predictions from infesta-
tions in scuth Arkansas studied in 1976
and 1978 indicates very good predictive
capability in some spots and consider-
able deviation from reality in others.
For example, Plot & (fig. 5) was first
checked in early June (Julian date 160,
1976}. At that time there were 39 in-
fested trees, which was also the total
number of dead trees. The spot was grow-
ing very rapidly, and when checked in
early July {1%4, 1976} there were 73
infested trees and a total of 113 dead
trees., Our model prediction for that
period was 86 infested and 121 total
dead trees, a reasonably good forecast.
By mid-aAugust {226, 1%976) there were 137
infested and a total of 273 dead trees.
Our simulated infestation had 141 in-
fested and 259 dead trees, again a close
prediction. When the final ground check
was made at the end of September (271,
1976), the spot contalned 433 infested
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trees and 710 total dead trees. The
simulation at this point predicted 393
infested and 641 total dead trees. The
more rapid growth of the actual spot
between J.D. 226 and 271, 1976, may be
explained by SPB immigration into the
study area from a very large spot about
1.5 Kkm away that was being salvaged.
This immigration was unaccounted for in
the simulation.

Other examples of the accuracy of
prediction are illustrated in figures 06
through 18. We correctly predicted the
decline of the small plot, number 5
{fig. 6}, but 4id not correctly predict
that Plot 6 would alsc decline (fig. 7).
Predictions of beetle population and
spot growth for plots 7 and 8 were guite
clos. to what was cobserved {(figs. 8 and
9}, except that the simulated growth of
plot 7 exceeded the observed growth after
J.D. 229.

In 1978 we monitored two plots. We
correctly predicted that one of these
would decline. For the other plot, our

simulation was very good for both infested

and dead trees over a 50-day period, but
we predicted wmuch more rapid spot growth
than was observed for the next 25 days
{fig. 10).

We will use data collected in Georgia

during 1979 to check the accuracy of the
model predictions further.

OUTPUT OF THE MODEL

Output from the model includes a
forecast at weekly intervals of the num-
bers of dead and infested trees classi-
fied by life stages cf the beetle. This
prediction is obtained by converting
numbers of beetles in each of the various
life stages to an equivalent amount of
infested bark area and then to numbers
of dead and infested trees, given the
average amount of infested bark area per
tree. These calculations provide an
estimate of total tree loss and afferd a
check on the prediction through time. A
comparison with actual stand conditions
should enable the manager to determine
if additional measurements on the status
of the infestation are regquired.

Assuming the &.b.h. distribution of
the trees killed by the southern pine
beetle is representative of the stand as
a whole, the model yields a volume esti-
mate of timber loss. The current stump-
age price is then used to assign a mone-
tary value to the loss.

CONCLUSIONS

Since our original objective was to
mimic the general features of beetle
populations, absoclute correspondence
between predicted and observed results
is not completely necessary. The vali-
dation tests show that the model simu-
lated the behavior of observed SPB popu-
lations reasconably well, as evidenced by
a comparison of the numbers of observed
and predicted dead trees in a limited
number of test plots. Further validaticon
of the model under a considerably wider
range of geographic conditions and SPB
population levels will be necessary be-
fore the wmodel is ready for adoption by
forestry practitioners.
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SENSITIVITY ANALYSIS AND

UNCERTAINTY IN ESTIMATION OF

RATES FOR A SOUTHERN PINE BEETLE MODEL

Hamdy A. Taha, Fred M. Stephen, and Mahmoud Motamedi!l

Abstract.--A common problem encoun-
tered in simulating the dynamics of an
insect population arises in estimation
of some rates that control survivorship
between insect life stages. In this pa-
per sensitivity analysis is used to rank
the rates of the model according to theilr
degree of importance in affecting the
output of the model. Based on this in-
formation, researchers can direct their
efforts to obtaining reliable estimates
of the most important rates of the model.
Although the plrocedure presented here is
general, its implementation is demon-
strated by application to a predictive
model of southern pine beetle (Dendroc-
tonus frontalis Zimm.)} population dynam-
1cs.

INTRODUCTION

The population dynamics model devel-
oped by Hines, Taha, and Stephen {1980)
is designed to predict the future status
of southern pine beetle infestations.
The overall organization of the iodel is
a representation of the life cycle of
the beetle using a series of levels
linked together by material flow paths.
The levels represent numbers of the bee-
tles in their different life stages.
The transformation of one life stage to
another through material flow paths is
controlled by rates, which control the
magnitude o©of changes in each level
through time. A flow chart of the model
is given 1in figure 1, with the levels
depicted by rectangles and the rates by
bottlenecks.

Implementation of the model requires
two types of du.a: {1} values of the
rates, and {2) initial status of the SPB-
infested spot. The wvalues of the rates
are considered as part of the model con-
struction, while the initial conditiens
normally apply to the infested spot under
study. As a result, all the rates must

! The authers are, respectively,

Professor, Dept. of Industrial Engineer-
ing; Associate Professor, Dept. of Ento-
mology; and Gradeate Research Assistant,
Dept. of Industrial Engineering, Uni-
versity of Arkansas, Fayetteville.

be accurately estimated before the model
can be successfully implemented.

Ideally, the rates shouild be deter-
mined based on the results of analyses
of experimental data. However, dve to
the complex nature of the interactions
of the beetle and its environment, it is
guite difficult to secure experimental
data for the estimation of certain rate
functions. Table 1 summarizes the 13
rates of the SPEB model and describes each
rate and 1*ts method of determination.

The rates of the model which are
not estimated from experimental data are
normally determined from intuition and
experience, either directly with south-
ern pine beetle or with other insects
having more or less similar bioclogical
characteristics. Trial-and-error simu-
lations alsc provide means for checking
the validity of assumptions concerning
some rates.

The purpose of this paper is to de-
velop a method for ranking the rates for
which no data are available in order of
"degree of importance." By degree of
importance we mean the degree of sensi-
tivity of the output of the model to
small changes in a given rate. Such in~
formation is useful in determining the
rates that have the most effect on the
results of the model. Given this knowl-
edge, researchers can then concentrate
on finding reliable means for estimating
those rates that are most critical in
obtaining accurate predictions from the
model.

To illustrate the idea of testing
the model's sensitivity, figures 2 and 3
demonstrate the variations in number of
dead trees over time as a result of vary-
ing the wvalues of the parameters BSAR
(successful attack rate) and BEAMR {in-
flight mortality rate of reemerged and

brood adults}). In each case the param-
eter to be evaluated was varied from 50
to 140 percent of its jnitial value while
not altering any other parameters in the
model. Figure 2 shows the extreme sensi-
tivity to these changes of inflight mor-
tality {BEAMR), as the number of dead
trees can vary from about 75 to 2,000 at
the end of a 3-month period. In figure
3, on the other hand, we c£an clearly see
that although successful attack rate
{BSAR) was also variad to the same extent
as inflight mortality, almost no change
in the output was produced.
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Table 1.--Process description of model rates and summary of metheds of determination

Temperature-dependent production rates

BSAR:
BPAR:

BER:
BEDR:

BLPOR:

BBADR:

Successful attack rate--indirectiy estimated as a function of the egg development rate.

Parent adult reemergence rate--indirectly estimated as a function of the egg development
rate.

Egg production rate--determined via search procedures and mode) simulation.

£gg development rate--determined by laboratory rearing under different constant temp-
erature regimes.!

Larva-pupa development rate--indirectly estimated as a function of the egg development
rate.

Brood adult development rate--delermined by laboratory rearing under different constant
temperature regimes. !

Mortality rates

BAAMR:

BPAMR:

BEMR:

BLPMR:
BBAMR:
BEAMR:

BRR:

Attacking adult mortaiity rate--based on a combination of intuition and triai-and-error
experimentation.

Parent adult mortality rate--based on parent adult reemergence data of Cooper and Stephen
1876.

Egg mortality rate--based on egg sample dissection data.
Larva-pupa mortality rate--based on analysis of X-ray sampling data.
8rood adult mortality rate--estimated from X-ray and laboratory emergence data.

Reemerged and broed adult inflight mortality rate--based on intuition, trial-and-error
experimentation, and unpublished data.?

Adult beetle rearrival rate--based on intuition and trial-and-ervor experimentation.

! Data from J. A. Gagne.
¥ Unpubiished data from P. £. Pulley and R. N. Coulson,

Texas A. & M. University.
Texas A. & M. University.
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RANKING PROCEDURE BY
SENSITIVITY ANALYSIS

Sensitivity analysis in insect popu-
lation modeling is a well-established
technigue {Gilbert and Hughes 1871;
Gilbert and Gutierrez 1973; Miller,
Wiedhaas, and Hall 1973; Miller 1974).
Miller (1974, 1975) appears to be the
first to use sensitivity analysis to
establish the relative importance of the
different parameters or rates for models
simulating a mosguito population. The
present work extends the general ideas
of Miller for the purpcse of ranking
the rates of the SPB model (Stephen,
Hines, and Taha 1980) according to their
importance in affecting model output.

To apply sensitivity analysis, we
need to express the output cf the model
in terms of a single variable, 1f possi-
ble. In the SPB model, the final output
can be expressed 1n terms of the number
of dead trees accumulated after the in-
festation has progressed for a certain
period of time. Let

P(t) = number of dead trees after
t days of infestation growth

r. = rate I of the 5PB mcdel,
I =1, 2, ..., 13.

We then write P(t) as a mathematical func-
tion of ry and t as follows:

P{t) = £ (rl, t)

rzv IR rl3;

In the normal sense, a sensitivity
coefficient c.(t) of PB(t) with respect
to the rate rj is given by

C.(t) = .6_P(_)‘
1 § r.
i

Since, in general, the output measure
P(t) is normally defined at discrete
points, determining c.{t) by taking
partial derivatives i% impossible. As
a result, we may use the approximation

_ & P(t)
Ci(t) Y r;

where A P(t) is the change in P{t) re-
sulting from changing the rate r by
A r,. The approximation assumes linearity
and-is thus correct for very small A rs.
For the purpcse of ranking the rates
r., 1=1, 2, ..., 13 of the model, the
direct use of the sensitivity coeffi-
cients <. (t} is not suitable because
there is no basis for effecting the com-
parisen. What we really need is a co-
efficirent that will measure change in
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BP(t} (=4 P(t)) resulting from changing
the rate r, by a given percentage. We
formalize the concept as follows. Let

rg = best initial estimate of the
rate r., which is determined
either experimentally or
intuitively.

[
n

fractional change in rate r.
relative to its initial valte
re, 0 < u. < 1.

i = "1
Thus, tc study the effect of changes in
r; on P{t), we consider r; in the range

o - .
3 {1 ul)

|~

=]
L < r? (1+ui},
which means that r. is changed around its
initial value by the percentage 1 100 u..
In this case, we have

c.(t) = ABLY) = &8 P(t)
1 A ri 2 uy rg

Notice that c.(t} is computed under the
assumption that r, = ri for all k # 1i.

In order for c.{t) to be used for
comparing the effect of the different
rates on the output P{t}, it must be
modified so that its value becomes inde-
pendent of the specific value of r?¢.
This can be achieved by defining a new
factor di(t} as

- A P(t)
2 uy

di(t] = ci(t) rg

The factor d.(t) measures the changes in
the output of the model {number of dead
trees) as a result of changing r. by

+ 100 u. around its initial wvalu& r?.

As a result, the larger the value o
d.{t), the more sensitive is the model
td changes in r,. 1In other words, we
can now rank r., 1 =1, 2, ..., 13 in
order of the vilues of di(t}.

There are two points that we must
clarify here: (1) Why don't we use the
same percentage change + 100 u for all
the rates? (2) What effect does the
simulaticn period t have on the relative
values of di(t]?

To answer the first question, we
must remember that the definition of
d.{(t) assumes linearity in the ratz of
change of P(t) with respect to L, - Since
the shape of P(t) changes with r;, by
specifying different u., for each r, we
are in a better positidn to satisf§ the
condition of linearity by choosing
suitable ug for each 1.

As for the effect of the simulation
period t on the values of d.(t), it is ob-
vious that the length of #ould not be
important if P(t) varies lipearly with
t for all values of r,. Unfortunately
this is net the case, as illustrated by
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faigures 2 and 3. As a result, we need
to modify the definition of 4.(t) to
“dampen” the effect of nonlindarity.

The modification is achieved as follows.

The definition of di(t} as given
above, namely

& PLE)

2 us

di(t) -
1s based on measuring the change A P{t)
in the number of trees at the end cf the
simulated periocd ¢. We shall say that
this procedure is based on the end value
change in P{t). A better procedure that
will account {somewhat) for the nonlinear
change of P{t} with r. calls for replac-
ing the change in the~values of P{t} at
t with the change in the mean values of
P(t}) over the periced (0, t}. Given

Ptt) = mean value of P{t} over the
period (0, t}

_ Area under P(t) in the interval (0, t}
t

In this case we define a new coefficient
di(t} as
d(ty = 4 P{t)

2ui

For convenience, we shall refer to the
ranking process based on d.{t) as the
absolute value method, white that based
on d.{t} as the average value method.
Figqule 4 demonstrates the two methods
graphically.

The ranking procedure can now be
summarized as follows:

1. Fix 211 the rates r,, i = 1, 2,
.. 13, at their best initidl values.

2. With the rates taken one at a
time, change rate i by u,, 0 < u, < 1,
and compute 4,(t) or d.\c}lfor a p%ede-
termined simulation peliod t.

3. Rank the rates according to the
ascending order of d.{t} or d,{t)}. The
most important rate Is the on& having
the largest value of &,(t) or ai(t).

To illustrate the use of the abso-
lute and average value methods, consider
the rate BEAMR given in fiqure 2. The
simulated period is ¢ = 91 days. From
the figure, we have the following re-
sults.

Absolute value
A P(21lY d{91)

Average value
A P(91) d(91)

325 1625 5243 46218
700 1750 18671 46678
1160 1933 29941 49903

1825 2281 44752 55940




We notice from_figure 2z that the
values of d{t) and d{t) will vary with
the specific choice of £ due to the non-
linearity of P({t}. We further notice
that the &ffect of nonlinearity will be
less pronounced with the average value
method, which points to the advantage of
using d{t} rather than 4{t}. Another
point we notice in figure 2 is that the
values of d{t} and d(t} need not be lin-
ear in the range * u. It appears that
further ramifications are needed to
account for this point. This is one of
the topics that we will continue to in-
vestigate in connection with the uses of
the ccocefficients d{t} and d4d(t).

PRELIMINARY RESULTS

Table 2 summarizes the results of
ranking the 13 rates of the model by the
two methods. The model was run based on
the data available for a specific plot
that was intensively monitored in 1976.
The table shows that the two methods
yield distinctly different results as
far as the ranking is concerned. Both
methods, however, show that the rate
BEAMR ({(inflight mortality of emerging
and reemerging adults) is the most im-
portant in the sense that the model is
most sensitive to changes in its value.
From table 1 we note that the wvalue of
this rate as used in the model is esti-
mated via intuition, trial and error,
and from data in unpublished studies at
Texas A. & M. whether this rate can be
accurately estimated experimentally is
not yet clear. We must emphasize, how-
ever, thezt the objective of sensitivity
analysis is to point out the degree of
importance of the rate rather than to
estimate its value.

Because the ranking in table 2 is
based on the data from only one plot, it
will be necessary to repeat the same
average values of the factors d.{t) and
di(t) obtained from all plots.

CONCLUSION

In thig preliminary study we pre-
sented a sensitivity analysis procedure
for determining the degree of importance
of the different rates of the southern
pine beetle model. Work is continuing
on refining the ranking procedure. Also,
we are considering the possibility of
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Table 2.--Ranking of the rates by the absclute
and average values methods

Rank Absolute value method Average value method

Rate i d.{t) Rate i &i(t)

1 BEAMR 2083 BEAMR 51981

2 BLPMR 964 BAAMR 27866

3 BAAMR 303 BLPMR 27152

4 BPAR 826 BBAMR 22199

5 BEDR 623 BEMR 20655

6 BPAMR 509 BEDR 18656

7 BEMR 501 BPAMR 15929

8 BBAMR 581 BLPDR 15535

9 BER 538 BPAR 14663

10 BLPDR 528 BER 11542
11 BBADR 120 8BADR 4502
12 8RR 22 BRR 192
13 BSAR 11 BSAR 133

compensating for the lack of accuracy in
the estimation of rates by expressing
their values in terms of a probability
distribution. The results of this
approach would be to express the output
of the model (e.g., number of dead trees)
in terms of a confidence interval.

additional sensitivity analyses will
pe conducted to determine if simultaneous
variation of the parameters in questiocn
produces unexpected results. This diffi-
culty has been encountered in at least
one study {Scolnik 1973 as cited by
Holling 1978), where small variation of
individual parameters indicated the model
was stable. But when small (< 10 per-
cent) simultaneous wvariation of several
parameters was tested, the results changed
dramatically. Tests of this nature may
be important in studying the behavior of
our model and will be perfermed in the
near future.

The influence of other variables imn
the model on the expected output can also
be tested via sensitivity analysis pro-
cedures. Alteration of such rate modi-
fying variables as basal area and species
composition, and application of the sensi-
tivity analysis procedures described above
must alsoc be completed as model valida-
tion progresses.
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THE USE AND STRUCTURE OF THE

TAMBEETLE SPOT DYNAMICS MODEL

Richard M. Feldman, Guy L. Curry, and Robert N. Coulson'

INTRODUCTION

The mathematical description of
Dendroctonus frontalis infestation dy-
namics is of extreme importance for the
determination of optimal or near-optimal
control strategies during southern pine
beetle outbreaks. A computerized mathe-
matical model of infestations, TAMBEETLE,
has been developed at Texas A. & M. Uni-
versity under the auspices of the ESPBRAP.
The purpose cof TAMBEETLE is to predict
the number of trees killed and the popu-
lation growth {ur decline) of SPB within
an established spot. The model is based
on an assembled set of scientific hypoth-
eseg formulated from both laboratory and
field experimental research. TAMBEETLE
is structured so as to benefit both sci-
entific and field personnel. Scientific
users tormally require accurate estimates
of the initial beetle populations derived
from extensive field sampling; forest
managers frequently need to obtain pre-
dictions based on limited data from
ground surveys. A flexible input routine
allows for both types of data require-
ments.

A biophysical modeling approach has
been used to develop TAMBEETLE. This
metheodology initially separates the system
into component parts. The individual
componants are analyzed, when possible,
hased on the physical and mathematical
laws governing their behavior. The com-
ponents are then integrated to produce
the resulting system model. Finally,
the integrated system model is validated
through field data on infestation growth.
The incorporaticn of complex biological
models describing the components increases
the ability of the system model to reflect
infestation responses to envireonmental
changes accurately.
15 internal to the submodels and is not
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Most of the complexity

"seen" by the user. Therefore, it is
possible to utilize TAMBEETLE with very
simplistic data. Most of the data needed
as input are used to estimate the initial
conditions of a spot, i.e., the beetle
population and site-stand status present
at the start of the modeling time period.

The purpose of this paper is to
present the uses and structure of TAM-
BEETLE. The mathematical details are
omitted and the conceptual ideas behind
the wmodel emphasized. A detailed de-
scripticon of the mathematical structure
is given in Feldman, Curry, and Coulscn
(1980).

USE OF THE INFESTATION MODEL

The southern pine beetle infesta-
tion medel has a wide range of potential
applications. They range from the highly
thecretical use of testing scientific
hypotheses to the applied use of aiding
in the decisionmaking process of forest
managers for spot control. The inputs
needed for TAMBEETLE depend upon the
user's specific application and, thus,
options in the input routine are being
developed which minimize data requirements
for some applications.

The computer program consists of
two separate routines. The major portion
of the program deals with the mathematical
description of SPB infestation dynamics.
Independent of the mathematical model is
the input routine. There are two options
possible for input. The first option is
a simplified version that does not in-
volve the concise tree sampling proce-
dures needed for the accurate population
estimates described in Coulson et al.
(1976). The concepts behind this simpli-
fied input option are based on the work
of Stephen and Taha (1979). It should
be emphasized that the complexity of the
mathematical model results from the com-
plexity of the ongeoing biclogical pro-
cesses and does not dictate a complex
input routine. The input parameters are
needed to determine the initial condi-
tions, and the simplified option can be
used whenever it is not necessary to
know the initial conditions precisely.
The second input option inveolves more
detailed guantitative sampling procedures.
Table 1 summarizes the input parameters
needed for the twe options.
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Table 1.--Input parameters illustrating different requirements depending on need

STANDARD INPUT

Temperatures

Mean and variance of tree d.bh.h.

Mean bark thickness

Mean radiai growth last 5 years

Mean and variance of tree height to bottom of crown

SIMPLIFIED OPTION

DETAILED OPTION

Number of infested trees
B.b.h. of each infested trse

Predomipant SPB iife stage st breast height

Number of infested trees

B.b.h. of each infested tree

Height of infested beole

Bark thickness of each infested tree

Disc sample counms of SPB on selected trees

The most immediately practical appli-
cation of TAMBEETLE is to use it in pre-
dicting the growth of ongoing infesta-
tions. A forest manager may be faced
with a limited budget for the ceontrol of
SPB and a large number of infested regions
needing contyol. Many decisions might
be obvicus; that is, based on previous

experience some infestations could gquickly
by classified as no-risk regions and
other regions might obviously be in need

of immediate contyol. However, there
may alsc be several similar regions and
a lack of available resources t{o control
all of them. In such circumstances, an
SPB model would be invaluable in discern-
ing which region warrants control or
where the limited control actions would
yield the greatest bhenefit.

The utilization of TAMBEETLE as an
aid to experimentalists in feasibility
studies for potential control strategies
has been well documented {Coulson et al.
1979b). The major benefit of an infes-
tation model for evaluating treatment
tactics is that a costly field experi-
mental program can be simulated with the
computer for a very small fraction of
the experimental expense. In this fash-
i1on, field programs need not be instituted
for centrol strategies yielding marginal
benefits.

The full implications of scientific
hypotheses are often unknown without
their mathematical representation. Based
on experiences and/or field experimental
programs, a scientist often proposes a
hypothesis to explain a given phenomenon.
Because the physical and biological pro-
cesses within a spot involve many inter-

dependencies, the effect of the proposed
hypothesis cannot be known until it has
been rigeorcusly defined and integrated
into the full biclogical system.

STRUCTURE OF THE INFESTATION MODEL

The mathematical model of scuthern
pine beetle infestation dynamics that is
incorporated into TAMBEETLE is divided
into four major components: dimmature
development and emergence, gallery con-
struction and oviposition, adult reemer-
gence, and adult attack/allocation.
Submodels have been developed and vali-
dated for each of the components and are
discussed below.

Immature Development and Emergence

The variation in mean developmental
time due to varying temperature regimes
is often handled in biological models by
the use of a "physiclogical" time scale.
in many instances, a degree-day scale
has been used ({Gutierrez et al. 1975,
wang et al. 1977). The degree-day scale
can be generalized and given a biclogical
meaning by using a constant temperature
rate function. The integration of this
rate function, as driven by the changing
microclimate temperature, establishes
the mean developmental completion time,
A model for the constant temperature
rate function, utilizing high and 1low
temperature enzyme denaturation, was




proposed by Sharpe and DeMichele (1977).
The parameter values for this poikilotherm
rate function were obtained for SPB
through the extensive laboratory experi-
mentation of Gagne et al. {1980}.

Due to the large variation in indi-
vidual developmental times for southern
pine beetles, it is appropriate to model
the immature developmental process using
only mean values. Utilizing the experi-
mental data of Gagne et al., we obtained a
probability density function for individ-
ual developmental times. The probability
density function is on the physiclogical
time scale, and, thus, the effects of
temperature are realized by varying the
scale according to the poikilotherm rate
function. The computational procedure
used in combining the rate function and
the probability density function into a
predictive model is given in detail by
Sharpe et al. (1977}. The theoretical
justification and implications for the
procedure are given by Curry, Feldman,
and Sharpe (1978a} and Curry, Feldman,
and Smith {1978b}).

in order to determine the number of
southern pine beetles emerging on any
given day, not only must the timing be
known but the effects of mortality must
be included. The general characteristics
of within-tree mortality are described
by Coulson et al. (1877). Utilizing the
poikilotherm rate function fer the physi-
ological scale, we found that the func-
tional form for the fraction of immatures
surviving to a given age is an exponential
decay function with an asymptote equal
to the (temperature-dependent} fraction
of ultimate survival. The functicnal
form for egg te brood adult survival,
based on constant-temperature laboratory
data calibrated to mimic field survival-
ship, is well approximated by the density
functicn of a normal distribution, with
mean of 22° ¢ and standard deviation of
8° C factored up s$¢ the maximum survivor-
ship is 25 percent. In summary, there
are three basic aspects to immature de-
velopment: {1} a mean physiological
time scale, (2} the inherent stochastic
variation in developmental time, and (3)
within-tree survival of immatures.

Validation

The egg-to~adult emergence time and
the proportional survival were zalibrated
from Plot 21 data {Coulson et al. 1979%9a})
{fig. 1l). The bimodal nature of the
model response is due to the use of an
average survival fraction, while the
experimental date has three trees with

22

—— e Bealed

—_— lirlr !

LHINL

Figure 1.--Model and field comparisons
for Spot 21 for daily emergence for
all trees in the spot. Model was cali-
brated to agree with mean timing and
average survival.

vnusually high numbers and survival frac-
tions contributing to emergence around
day 200. Figure 2 displays selected
trees {14-15} and {36-38} from Piot 21.
These and other selected tree comparisons
indicate the model agrees quite well
with the field data. The timing aspect
of emergence was calibrated by factoring
the laboratory developmental rates by
0.7 for field comparisons with Plot 21.
Validation of the emargence model
is accomplished by comparisons with 1977
field Plots 20 and 22 {Coulson et al.
1979a2). The magnitude for Plot 20 is
very good with timing being slightly
fast {fig. 3). For Plot 22 the timing
is very good, whereas the model survival
magnitudes are slightly high (fig. 2).

Oviposition

Wagner et al. (1980} developed a
detailed mathematical description of
oviposition based on an extensive labora-
tory experimental program. The method-
oclogy presented by Wagner et 3l. with
revised parameters is used in TAMBEETLE
and incorporates four factors that in-
fluence ovipostion: temperature, beetle
density, female size, and female type.
1t was obsexved that females emerging in
February oviposited more eggs than bee-
tles emerging later in the vear. Thus,

a variable called "type" was defined to
quantify this apparent seasonality factor.

The procedure used is to separate
oviposition into two components that
i1ndependently predict total egg produc-
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Figure 2.--Model versus field data daily
emergence for selected trees within
Spot 21.

Figure 4.--Model and field data compari=-
sons for emergence in Plot 22.

- il

—_— Held data

Figure 3.--Model and field data daily
comparisons for emergence in Spot 20.

tion and the daily cumulative proportion

of eggs oviposited. The function describ-
ing the daily cumulative proportion of
eggs through time is called the "repro-
duclive profile.* Although size had no
apparent effect on the profile, temper-
ature, density, and type did. For a
fixed type, the influence of temperature
and density on daily proportional repro-
duction is described by a single profile
using normalizint constants to define a
physiological time scate (see Curry et
al. 1978a, p. 405, and 1978b, Section
5). Because both temperature and density
For a fixed type affected the time scale,
two normalizing rate functions were used.
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Figure 5.--Model and field data compari-
sons for Plot 21 for total eggs laid
in the spot by dav. Model cumulative
total calibrated to match field total.

validation

The total number of eggs by day for
Flot 21 is compared with the model results
in figure 5. The total numbexr of eggs
laid in the plot was used to calibrate
the model to field conditions. The tem-
perature-dependent reproduction profile
was scaled up by multiplying the whole
function by the factor 1.94. Thus, the
total eggs for the experimental data and
model were forced to agree., However, no
model parameters with respect to timing
were adjusted. Using the resulting field-
calibrated model, the time-varying edg
production for Plots 20 and 22 were pre-




dicted. These are compared with the
field data in figures 6 and 7. Again,
this constitutes a wvalidation of the
reproduction model as no medel parameters
were varied after the Plot 21 calibration
and Plots 20 and 22 are independent data
sets. Time magnitudes for both the vali-
dation runs are reasonable. The model
simulates the individual trees as well
as the total infestation response. Figure
8 displays the model predictions and the
field results for a specific tree in
Plet 21.

Reemergence

The laboratory studies of Gagnes et
al. (1980) indicate that reemergence is
a temperature-dependent phenomenon that
is independent of density. Therefore, a
rate of reemergence can be derived similar
to immature development. Parameter values
for a poikilotherm rate function and a
probability function describing reemer-
gence were obtained by using the data of
Gagne et al.

vValidation

For field calibration, Plot 21 (1977)
data were used to obtain a multiplicative
constant that adjusts the laboratory
data to field developmental times. This
process resulted in a 1.2 adjustment
factor for converting to the field re=-
emergence rates. Figure 9 compares the
Plot 21 reemergence data with the model
results for total reemergence within the
infestation over time. The timing of
reemergence is very good, with the model
mean time differing from the experimental
average by only 0.54 days. The model
deviation for the experimental data in
figure 9 are largely due to the extreme
variations in measured adult reemergence

proportions for selected trees within
the spot.

An independent validation of reemer-
gence was performed by comparing the
model with reemergence counts from Pleots
20 and 22 (1977). These compariscns are
displayed in figures 10 and 11, respec-
tively. The shape and magnitude for
Plot 20 is very good, with timing being
slightly offset. In Plot 22, on the
other hand, shape, magnitude, and timing
are all in good agreement.

Attack/Allocation

The mechanism for modeling the attack
process is an allocation procedure involv-
ing the daily number of flying southern
pine beetles. This pool is composed of
all beetles that reemerged, emerged, or
immigrated inte the spot during that
day. The number of beetles in the flying
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Figure &6.--Model and field data compari-
sons for Plot 20 for total eqgs laid
in the spot over time.
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Figure 7.--Model and field data compari-
sons for Plot 22 for total eggs laid
in the spot over time.

poocl are reduced tec represent between-
tree mortality and emigration out of the
spot. Although these factors are dynam-
ic, the lack of quantitative data at
this time necessitates the treatment of
between-tree mortality as a constant
proportion. Finally, the remaining bee-
tles are allocated to attractive trees
and their neighbors according to the
attractiveness of each tree. The spe-
cific allocation algorithm and the deter-
mination of a tree's attractiveness are
discussed below.
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Figure 8.--Tree 14 in Spot 21 daily ovi-
position and reemergence comparisens
between the model and the field data.

Figure 10.--Model and field comparisons
for total reemergence by day feor Plot
20.
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Figure 9.--Model and field comparisons
for total reemergence by day for Plot
21.

Allocation to Attractive Trees

The basis for allocating southern
pine beetles to host trees is an attrac-
tiveness term associated with each tree
that is an indicator of the tree's phero-
mone preoduction. As each beetle success-
fully initiates gallery, a guantity of
chemical releasing compounds 1s gener-
ated (beetle frass and tree resins being
two such compounds). The amount of vola-
tiles emitted from this source declines
due to evaporation of these chemicals

Figure 11.--Model and field comparisons
for total reemergence by day for Plot
22,

from the source material. Thus, each
beetle can be thought of as contributing
an initial guantity of attractiveness
that decays over time. The total
attractiveness of a tree is, then, the
sum of the initial attractiveness of
recently attacking beetles plus a frac-
tion of the contribution from beetles
attacking the previous day plus a smaller
fraction of those attacking 2 days before,
etc.

k




The total attractiveness for the
infestation is the sum of the attractive-
ness of all trees. This sum then deter-
mines the proportion cof emigration from
the infestation. &As this total attrac-
tiveness decreases to zerc, the propor-
tion of flying SPB that emigrates from
the infestation increases to one. Con-
versely, as the total attractiveness
gets very large, the proportion of fly-
ing SPB available to attack trees ap-
proaches the fraction surviving between-
tree mortality.

Southern pine beetles are allocated
to individual trees from the remaining
flying pepulation as a function of the
tree's attractiveness. This allocation
is made to each tree in direct proportion
to the treet's total attractiveness.

Insects allocated from the flying
population to an attractive tree may
actually attack a neighboring, nonattrac-
tive tree. At first most of the insects
attack the attractive tree, with this
proportion declining as inhibitor com-
pounds build up, thus increasing attacks
on neighboring trees.

Allocation of Neighboring Trees

Flying southern pine beetles are
attracted to pine trees currently under-
going mass attack due to the wvolatiles
being emitted. Only a proportion of the
beetles attracted to a given tree actually
attacks that tree. The remainder of
these attracted SPB are thus available
to attack neighboring {nonattractive}
trees. Since the infestation spreads in
a patchy environment, the number of neigh-
boring trees that absorb SPB changes
throughout the liife of the attack. The
number of beetles attackiag nonactive
trees depends on the number of beetles
available, the distance between trees
within a patch, and the distance between
patches. As the distance between an
attractive tree and a ncnattacked neigh-
boring tree increases, the proportion of
beetles attacking the neighbor decreases.
Attacks cease when this distance becomes
too large. This phenomencn 1s conceptu-
alized as a pheromene plume centered
around those trees that are undergoing
attack within the patch. The number of
trees that can be potentially attacked
by these spillover beetles depends on the
area within this plume and the density of
trees within the patch. The ease of
infestation spreading to another patch
depends on the area of the plume and the
distance between patches.
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The area of a specified pheromone
concentration level can be determined
utilizing results on phercmone dispersion
by Fares et al. (1980). This area is a
function of the local microclimate, in-
cluding temperature, relative humidity,
wind velocity, and the fraction of cloud
cover. The geometry of the concentration
isopleths derived by Fares et al. is ap-
proximated by a sector of a circle (pie
slice). The radius for effective SPB at-
tack under typical field conditions has
been observed to be approximately 6 to
7.5 m {(Gara and Coster 196£, Johnson and
Coster 1978).

The allocation of southern pine
beetles to neighboring trees depends not
only on their presence within the phero-
mone plume, but alsoc on their distance
from the attractive tree. Johnson and
Coster (1978) indicate that as the dis-
tance increases, the decrease in attacks
follows a legarithmic function. This
fact is combined with an approximation
method given in Southwood {1978, p. 48)
for the distance to the ith-nearest neigh-
bor to obtain a function specifying the
probability of SPB's attacking neighboring
trees.

Calibration

A very accurate data set from the
infestation of Plot 21 was available for
calibration of the overall response.
The initial conditions and the movement
of the spot within the patchy environment
are illustrated in figure 12Z. All trees
attacked before Julian day 156 were used
for initial conditions, and the model
was run for 70 days. Figure 13 shows
the resulting predictions and the data.
The major unknown parameter was tree
susceptibility. Susceptibility is de-
fined here as the number of attacking
SPB needed to consider a tree an active
tree instead of a nonattacked neighbor.
For Plot 21, susceptibility of 200 attack-
ing SPB proved to give excellent results.
The actual day-to-day dynamics agreed
well, as can be seen from figure 13.

CONCLUSION

Preliminary testing, refinement, and
validation of the emergence, reemergence,
and oviposition models have reached the
point where considerable confidence can be
placed in their accuracy. The extensive
biological mechanisms built into the
mathematics allow for predictive powers
over a wide range of environmental con-
ditions. The overall integrated model
gives very accurate response to the day-
to-day infestation growth; however, con-
siderable information is needed regard-
ing the geometric description of the
forest stand. Wwhen daily accuracy in
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Figure 12.--Schematic from Coulsen et
al. showing movement and grouping for
the attack dyramics in Plot 21.

the predictions is needed, information
about the stand patchiness is required.
A simplistic method for measuring and
describing stand patchiness would facili-
tate this use of TAMBEETLE. Tree suscep-
tibility is a key parameter in establish-
ing the rate of spot growth; however, it
is not well understood biologically.
The lack of biological guantification of
this factor required numerical determina-
tion during model calibration. Work is
needed to relate susceptibility to site/
stand characteristics in order that
TAMBEETLE will be applicable over a broad
range of geographic regions,

CUM, ATTACKED TREES

ot e e —

180 v
JULIAN  DaTE

Figure 13.--Comparison of model predic-
tions and field data for the number of
cumulative attacked trees versus Julian
date.




In summary, the TAMBEETLE model of
southern pine beetle infestation has
been developed and preliminary calibration/
validaticn of the model has been completed
for 1977 east Texas data?. An ANSI stand-
ard FORTRAN package 1is under development
for ease of distributien and should be
executable at most computer installations.
This FORTRAN code of TAMBEETLE 1s designed
for use by the noncomputer specialist and
includes the flexible input options dis-
cussed.
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MODELING SOUTHERN PINE BEETLE REEMERGENCE AND

EMERGENCE AS FUNCTIONS OF TEMPERATURE!

James A. Gagne,

Robert N. Coulson,

Abstract.--Two conditions have hin-
dered modeling of southern pine beetle,
Dendroctonus frontalis Zimmermann, re-
emergence and emergence as functions of
temperature. First, entomologists have
not gathered a comprehensive data base
on the effects cof temperature on these
processes. Such a data base is now
available. Second, models based on
phenology, average temperature, or day-
degrees gloss over the responses of re-
emergence and emergence to temperature,
and thereby diminish our understanding of
these responses. This diminished under-
standing ultimately decreases cur ability
to forecast reemergence and emergence.

A two~-compohent model can describe
reemergence and emergence as functicns
of temperature. The first component,
based on absolute reaction rate theory,
predicts rates of reemergence or emer-
gence from temperature. The second com-

ponent, an empirical cumulative density
function, distributes the reemerging or

emerging population over calendar time.
The emplrical density functions of both
reemergence and emergence are independent
of temperature. This finding suggests
that there is an underlying order in the
way beetle populations respond to temper-
ature.

INTRODUCTION

Understanding of population dyna-
mics is vital in a pest management pro=-
gram {(Waters and Stark 1980). Forest
entomclogists have traditionally held
that temperature plays a Key role in
bark-beetle population dynamics (Rudinsky
1562, Coulson 1979). Yet bark beetles

! This contribution is Texas Agricul-
tural Experiment Station Paper No. 15841.

2 The authors are, respectively,
Graduate Research Assistant, Dept. of
Entomology; Associate Professor of Bio-
engineering, Bicsystems Research Division;
Professor of Entomology, Dept. of Ento-
mology; and Postdectoral Fellow, Dept.
of Entomology, Texas A. & M. University,
College Station.

Peter J.H. Sharpe,

and Terence L. Wagner?

are hard to rear and observe, so there

are few data sets that permit the model-
ing of processes such as reemergence or
emergence as functions of temperature.

This statement is true even for a well-
studied bark beetle like Dendroctonus

frontalis Zimmermann.

Efforts to model processes such as
reemergence and emergence yield three
benefits. First, the modeling process
calls for the acquisition of a comprehen-
sive data base. This need challenges
and enlarges our ability to handle and
observe bark beetles under contreolled
conditions. Second, wmodeling forces us
to state our concepts of how temperature
affects reemergence and emergence and
allows us to test these concepts with
numerical predictions. In this way we
increase our understanding. And third,
a valid model for the effects of temper-
ature on reemergence and emergence en-
ables us to forecast events. This capa-
bility is needed for making control or
management decisions. In this paper we
discuss these benefits gained from model-
ing SPB reemergence and emergence.

EFFECTS OF TEMPERATURE

As mentioned, there 1s nec single,
comprehensive data set on the effects of
temperature on southern pine beetle re-
emergence and emergence. But there are
numerous field and laberatory studies
that show parts of the relationship be-
tween the insect and temperature.

Thatcher and Pickard (1964, 1967}
found that the beetle completed up to
eight generations annually in southeast
Texas. They stated that eggs required 3
to 21 days, larvae 13 to 63 days, and
pupae 3 to 36 days to complete develop-
ment. In total, a summer generation
took as few as 26 days, whereas a winter
generation took 110 days. These figures
agree fairly well with estimates of 37
days' development time for SPB in trees
infested in June and 140 days for beetles
in November-infested trees (Billings and
Kibbe 1978). Coulson et al. (1979) ob-
served brood adults emerging 21 days




after attack from trees infested in June.
Emergence peaked 29 days after initial
attacks and lasted about 28 days.

The life cycle has been studied in
other States besides Texas. Mizell and
Nebeker (1978} measured development times
throughout the year in Mississippi and
related them to average temperature.
Oviposition lasted 4 to 32 days, egg de-
velopment reguired 8 to 27 days, larvae
developed in 10 to 62 days, and pupae in
7 to 26 days. The average temperature
for the coldest part of the year was 4°C
and for the hottest part, 28°C (all tem-
peratures herein are in Celsius). There
were no detectable differences in develop-
ment times of insects infesting different
parts of the bole. In Georgia, Goldman
and Franklin (1977) found that eggs
hatched i1n 4 to 5 days and that larvae
developed through four instars in 20
days.

Threshold and temperature extremes
have also been measured. The threshold
ambient air temperature for brood agdult
emergence is 14° to 15° {Thatcher 1967,
Franklin 1970, Kinn 1978). Beal {(1933)
stated that brief exposure to -18° was
lethal to pupae and adults and that lar-
vae and pupae were killed by exposure to
44° for 1.5 hours. There alsc appears
to be an adverse effect of high tempera-
tures on larval development (Thatcher and
Pickard 1964, 1967). During July and

August, especially, larval development

times increase and survival decreases.
These phenomena were related to the num-
ber of days during the infestation when
daily maxima exceeded 35° {Billings and
Kibbe 1978). This decrease in survival of
later-stage larvae was confirmed by Gagne
et al. {1980).

Corresponding information on reemer-
gence in the field is scarce. Thatcher
and Pickard {1964, 1967) found that re-
emergence occurred 4 to 32 days after
attack in east Texas. Beetles were capa-
ble of three reemergences. Coulson et
al. {1978) also studied reemergence in
east Texas. They determined that it
began 4 days after the onset of attacks,
peaked 3 days later, and continued for
up to 14 days. Franklin {1970) noted a
slightly different pattern for beetles
reemerging from pines in the Gecrgia
Piedmont. Beetles started reemerging 13
days after attacks began, and reemergence
lasted 2 weeks, with a peak at 21 days
postattack.

The above information on population
processes in the field establishes real-
istic ranges to compare to laboratory
results. Fronk (1947) studied beetle
development in an insectary in Virginia.
Eggs hatched in an average of 5.5 days
{range 3 to 9 days). Larvae passed
through four instars in 32 days (range

25 to 38 days}. Brood adults emerged
after an average pupal stage of 9.4 days
(range 8 to 11 days}. Thus, in Virginia,
a generation reguired 47 days on the
average (range 40 to 54 days).

Bremer {1967) has done the most
comprehensive laboratory study on D.
frontalis development to date. Insects
completed development from egg to emer-
gence in about 36 days at 21°, 24°, and
27° {range 32 to 49 davs}. However, at
29° develcpment times increased to 51
days (renge 46 to 56 days). In general,
temperatures between 21° and 27° favored
reproduction and develeopment, although
there was great variation in beetle size
within this temperature range. Gaumer
{1967) also studied the effects of tem-
perature on beetle development. Develop-
ment took & weeks at 15° and 4 weeks at
temperatures up to 32°, A regime of 40°
to 42° killed =all stages in 12 days.
Using the criteria of shortest develop-
ment time and most progeny per parent,
he concluded that temperatures of 20° to
22° with 50 to 60 percent relative humid-
ity were optimum rearing conditions.
Clark and Osgood (1964) stated that 22°
to 27° with 40 to 60 percent relative
humidity were the optimum conditions for
mass rearing of the beetle. Covington
{1969) found similar conditions to be
optimal.

Some laboratory work on temperature
thresholds and extremes has also been
done. Palmer and Coster {1978} cbserved
a precipitous decline in gallery length
and eggs per centimeter of gallery when
pairs were held at 30° or greater. Brood
beetles exposed to 40°, 44°, and 48°
were killed in 40, 16, and 8 hours, re-
spectively. Surprisingly, larvae could
tolerate hotter temperatures than could
adults. White and Franklin (1%$76) stud-
ied low-temperature thresholds of beetle
locomotion at constant temperatures.
Beetles could move at 9%°¢, climb at 12°,
and take flight at 22°. Activity was
inhibited at temperatures above 34°.

To our knowledge there are no reports
onn the effects of temperature on reemer-—
gence in the laboratory.

There is thus little doubt that
more work on the relationship between D.
frontalis and temperature is needed.
This need is due to the following short-
comings. First, the full range of bio-
logically meaningful temperatures has
not been covered. Seccond, constant tem-
perature thresholds have not been obtained
for most of the life stages. Third, a
key population process, reemergence, has
not been studied at all. And fourth,
the results of previous studies were
neatly summarized as means, ranges, and
standard deviations. Such summaries do
not permit the reconstruction of the




freguency distributions for the processes,
and these freguency distributions are
important in meodeling reemergence and
emergence.

MATERIALS AND MLTHODS

The aims of the experimental work
were to develop technigues that permit
the convenient, nondestructive observa-
tion of many insects in conditions that
are as natural as possible.

Reemergence of Parent Adults

Adults emerging from naturally in-
fested bark were collected in a table-top
cage (Browne 1972). These beetles were
held on ice and sexed. They were then
introduced onto freshly cut 30-cm beolts
of lobleolly pine, Pinus taeda L., using
the gelatin cap technigue described by
Wagner et al. (1%80). During the experi-
ment each bolt was held in a lard can
fitted with a single pole blower to pro-
vide a small flow of fresh air. The can
was held in a .onstant temperature cham-
ber. Each lard can was checked at 24-hour
intervals and reemerging beetles were
collected, sexed, counted, and recorded.

Egg Development

Fresh beolts of P, tasda were cut

into sections ca. 4 cm thick using a
bandsaw. Vertical handsaw cuts, ca. 4
cm apart, were made through the bark to
the xylem arcund the entire section.
This process preoduced islands of intact
bark that we call "wafers." Each lob-
lelly section was then placed in a 21
x 31 x 9.5-cm plastic container with
about 100 unsexed beetles. The sections
were held in the laberatory for 48 hours.

Beetles readily paired off and
attacked the sections along the handsaw
cuts. Forty-eight hours after introduc-
tion of the beetles, the wafers were cut
from the sections using a sharp knife.
The small wafer size permitted separation
of the phloem and xylem without destruc-
tion of the eggs. The eggs were then
removed from their niches using the point
of a dissection probe or microforceps
and arranged on moist filter paper in
petri dishes. Eggs were separated by a
plexiglass template that was cut te fit
snugly within the petri dish and drilled
tc accommodate 50 eggs. The petri dishes
were then placed in a 14 x 28 = B-cm
plastic container, and the container was
placed in a constant temperature chamber.
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Fggs were observed daily. About 24 hours
before they hatch, larvae are visibhle
through the egg shell ({(Fronk 1947}.
Once the first larva hatched, eggs were
observed at 3-hour intervals until the
last larva hatched. A larva was deemed
hatched when it burst the chorion. Num-
bers of larvae hatching in each 3-hour
interval were countced and recorded.

Larval, Pupal, and
Callow Adult Development

Wwe had difficulties in consistently
rearing larvae and being able to observe
them nondestructively. Some attempts
using the following technique were suc-
cessful. A straight, healthy lcblolly
pine 25 to 45 cm in d.b.h. was felled
and bucked into 60-cm sections. Using a
bandsaw, lab workers then cut these sec-
tions into bark-wood slabs 7.5 x 11 x
1.5 cm. Excess bark was removed from
the slab sides to prevent curling, and
loose bark scales were remcved. Beetles
were then introduced onto the slabs using
techniques similar to those described by
wagner et al. {1980). The slabs were
then held in plastic containers and placed
in constant temperature chambers. They
were radiographed at 24- or 48-hour inter-
vals. The development of individual
insects was followed and recorded.

Although it was not consistently
possible to rear the insect from egg to
adult using the above slab technigue, it
was possible to rear it from late larva
to adult. Thus, trees infested with
2nd=- or 3rd-instar larvae were felled
and bucked into 60-cm sections. Slabs
were made from these sections and held
and observed as above. In this manner,
it was possible to obtain development
times of pupae and callow adults at con-
stant temperatures.

our inability to rear larvae consist-
ently from lst- to 4th-instar forced us
to construct larval response to tempera-
ture in the following manner. First, we
inspected the responses of egg, pupal,
and callow adult development to tempera-
ture. Eggs were most sensitive to tem-
perature. Larvas apparently developed
normally from lst tec 4th instar at two
temperatures, 15° and 25°. The ratio
between larval and egg development times
at 15° was 3.67, and the ratio between
larval and egqg development times at 25°
was 3.57. Thus, an approximation of the
larval response toc temperature was con-
structed by multiplying the mean values
for egg development times by 3.62. Next,
the values for egg, larval, pupal., and
callow adult times at the same tempera-
ture were added to give a total length
of life cycle from egg tc adult emergence.
These values compared favorably with
reports in the literature.



RESULTS AND DISCUSSION

Responses of Reemergence
And Emergence to Temperature

Both reemergence and emergence re-
sponded to temperature, and they did so
in a pattern that has often been observed
for other processes (fig. 1). The mean
values for reemergence are strictly from
experimental results, but the mean values
for emergence had to be constructed from
data on egg, pupal, and callow adult
development and an assumption about larval
response.

Until now, there have been no reports
of the response of reemergence rates to
constant temperatures. The values ob-
tained in the laboratory are in good
agreement with reports from field stud-
1es (Thatcher and Pickard 1964, 1967;
Franklin 1970; Coulson et al. 1978).
Sti1ll, there were scome surprising results.
First, parent beetles reemerged at 10°,
although this temperature is below the
threshold for flight {Franklin 1970,
white and Franklin 1976, KXinn 1978).
Second, the maximum reemergence rate
occurred at 25°, a relatively cool temp-
erature during the east Texas summer.
Also, temperatures above 25° slowed re-
emergence. Third, there was substantial
variability in reemergence rates in repli-
cated experiments. We feel that this
variability was due to innate differences
in the populations of beetles. This
variability should be incorporated in
models predicting rates as functions of
temperature.

Emergence did not respond to temper-
ature as one would expect from previous
studies. First, emergence times were
not essentially constant between 21° and
27°, as reported by Bremer (1967). Emer-
gence was guite sensitive to temperatures
in the 21° to 27° range. Second, fastest
emergence tock place at 30°, whereas
Bremer (1967} found that emergence rates
greatly decreased at 29° or above. 1In
Bremer's 29° experiment, larval develop-
ment rates decreased. Temperalture may
have caused this decrease, but blue-stain
fungy could also have been involved
(Barras 1970). The extreme susceptibility
of larvae to temperature does not sguare
with our observations on the response of
eggs, pupae, and callow adults to temper-
ature.

Models of Developmental Rates
As Functions of Temperature

Many scilentists have studied the
response of development to temperature
and proposed mathematical models to de-
scribe this respense. Wiggleswnrth (1972)
and Watt (1968) have ably reviewed the
most important models. Watt made two

RATE , DAYS
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Figure 1.--The responses of reemergence
{triangles) and emergence (circles)
rates to various constant temperatures.

criticisms of the extant models. First,
few of the models have any theoretical
basis. Second, few of the proposed models
describe the response of development to
temperature throughout the bioclegical
temperature range. After thorough evalu-
ation of three models, Watt concluded
that an absoclute reaction rate model,
based on the work of Eyring, came closest
both te having a theoretical basis and
describing the data adegquately.

Recently Stinner, Gutierrez, and
Butler (1974); Logan et al. (1976); and
Sharpe and DeMichele (1977) have modeled
temperature-dependent development. All
three models have a theoretical basis,
but the model of Sharpe and DeMichele is
an extension of the work of Eyring. It
therefore avoids the two c¢riticisms voiced
by Watt {1968). First, it has a theoret-
ical basis, as 1t is derived from abso-
lute reaction rate Kinetics. Second,
the model describes data on SFB reewner-
gence and emergence (fig. 2). It has
the form:

R = T e(¢‘ﬂHA/T)/R (1)

1+o A8 ~8H /T)/R | (A5,-8H,/T}/R

where is the develcpment rate at tem-
peraturgé T, R is the universal gas con-
stant, and ¢, AS ., AH,, 45 AH and
AR, are thermody&émicitonségntsI%f the
précess being studied. The subscripts
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Figure 2.--The fits {smalls dots} of the
developmental rate model to rates of
reemergence (triangles) and emergence
{circles}.
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Figure 3.--Representative reemergence
distributions for wvarious constant
temperaturs experiments.

L and H refer to the low and high extremes
of temperature. The constants are esti-
mated from constant temperature data
using nonlinear regression.

Briefly, the model assumes that
development 1is controlled by one rate-
limiting enzyme. The enzyme can exist
in three interchangeable forms: catalyt-
ically active, catalytically inactive
due to low temperature, and catalytically
inactive due to high temperature. Devel-
opment rate is a function of temperature
and the proportion of enzyme in the cata-
lytically active state. Thus, in the
midrange of temperatures the numerator
of {1} predominates. As temperatures
become too cold, the term with aAS. and
AH. gets large {(i.e., more and mo%e of
th& rate-controlling enzyme is inactive),
so development slows. Similarly, as
temperatures become too hot, the term
with AS_. and aHH becomes large and devel-
opment glows.

Blthough the single control enzyme
concept may not be literally correct, it
is plausible, and economically accounts
for the well-known response of insects
to temperature. Because it has a theo-
retical basis, it is easy to apply to
real-world data, as exemplified by the
curves for reemergence and emergence in
figure 2. Notice that rates of reemer-
gence and emergence were inhibited above
25° and 30°, respectively. However, cold
temperatures evidently did not inhibit
reemergence. {Compare the shapes of the
reemergence and emergence curves between
10° and 20°. Reemergence is linear,
whereas emergence is curvilinear}. Thus,
the term with AS. and AH. was left out
of the model fit%ed to r&emergence but
included in the model fitted to emergence.
Here, a theoretical basis permitted a
more accurate description of the data.

Models of the Distributicn
Of Development Times

The above rate model is deterministic
in that it will always predict the same
rate for a given temperature. But reemer-
gence and emergence occur over a period
of time even at constant temperatures.
Figure 3 shows representative reemergence
distributions for several constant tem-
perature experiments. A mean time {or
rate} does not fully represent the proc-
ess. Also, figure 3 suggests that the
distributions of develcpment times were
different at different constant temper-—
atures.

Poikilotherm development models can
incorporate this observed variability in
two ways. One way is to use Monte Carle
technigques and to generate pseudorandom
numbers for the develepment time of each
organism (Kowal 1971, Hardman 1876).
The other way is to use a probability




density function based on a biological
time scale (Stinner et al. 1975, Sharpe
et al. 1977). Curry, Feldman, and Sharpe
{1978) treated the general problem of
using a probability density function
based on bilological time.

we first used the concepis developed
by Sharpe et al. (1977). These authors
hypothesized that the skew in development
times is a conseguence of a symmetric
distribution of development rates, i.e.
the rate-controlling enzyme. A conse-
guence of this assumption is that distri-
butions of rates at different constant
temperatures will all have the same co-
efficient of variation. Also, over all
temperatures, the distributions of devel-
opment rates will be manifestations of
the same distribution. The utility of
this approach is that it gives one stand-
ard curve that can be used to distribute
development times in constant and fluctu-
ating temperature environments.

Sharpe et al. (1977} described the
distribution of rates with the guadratic
and nermal probability density functions.
In practice, the two distributions are
gquite similar and difficult to gifferen-
tiate using Kolmogorov-Smirnov or y?
tests. Thus, the distributions of re-
emergence and emergence rates were com-
pared with the normal distribution using
the Kolmegorov-Smirnov test, and t tests
on skewness and kurtosis. These tests

forced us to reject the hypothesis that

reemergence and emergence rates are nor-
mally distributed with a constant coeffi-
cient of variation. They also forced us
to reject the hypothesis that the rate
distributions are symmetric. Thus the
model proposed by Sharpe et al. (1977)
is not appropriate for SPB reemergence
and emergence.

Having rejected this idea, we need
to decide whether the reemergence and
emergence distributions at different
constant temperatures are manifestations
of a single underlying distribution. If
so, we need to estimate that distribution.
The simplest hypothesis would be that
temperature multiplies the times of one
distribution by a constant, thereby yield-
ing the distribution of ancther tempera-
ture. Physically this is analogous to
having a single standard distribution
sketched on latex. At cool temperatures
the latex is stretched out; at warm tem-
peratures 1t contracts. An empirical
test of this hypothesis can be made as
follows., First, define t1, %10, t20,
.... £90, and t100 as the times when 1,
16, 20, .... 80, and, 100 percent of par-
ent beetles reemerge at a given constant
temperature. Further, define t as the
average time to reemerge--the weighted
mean of the freguency distribution. Now
define the ratios Rl = t1/t, R2 = tl0/t,
R3 = t20/t, ...., RLO = t90/t, and R1l =
£l00/t.

Table 1.--Coefficients of variation for the
average shape ratios {R1-R11) of distri-
butions of reemergence and emergence at
constant temperatures (n = 19 reemergence
distributions; n = 7 emergence distri-
butions}.

Ratio Reemergence Emergence

Rl 12.9
R2
R3
R4
RS
RG
R7
RS
R9

if the hypothesis of a multiplicative
effect of temperature holds, then R1,
R2, ...., R1l should not vary much over
temperature. A measure of the variability
of the R's is their coefficient of vari-
ation. Means and coefficients of varia-
tion were calculated for Rl, R2, ....,
R11 of laboratory reemergence and emer-
gence distributions. The coefficients
of wvariation for both reemergence and
emergence were modest (table 1}. Also,
the R's were independent of temperature.
we therefore concluded that the reemer-
gence and emergence distributions were
manifestations of standard reemergence
and emergence distributions that are
independent of temperature.

As an additional check on this con=-
clusion, we calculated R1, R2, ...., R1l1
for reemergence from 20 naturally infested
trees, and for emergence from 18 naturally
infested trees. Figures 4 and S show
that the R's (shape ratios} of laboratory
and field reemergence and emergence dis-
tributicens were strikingly similar.
This result suggests that reemergence at
constant temperatures in the laboratory
occurs in the same pattern as reemergence
at fluctuating temperatures in the field.
The same assertion appears to hold for
emergence.
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Figure 4.--Shape ratios (R1-Rl1l} that
give the standard cumulative reemer-
gence distribution. This distribution
is independent of temperature. Aver-
age shape ratiocs for 20 naturally in-
fested trees from Cleveland, Tex., in
1978 are given for comparison.

These shape ratios may be inter-
preted as follows. Suppose w2 obtain
a mean for a frequency distribution of
reemergence and then divide all reemer-
gence times in that distributicn by the
mean. This forces the distribution teo
have a mean of 1.0. The shape ratios
are the proportion of the average reemer-
gence time (1.0) when 1 percent {B1),
16 percent (R2}, ...., 100 percent (R11)
of the beetles reemerge. This distribu-
tion can be linked directly with the de-
velopment rate model. The rate model
gives the fraction of development com-
pleted by the average insect per unit
time spent at a given temperature. The
fractions are added until R1 is reached
(0.567 for reemergence, see fig. 5). At
that time 1 percent of the population re-
emerges. when the fractions of develop-
ment add to 1.6 (R11 for reemergence),
100 percent of the beetles have reemerged.

A Critigue of Models of Development
As a Function of Temperature

Interest in the effects of tempera-
ture oh insects stems, in part, from a
need to know when biolegical events will
occur in the field. To this end, ento-
mologists have used several methods to
gage the timing of events. The simplest
method employs phenological observations.
However, this method would work best for
univoltine insects that diapause. The
SPB is multivoltine and develops without
a diapause, at least in the South. still,
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Figure 5.--Shape ratios {R1-Rll) that
give the standard cumulative emergence
distribution. This distribution is
independent of temperature. Average
shape ratios for 18 naturally infested
trees from Cleveland, Tex., in 1978
are given for comparison.

phenology might prove useful for gaging
spring events in the northern parts of
its range.

Some models describe development
times as a function of average tempera-
ture. We feel that there are pitfalls
in using average temperature. First,
one does not know a priori the period
over which temperature should be averaged.
This dilemma could lead to the inclusion
of temperatures occurring after develop-
ment is complete in the average tempera-
ture. Second, if multiple observations
on temperature are made per day, the
average will gquickly stabilize and become
insensitive even to extreme temperatures.
But development rates are sensitive to
small changes in temperature, especially
near the bends in the temperature-rate
curve (for emergence the values are at
15° and¢ 30°, fig. 1}. Third, there are
many combinations of temperatures that
will have the same average. Insect re-
sponse will depend on the magnitude of
the temperature fluctuations and the
location on the temperature-rate curve.
and fourth, average temperatures are
most commonly used to predict average
times of development, thus ignoring the
variablity in development times.

Cther models describe development
as a function of day-degrees. We also
see several pitfalls in using day-degrees.
First, day-degrees implicitly assume a
iinear response to temperature. This is
a good assumption in some sections of



the temperature-rate curve and a poor
assumption in other sections. Departure
from linearity can lead to serious erroxr
{Stinner et al. 1974). Figure 1 shows
that, for much of the year in east Texas,
the SPB 1is exposed to temperatures in
the range where rates are nonlinear.
second, development takes different num-
bers of day-degress in experiments at
different constant temperatures, even at
temperatures within the linear response
range. This result suggests that a day-
degree at one temperature is not equal
to a day-degree at another temperature.

There are also problems inherent in
the models we have used, because we make
four assumptions that are difficult to
test and may be violated. First, changes
in development rates are assumed to in-
stantaneously follow changes in tempera-
ture. Development rates are probably
more homeosiatic and do not change instan-
tanecusly. Second, the responses of
insects in the lab and field are assumed
to be identical. But constant temperature
thresholds are probably not egual to
development thresholds at fluctuating
temperatures in the field. Third, it is
assumed that temperature extremes do not
alter development rates, once tempera-
tures return to the favorable zone. And
fourth, development is assumed to be
accumulative. We ave currently unsure
what the effects of violating these as-
sumptions might be.

We have used the model to make pre-
dictions on reemergence and emergence in
the field. The predictions were generated
from laboratory rates and distributions
and weather data from Houston Interna-
tional Airport. Predictions were compared
to reemergence and emergence from trees
infested in the summexr of 1978 near Cleve-
land, Tex., about 60 mi from the airport.
Representatlve results for four trees
attacked on the same day will be pre-
sented.

Figure & shows the model prediction
for reemergence and the patterns of re-
emergence for the four trees. There was
substantial variation 1n reemergence
from the four trees, and the model does
not do well for two of the four reemer-
gence patterns. It does do well for the
other two patterns. Further, the pre-
diction brackets the onset and terminaticn
of reemergence for all four trees.

Three model predictions are compared
to emergence patterns from the four trees

in figure 7. Three predictions were
made because of our uncertainty about
the relationship between high tempera-
ture thresholds in the lab and in the
field. For the prediction closest to
the y axis, development was allowed to
continue up to 35°. Billings and Kibbe
(1978) suggested that temperatures above
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Figure 6.--Predicted (-x-) and actual
{-o-) reemergence distributions for
naturally infested trees near Cleveland,
Tex., 1978. See text for details.
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Figure 7.--Predicted (-x-} and actual
{-0-} emergence distributions for
naturally infested trees near Cleveland,
Tex., 1978. See text for details.

35° slowed larval development. For the
middle prediction, dJdevelopment was al-
lowed to continue up to 33°, the constant
temperature thresheld for egg development.

Development was assumed to stop at 32° in
the prediction farthest from the y axis.
With a 33° threshold, the model not only
bracketed the onset and termination of
emergence, but alsc tracked the emergence
patterns well.

CONCLUSIONS

We have gathered a data base on the
effects of constant temperature on the
rates of southern pine beetle reemergence
and emergence. These two processes re-
spond to temperature in patterns similar
to those observed for other insects. A
model, based on absolute reaction rate
theory, can adegquately describe the rates
of reemergence and emergence as a function
of temperature.




There was variability in reemergence
and emergence times of insects held in
identical conditions. We included this
variability by empirically estimating
the distributions of reemergence and
emergence. The results of this empirical
process suggest that there is a standard
distribution for reemergence, and one
for emergence, and that these standard
distributions (shape ratics) are inde-
pendent of temperature. This result may
hold for other processes, environmental
factors, or insects.

The rate and distribution models,
fitted to laboratory data and driven by
field temperatures, predicted reemergence
and emergence in the field. These pre-
dictions are first approximaticns that
can be refined by using more accurate
temperature data and continuing research
on threshold temperatures for development
and reemergence.
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MODELS DESCRIBING GALLERY CONSTRUCTION

AND OVIPOSTION BY DENDROCTONUS FRONTALIS!

Terence L. Wagner,

Richard M. Feldman,

James A. Gagne, and Robert N. Coulson?

Abstract.--Models were developed
that described the combined effects of
constant temperature, density (pairs per
dm?}, female size {weight times width),
and type {month of emergence} on {1}
total gallery and eggs per mating pair,
and {2) cumulative proportion of total
gallery and eggs through time for Dendroc-
tonus frontalis Zimmermann. The models
were consolidated to describe time-
dependent gallery and eggs per mating
pair. Variables influencing gallery con-
struction and oviposition interacted in
such a way that the effects of single
variables could not be described inde-
pendently. This result probably has far-
reaching implications for modeling
reproduction of insect species.

Models for total gallery and eggs
fitted 39 of 41 experimental means within
a 95 percent confidence interval. The
model for total gallery adeguately de-
scribed field data, but prediction of
total eggs underestimated egg niche
counts from the field. Weibull and
gamma functions provided goed fits to
cumulative proportional gallery and eggs
through time, respectively. Model pre-
dictions of cumulative proportional gal-
lery were similar for weibull functions
developed from field and laboratery data.

INTRODUCTION

Research conducted at Texas A. & M.
University on population dynamics of
Pendroctonus frontalis Zimmermann has
concentrated on describing within-tree,
between-tree, and within-stand population
processes (Coulson 1979). Information
from this research has been incorporated

! This paper is TAES 15840.
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Postdoctoral Fellow, Dept. of Entomology;
Associate Professor, Dept. of Industrial
Engineering, Biosystems Research Division;
Graduate Research Assistant and Professor,
bept. of Entomologv, Texas A. & M. Uni-
versity, Cellege Station.
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intc a wmodel describing infestation
growth (Feldwman et al. 1980).

Many components of the life system
of the southern pine beetle have already
been thoroughly studied, but reproduction
is cone important component that has not.
Yet models describing population growth
require information on the insect’'s
reproductive response to different con-
ditions.

Many variables influence reproduc-
tion in bark beetles {Berryman 1974&}.
For the SPB, temperature (Bremer 1967,
Palmer and Coster 1978), attack density
{(Coulson et al. 1976), female size, and
phloem moisture (Clarke et al. 1979) have
all been shown to influence reproduction.
Nebeker et al. {1978) presented evidence
also suggesting an effect of phloem thick-
ness, and MacAndrews (1926} observed an
effect of resin on gallery construction.
To date, the simultaneous effects of
these variables have not been examined.

Here we present models which describe
the combined effects of constant tempera-
ture, density (mating pairs per am%},
female size {oven dry weight times pro-
notal width), and type {month of adult
emergence} on (1)} total gallery and eggs,
and (2) daily cumulative proportion of
total gallery and eggs for the SPB.
Consolidation of the above models de-
scribed time-dependent gallery construc-
tion and oviposition per wating pair.
These models answered the ¢uestion "How
much gallery and how many eggs will in-
dividual mating pairs produce in a cer-
tain amount of time under different
conditions?!

EXPERIMENTAL MATERIALS AND METHODS

The feollowing technigues permitted
nondestructive daily observations con
many mating pairs.

A straight loblolly pine {Pinus
taeda L.), 25 to 30 cm d.b.h., was
felled and cut into 60-cm bolts. All
trees except one used at 10° C were taken
from the same (.5-ha plet. Belis were
cut into 7.5 x 11.0 % 1.5-cm bark slabs
the day of felling (fig. 1). A lead
identifying label was tacked on each of
27 slabs, and the xylem surface was
coated with 1l-percent agueous H9612



CBARK TRIMMED
84CK TO WOOD

Figure 1.--A diagram showing the steps
needed to make bark slabs from pine
bolts.

solution {Barras 1972}. Slabs were held
on moist paper towels in sealed contain-
ers at S5° C until the next day, after
which beet.es were introduced.

Newly emerged 0. frontalis adults
were collected from naturally infested
bark and introduced onto slabs as follows.
Circular holes were cut into the bark
with a #4 cork borer. A l-mm diameter
hole was drilled within each cork borer
hole to give beetles access to the phloem.
Gelatin capsules containing one female
each were fitted into the cork-borer
holes. Females not tunnelling after
18 hours were counted and discarded.
Males were then introduced using gel
caps. Males not tunnelling after S hours
were counted and discarded, and radio-
graphs were taken {Coulson et al. 1975).
Radiographs were taken every 24 hours
thereafter, and reemerged adults were
cellected, sexed, and counted.

Dur:ing the experiment, slabs were
held at & constant temperature in one
of two plastic boxes, 29.0 x 25.4 x
15.0 cm. The upper box contained the 27
slabs that were held upright and separated
by plastic dividers. Temperature was
monitored hourly. The lower box contained
an air pump and an open dish of H,S0
solution prepared to maintain 75 pé&céﬂt
relative humidity {Sclomon 1951). Ailr
moved between the boxes in 3-mm tubing.

After all beetles had reemerged,
slubs were boiled in tapwater to loosen
the phloem from the xylem. A knife was
carefully worked between these tissues
to remove the bark and phloem intact.
Egg niches were exposed under a dissecting
scope by slicing away thin sections of
phlcem with a scalpel. Daily gallery
was 1identified on radiographs, and
marked and measured to the nearest
millimeter on slabs, permitting recon-
struction of the ovipositional pattern.

These procedures were used to conduct
nine experiments during a 12-month period
from February 1978. Table 1 presents
pertinent information related to each
experiment. In all, 1,242 pairs were
introduced, of which 73 percent initiated
gallery and had an opportunity to mate.
These palrs were considered successful
whether they laid eggs or not. Occa=-
sionally beetles leff the slabs on which
they were introduced and initiated gal-
leries the same day on other siabs. These
palrs were also considered successful.

TOTAL GALLERY AND EGGS

Four factors influenced total gal-
lery and eggs per mating pair: tempera-
ture %, female size s and type I, and
density d. Size was calculated as the
oven dry weight {mg) times pronotal
width (mm); type was 1 for females
emerging in February and 0 for those
emerging at other times of the year;
and density was the number of mating
pairs per slab adjusted tc a per-dm
basis. In the mathematical descriptions
that follow, a subscript of 1 refers to
gallery construction and 2 refers to
oviposition.

Total gallery per mating pair, Ty

was

. :{%l(t)hlcs, i) for T, < 20/d, and
6 {(20/6) + T (0hy(s, 1) - 20/dlgy(d, Z))

for T, > 20/d (1)
where 2. = £.(t}h.{s, i) and fl’ k,, and
g représent d thé temperature, sile-type,
ahd density functions, respectively. The
amount of gallery produced under certain
temperature and size-type conditions was
small. Density effects could not be
detected under these conditions; there-
fore, equation {1) has two functional
forms. The term g,{d, Z2,) gave the re-
duction in total ga 1ery'ﬁue to density.
The interactive term 2Z, in g, indicates
that as temperature an&‘sizegtype became
more favorable to gallery construction,
the effects of density increased. Thus



http:beet.J.es

Tabie 1.--Pertinent information related te nine laboratery experiments on gallery construction and

ovipesition of D. frontalis

Month female Starting Total Success

Exp. of size Temp. densities mating. prs. intro.

# emergence {wt % width) (°cy (prs/slab} intro. %)
E-1 Sept. G.B73 10 4 108 58.3
£E-2 Feb, 1.262 15 4 108 53.9
£-3 Feb. 1.378 20 4 168 82.4
L-4 Feb. 1.343 20 & 162 61.7
£-5 June 1.G457 20 1&6 189 82.0
E-6 Feb. 1.387 25 & 162 69.8
E-7 June 1.254 25 1&6 189 85.2
E-8 May 0.877 25 4 168 g7.4
£-9 May 0.909 30 4 108 57.4
Total = ;E;E X =_;ET;

the function T, was not separable, imply-
1ng that the tgtal effects of temperature,
size-type, or density couvld net be ex-
pressed solely as a function of one
variable. The function g, was such that
gl(o, 24 y = 1.

Total oviposition per female, TE'
was

Te = ,{h, (s, i)gz{d, )} (2)
where g,{0, 2,) = 1. HNote that gallery
construftion “influenced oviposition
through the variable Z, in 9 indicating
a dependency of OVipOéktlon on gallery
construction.

Functions describing the effects of
temperature, size-type, and density on
mean total gallery and eggs per mating
pair were chosen and parameter values
were fitted as follows. Total gallery
and eggs in one bark slab were considered
independent of that found in cther slabs.
At least two slabs held at =z fixed
temperature, size-type, and density
allowed the establishment of confidence
intervals {CI) around the experimental
mean. Parameter values for each function
in eguations (1)} and (2) were selected
by maximizing the number of predicted
values within a ©5 percent €I. Adjust-
ments of the parameter values were made
so that the deviations between the model
values and the corresponding experimental
means were minimal. The final functions

and T_ fitted 3% of 41 mean values
w?thln tﬁ% 95 percent CI.
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Because of the interacting effects
of temperature, size-type, and density,
the effects of single factors could not
be described independently. The effects
of each factor were therefore described
by examining a range of cases with regard
to the other factors.

Effects of Constant Temperature

D. frontalis produced more gallery
per mating pair at 15° C than at other
temperatures, while least gallery was
produced at 30° C. Gallery lengths
were similar at 10°, 20°, and 25° C.
The unimodel response to temperature
was described by a discrete function, £

from egquation {1), given as 1
t ’ 100 15° 20° 250 3g°
fl(t)l 9.5 16.1 9.6 88 59  (3)

A discrete function was used because the
exact temperature of maximum gallery pro-
duction was undefined.

More eggs were deposited at 15° C
than at other temperatures, but unlike
the phenomenon observed for gallery pro-
duction, fewest eggs occurred at 109 C.
The temperature function for total eggs,
f2 from equation (2}, was

t ] ig°  15° 20° 250 3g°

fz(t)l 3.2 28.6  19.0 16.2 8.3  (4)
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Figure 2.--Prediction of total (A) gal-
lery and {B) eggs per mating pair from
equations {1) and (2), respectively,
at different constant temperatures.
Solid and dashed lines represent pro-
duction by females of sizez 1.387 and
0.873, respectively.

Figures 2A and B illustrate the
effects of temperature on total gallery
and eggs per mating pair, respectively,

at twu extremes in reproductive capacity.

By examining eguation {4}, one might be-
lieve that fewer eggs were deposited at
30® than at 10Y C, while in fact Jjust
the opposite was found, as shown in fig-
ure ZB. This apparent inconsistency was
due to the interaction of gallery con-
structlion on oviposition through the
term Z. 1in g¢,. More gallery per mating
pair wés proauced at 10° than at 36° C
{f1g. 2A}, indicating that the density
and temperature functions in eguation
{2) 1interacted in such a way that fewer
total egys were predicted at 10° than at
3¢9 C.

Effects of Female Size-Type

Beetles emerging in February pro-
duced more gallery and deposited more
eggs than beetles emerging at other times
of the year. We examined data on female
size and phloem thickness in an effort
to provide an explanation for these re-
lationships.

Females emerging in February were
large (table 1), a fact that may explain
their greater reproductive capacity. At
25° C, the females emerging in June of
experiment 7 {E-7) were also large, but
they produced less total gallery and
eggs than February beetles {(E-6). Wore
gallery and eggs were found for E-7 than
E-8 beetles, implicating size as impor-
tant, but not the only factor affecting
reproductive capacity. We continued by
examining phloem thickness but found no
relationship with repreductive capacity.
Although we were unable to identify all
the agents responsible for the seasonal
variation in gallery construction and
oviposition, we were able to guantify
their combined effects.

A linear function described the
effects of female size cn total gallery
and eggs per mating pair, with larger
beetles having greater reproductive capa-
city. The reproductive capacity of Feb-
ruary beetles {type i1 = 1) was greater
than non-February beetles (type 1 = 0}.
The size-type function for total gallery,
hl from equation (1), was

hl(s, 1) = 1.58s + 1.51 + 0.4 {5}
for 0.87 < s < 1.4 and i=0, 1

The size-type function for total
eggs, h, from eguation (2}, was

S hy(s, 1) = 1.58s + 2.4i - 0.47 (6}
for 0.87 < s < 1.4 and i=0, 1.

Figures 3A and B illustrate the
effects of female size-type on total
gallery and eggs per mating pair, re-
spectively, for extremes in reproductive
capacity. We were unable to detect any
difference in the effect of size on total
gallery v. eggs; thus, the predicted
slopes for the size component of equaticns
{5) and {6) were the same. We did detect
a difference in the effect of type on
tetal gallery v. eggs, such that eggs
were influenced more strongly by type
than gallery. The effects of both size
and type were greater for conditions
favoring gallery and egg production,
e.g., at 15° € and density 1 (figs. 3A
and B).
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Figure 3.--Prediction of total (A) gal-
lery and (B) eggs per mating pair from
eguations (1) and {2), respectively,
for females of different sizes and
types. Solid lines represent produc-
tion at 15° C and density 1, while
dashed lines represent 30° C {gallery)
and 10° C (egys) and density 7.

Effects of Density

Coulson et al. (1976) first proposed
resource utilizatien for the southern
pine beetle based on field data from
east Texas. They found that gallery
construction per beetle pair decreased
exponentially with increasing pairs per
unit area of phloem. From this relation-
ship they hypothesized the same effect
on eggs using the 1.59 eggs per centi-
meter gallery length constant described by
Foltz et al. (1976). Wwe hoped to confirm
their results, and at the same time expand
pur understanding of the beetle's response
to density. As it turned out, the bee-
tle's response to density was more complex
than 1ts response to temperature, size,
or type. The following biolegical infor-
mation was used to develop the density
function.

&
n
1

£
[ ]
1

DISTANCE (CM)
[
(5]

8

T T

3 4 5
MATING PAIRS/SLAB

Figure 4.--The mean distance from the
gallery origin to the first egg at
different densities per slab for each
of nine experiments. Closed and open
circles represent February and non-
February beetles, respectively.

During gallery construction females
avoided other galleries as much as pos-
sible. As more phloem was utilized,
however, avoidance became difficult and
galleries occasionally intersected. This
behavior results in the characteristic
serpentine gallery pattern of the beetle.

This information suggested that the
first part of the gallery should be free
from density effects, since initially
beetles will not compete for phloem re-

source. To test this hypothesis, we
examined the mean distance from the gal-
lery origin to the first egg {(fig. 4).
The trend across densities was erratic,
indicating that this distance was not
strongly affected by density.

Wwe alsc observed that the effects
of density were not the same under all
conditions of temperature and female
size-type. The effects of density were
greatest for conditions favoring gallery
construction, and least for conditions
limiting gallery construction, e.g., at
152 ¢ for February beetles and at 30° C
for non-February beetles, respectively.

with this information we developed
a function describing the effects of
density on total gallery and eggs per
mating pair. The general exponential
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Figure 5.--Prediction of total gallery
per mating pair from equation (1) at
different densities for each of nine
experiments. Closed circles represent

function proposed by Coulson et al. (1976}
was modifed as follows: (1) The first
20 cm of gallery per dm? were excluded
from exponential decay, i.e., this section
of gallery was held free of density
effects. (2) The slope of the decay
curve was steeper for conditions favor-
ing gallery constructio.., such as at 15°

C and February beetles, while the slope
was flatter for conditions suppressing
gallery construction, such as at the
temperature extremes and non-February
beetles. {3} The decay curve had an
asymptote above zero.

The density function for total gal-
lery, 9, from equation (1), was

Qlfd. 21} -i1.0 for le < 20, and N
0.33 + 0.67exp{-0.011(dZ,-20}}

for le > 20,

where Z

1 = fl(t)hl(s, id.

observed gallery per pair (X t 95 per-
cent Cl}. Open circles represent mean
gallery for densities having only one
slab.

The density function for total eggs,
9, from equation (2), was

0,04, 7,) - {1.0 for dz, < 20, and

0.25 + 0.?59xp{-0.011(d21-20)}

for le > 20.

It can be seen by solving equations

(7 and (8) that density had a greater
effect on eqgs than gallery. Eggs were
affected more than gallery because the
proportion of egg-bearing to total gal-~
lery decreased with increasing density.

(8)

Evaluation of Models
For Total Gallery and Eggs

Models describing total gallery and
eggs were evaluated by (1) comparing
predicted wvalues from equations (1) and
(2) with observed wvalues, and (2) com-
paring predicted values with data col-




100 3 100,
| s,
804 NON-FE@ BO-
601
i
204
2N
L —
e
Fs 1 )
2 4 11 8 Q 2
100
&0.
w2 50
D ;
& 40,
Lif C
20
[ L
L] 2
IOOI £XP 3 150
1 20°¢ .
8o FEB BO .
60 6o~
-2 |01
{
= 204
Y I N —
1] 2 4+ 6 8 4] 2

ExP 4 1240 EXP 7
erc 1 25 C
FEB w_- NON-FER
k
sot
40
20 \'\V‘".__.
. [ — L . - . - - . -
4 6 B 2 4 & -]
ExB 3 100 EAP B
20°C . 23" C
NON-FEG 801 NOM -FEB
i

e g ol - .- -

4 6 8 o 2 > -
EXP 6 100 EXP
25 C .
"
FE3 a0+ 0
; NOM-FEB
0y
i
40;
20+
_ H . s & 5
s e o = . —
4 & B [+] 2 4 & -3

PAIRS / DM?2

Figure 6.--Prediction of total eggs per
female from equation {2) at different
densities for each of nine experiments.
Closed circles represent observed eggs

lected in the field. Figures 5 and 6

show how well the models fitted the ex-
perimental data. Neote that each model
fitted 39 of 41 mean values within a 95
percent CI. These figures also illus-
trate the three modifications of the

Coulson et al. (1976) decay function

mentioned in the preceding section.

Further evaluation of eguation {1)
was accomplished by determining peak
gallery length and numper of beetles per
dm? for each of 113 trees sampled in
east Texas between 1972 and 1574. Gal-
lery lengths were classed and averaged
by density to the nearest beetle per
dm?, and compared with model values (fig.
7). These comparxsons show that gallery
lengths per pair were similar at all
densities except those below two pairs
per dm?. At these low densities, pre-
dicted values underestimated the field
data.
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per female {X % 95 percent CI). Open
circles represent mean eggs for densi-
ties having only one slab.

The same procedures were used to
evaluate eguation {2} for total eggs;
however, less field data on actual egg
niche counts were available. Data from
15 trees sampled in east Texas during
1573 and 1977 were classed and averaged
as before, and compared to wmodel pre-
dictions {(fig. 8). Clearly, the model
did not do as well for eggs as for gal-
lery, especially at the lower densities.

Confining beetles within a fixed
area of phloem will limit total gallery
and eggs per mating pair. The outcome
of this confinement will be most evident
at the lower densities, as seen in fig-
ures 7 and 8. As beetles constructed
gallery, they avoided the edges of slabs;
thus the edges acted as a density-limiting
factor. Proportionally, the number of
times beetles contacted the edges, com-
pared to the number of times they contact-
ed other galleries, was probably greater
at the low densities than high densities.
Conseguently, the effect of the edges on
reducing total gallery and eggs would be
greater at the lower densities. Further-
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Figure 7.--Prediction of total gallery
per pair from equation (1) at different
densities (open circles), compared to
classed and averaged gallery from 113
trees sampled in east Texas during
1972-1974 (clozed circles).

more, the initial and terminal egg-free
secticns of gallery were not affected by
density. Thus, the slab edges had a
stronger limiting influence on eggs than
gallery.

DAILY CUMULATIVE PROPORTION
OF GALLERY AND EGGS

Functions were developed to describe
the cumulative proportlon of total gallery
and eggs through time. These functions
were called profiles and were similar to
cumulative distribution functions. Al-
though size had no apparent effect on
the profiles, temperature, density, and
type did. For a fixed type, the influence
of temperaturs and density on daily frac-
tional reproduction was described by a
single profile using normalizing con-
stants to adjust the time scale {(x axis).
Greater details of these analytical pro-
cedures were given by Curry, Feldman, and
Sharpe (1978, p. 405) and Curry, Feldman,
and Smith (1978, Section 5).

Figure 8.--Prediction of total eggs per
pair from equation (2} at different
densities (open circles), compared to
classed and averaged egg niche counts
from 15 trees sampled in east Texas
during 1973 and 1977 (closed circles).

The normalized gallery profile for
a type i female was denoted by p, (i,
where p, (i, y) was the cumulatlJE frac—
tional éallery up to normalized time y.
For a given temperature and density,
chronoleogical time x was transformed to
normalized time y by multiplying the
chronological time by normalizing con-
stants, thus

yy = P (OF G, ) (%

where ©, and T, were the temperature-
and denélty Pofhalizing functions, re-
spectively.

and T

Separate functions p .
r t%e ov1po§1-

were likewise formulated
ticnal process, so that

v, = x?z{t)?z(i, d) (10)




Effects of Constant Temperatures

Cumulative gallery profiles for
different temperatures but similar densi-
ties were superimpcsed by adjusting their
time scales (x axis). The constants
used to normalize the profiles increased
with increasing temperature from 10° to
25° ¢, but thereafter decreased slightly
te 30° €. This relationship was described
by the discrete function %l from equation
{9). where

t l 100 15¢ 20° 250 30°

1.342 1.305

?l{t}l 8,313 4.532 1.00
(11)

The 20%¥ € constant was set as the standard,
i.e., 1.0, thereby allowing easy assessment
of the relative effects of Lemperature

on process time. It should be noted
that the normalizing constants were ob-
tained by visually alining entire pro-
files using an interactive graphics pro-
gram. Conseguently, the proportional
relationship of the constants is similar
to, but not exactly the same as, the
proportional relationship of the average
duration of the process.

Using the normalizing procedure,
we determined that temperature did not
dramatically influence the shape of the
gallery profiles, except at 10° C. Rela-
tive to the profiles at other tempera-
tures, those at 10° C were steeper at
the beginning of the normalized preocess,
and flatter at the end. This result
was most proncunced at four mating
pairs per dm?.

The constants used to normalize the
cumulative oviposition profiles also
increased with increasing temperature
from 10° to 25° C but remained the same
at 30° C. This relationship was de-
scribed by Ez from equation {10), as

t | 10° 15¢ 20° 250 3p°

?Z(t}l g.365 0.55% 1.00 1.568 1.508

(12)

Cumulative oviposition profiles for dif-
ferent temperatures but similar densities
were alike when normalized using these
constants. That is, temperature did not
influence the shape of the normalized
curves.

Effects of Density

Density influenced process time and
thus the constants used to normalize the
cumuiative gallery profiles. However,
unlike what we chserved for temperature,
single profiles could not be obtained
for both types. That is, beetles emerg-
ing in February (i = 1} responded differ-
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ently than those emerging at other times

{i = 0). This relationship was described
by the function r, from eguation {9%),
given as

d 1 1 Z 3 4 5 & 7

Fl(l, d}l 0.800 0.832 0.935 1.00 1,053 1.176 1.250
(13)

for February beetles, and

d | 1 2 3 4 5 ] 7

F.(0, @)l 0.926 6.952 1.00 1.00 1.031 1.031 1.031
1 (14

for non-February beetles. These constants
indicate that process time took ca. 36
percent longer at the lowest density
compared to the highest density for bee-
tles emerging in February, but only ca.
10 percent longer for non-February bee-
tles.

Density also influenced process
time for the cumulative oviposition pro-
files, but to a greater degree than ob-
served for gallery. The normalizing
constants given by the function r, from
eguation {10} were

d | 1 2 3 4 5 6 7

?2(1, d)l 0.741 0.833 0.980 1.00 1.111 1,212 1.299
(15)

for February beetles, and

d ‘ 1 pd 3 4 5 & 7

? (G, d)l §.870 D.909 0.980 1.00 1.053 1.111 1.176
2 (16)

for non-February beetles. Based on the
normalizing constants, process times for
beetles emerging in February were ca. 43
percent longer at demnsity 1 than at den-
sity 7. For non-February beetles, a simi-
lar change in density increased the pro-
cess time by 26 percent.

Effects of Female Size-Type

There was no discernible difference
in the cumulative gallery profiles pro-
duced by females of different sizes.
That is, size alone had no apparent effect
on the timing or shape of the profiles.
However, gallery profiles were different
for each type, such that a single profile
could not be obtained for both. After
removing the effects of temperature and
density on the profiles using eguation
{9), only a cumulative distribution func-
tion describing the normalized profile
for each type was needed to determine
time-dependent gallery construction. A



o

—— Fargo 4 gb. Model Predictions

—— laborotory Modst Predictions
whers ,
} = Non-Feb.
t= 25°C
d= 5

T T T T T T 1l

6 8 1 2
DAYS POST ATTACK OR INTRODUCTION

FRACTIONAL GALLERY

Figure 9.--A comparison of predicted
cumulative gallery curves from two
independent Weibull functions. The
seclid line represents the profile given
by equation {18), while the dashed
line represents the profile given by Y

= l-exp{-15.04x1.65} from Fargo et al.

(1978} for field data. Average daily

temperature during the field study was

26.8° C {determined from a nearby
weather station), and average attack

density was ¢ beetles/dm?.

Weibull function provided a good descrip-
tion of the normalized gallery profiles,
with equations for February {i = 1) and

non-February {i = Q) beetles, respec-
tively, given as

py(1, ¥) = 1-expi-(y/5.19)1°%} for y > 0. (17}

and
p (0, ¥) = Lrexpi~(y/a.2ny! 8 T ¥ > O (18)

Farge et al. {1978} also used a
weibull function to describe cumulative
gallery per dm? occurring in six trees
in =ast Texas during the summer of 1975.
we used their Weibull function to evaluate
eguation {18} by comparing the predicted
curves for each function, as given in
figure 9. This figqure shows the simi-~
larity of the two profiles and indicates
that the model developed from laboratory
data provides a good description of pro-
portional cumulative gallery observed in

the field.

Like gallery, size had no apparent
effect on the cumulative oviposition
profiles, but type did. A gamma function
provided a good description of the ovi-
position profiles, such that the equations
for February and non-February beetles,

respectively, were

(1, y) = 0.0331Y x ¥-Zexpi-x/0.98}dx for y>0,
Z o] (19)
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Figure 10.--The normalized {A} gallery
and (B) egqg profiles for February and

non-February beetles.

and
pz(ﬁ, ¥) = 0.0§Jﬁx8exp{-x/0.44}dx for y>0. {20}

The normalized profiles described
by equations {17) to {20) were flatter
for February than non-February beetles
{figs. 10A and B).

TIME-DEPENDENT PRODUCTION
OF GALLERY AND EGGS

Consolidation of the models developed
in the preceding sections allowed us to
predict time-dependent gallery construc-
tion and oviposition under a range of
conditions. These models were developed

as follows.

Cumulative gallery produced in the
first x days, G{x}, for a type i female
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Figure ll.--Dally cumulative gallery per
mating pair for February and non-Feb-
ruary beetles held under different
temperatures and densities. Dashed

50

lines represent observed oviposition
(+ 95 percent CI), and solid lines
represent predicted oviposition from
equation {22}.
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Figure 12.--Daily cumulative oviposition
per mating pair for February and non-
February beetles held under different
temperatures and densities. Dashed

lines represent observed oviposition
(+ 95 percent CI), and solid lines
represent predicted oviposition from
eguation (22}.




held at a constant temperature and den-
sity was

6(x) = Tepy(i, yq) (21)

where T. was total 7jallery per mating
palr frgh eguation (1), y, was normal-
ized time corresponding to chronologlcal
time x from eguation (9), and p

was the normalized gallery proflle fog'a
type I female from eguations {17} and
(18).

in a similar manner, cumulative
eggs deposited in the first x days, E(x},
for type I female held at a constant
temperature and density was

E(x) = Tep, (i, y,) (22)

where T_ was total eggs per female from
equatlog {2), ¥, was normalized time
corresponding td chronological time X
from equation {10}, and p,{i, ¥y ) was the
normalized oviposition p%oflle for a
type I female from eguations {19} and
{20}.

figures 11 and 12 illustrate how
well equations (21} and (22) describegd
daily cumulative gallery construction
and oviposition, respectively.

CONCLUSIONS

our results, interpreted in the
context of information on population
dynamice, suggest different seasonal
reproductive strategies by the southern
pine beetle. During winter months popu-
iation numbers are low. Population
centers are found in isclated trees scat-
tered throughout the forest. During
late winter and early spring, the repro-
ductive contribution of individual females
is important because few adults are pres-
ent. At this time, conditions of temper-
ature, density, size, and type all favor
reproductieon. Females remaln active for
greater periods of time, and deposit
more of their total complement of egys
in single hosts. It is advantageous to
stay in one host because unpredictable
weather limits attacks on new hosts.

Infestations begin to grow as weather
conditions become more faverable during
the spring. Newly attacked trees are
colonized rapidly by more adults in the
population. Thereafter, a continuous
supply of adults is needed for infesta-
tion growth, since beetles must covercome
healthy trees by mass attack to permit
successful brood development. At mid-
year, when adults are abundant, the re-
productive contribution of individual

females in single hosts is less important,
whereas attacks on new hosts are more
important. Laboratory data suggest that
females spend less time, and deposit
fewer eggs, in single trees at this time
of the year.
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DYNAMICS OF BARK BEETLE-FUNGUS SYMBIOSIS

Pine Tree Anatomy and Fungus Growth Patitern

Youhanna Fares, John D. Goeschl, and Peter J.H. Sharpe!

abstract.--The fungus Ceratocystis
minor is introduced in the inner bark of
pines by the southern pine beetle. Via
the woodrays, the fungi spread in a
three-dimensional pattern in the tangen-
tial, radial, and longitudinal directions
ir the ratio 1:2:7 to 1:4:15 respectively.

Water blockage 1n infested stems is
due to aspiration when fungal hyphae
penetrate the tracheids through the
pits, and due te the presence of resin
globules released by destruction of the
epithelial tissues. The fungi cause
reduction of water content of infested
trees to the degree necessary for beetle
brood development and the rapid death of
the pine tree.

OBJECTIVES

Our research team has planned a
series of three papers dealing with
bark beetle dynamics in re’ation to host
habitat and the environmont, and two of
these studies are completed. The first,
entitled YPine Tree Anatomy and Fungus
Growth Pattern,' serves as an :introduc-
tion and explains why and how the fungus
blocks water flow in the tree, leading
to the tree drying. The secend study,
the Y"Pine Tree Drying Mogdel," is a bio-
mathematical formulation that relates
the rate of drying of the pine tree to
the physiology of the tree and of the
fungus and to the environmental condi-
tions. The third study will deal with
the correlation of the degree of tree
drying to the extent of brood develop-
ment and beetle emergence time. Taken
togaether, these studies serve to input
to any mechanistic spot dynamics model,
determine timber salvage tactics, and
project the history (age) of the infesta-
tion.

! The authcrs are, respectively,
Senlor Research Scientist, Senior Research
Scientist, and Associate Professor, Bio-
systems Research Division, Dept. of In-
dustrial Engineering, Texas A. & M. Uni-
versity, Cecllege Station.

INTRODUCTION

The blue-stalning fungus Ceratocystis
minor (Hedge)} Hunt 1s intreoduced 1nto
the inner bark of pines by the southern
pine beetle, Dendroctonus frontalis Zimm.
{Craighead 1928, Caird 1935, Bramble and
Holst 1940, Dixon and Osgood 1961, Frank-
ilin 1970). Functionally similar blue-
staining fungi are introduced by bark
beetles in the western United States,
Canada, and Mexico (Von Schrenk 1903,
Lindgren 1942}. Extensive research
since 1928 has established that it is
the blue-staining fungus which plays the
key role in killing living pines {Craig-
head 1328, Nelson and Beal 19829, Grossman
1930, Rumbold 1931, Nelson 1934, Caird
1935, Bramble and Holst 1940). The
relationship among beetles, fungi, and
host tree is not, however, completely
understood, as pointed out by Hodges,
Barras, ang Mauldin {(1968).

Craighead (1928) observed the rapid
killing of pines by the bark beetles and
suggested that the fungus destroys or
clogs the tracheids, either by toxic
secretions or rapidly developing hyphae.
He also suggested that the fungus con-
ditioned the host so that the physical
habitat becomes suitable for the develop-
ment of the bark beetle brood and may
posgibly provide food requirements.
what Craighead postulated was thus a
true symbiotic relationship between the
beetle and the fungus.

Nelson and Beal (1929) found the
tangential spread of the fungus beyond
beetle galleries to be slight. The
fungus appeared able to move only radially
and longitudinally. ‘'fangential spread
of infection seemed to result from beetle
inoculation along the egg galleries.

Recent studies have indicated that
a complex physiological interdependence
exists between bark beetles and blue-
stain fungi. Barras (1973} found that
removal of fungi reduced beetle progeny
to less than 20 percent of that observed
in beetles with fungi, and development
of surviving progeny was dJelayed by
nearly 30 days. Removal of blue-stain
fungus Ceratocystis ips from Ips bark
peetles in pine bolts was also found to
be detrimental {Yearian 1967}.




Barras (1973) points ocut that such
a decrease 1n beetle reproduction and
delay in developmernt would be helpful in
vefforts to decrease SPB-caused economlc
losges 1f a practical methed could be
devised to manipulate this phenomenon.
Besides the immediate effect on progeny
survival, the delay in brood development
would allow more time for detectien and
salvage ot iniested trees.

MANIFPULATION OF MOLISTURE
AS A POTENTIAL CUONTROL MEASURE

kecent evidence tends to support

the hypothesls ot Nelson (19331) that the
tungus brings about o reduction in the
water content of the intested tree.
Moisture has been suggested as a major
host-ielated mortaelity factor 1in beetle
population dynamics [Thatcher 1960}, as
the cause of poor and erratic success 1n
rearing the beetle in the laboratory
Ciark and Osgeod 1964), and as a mecha-
nigm 1n the effect of cacodylic acid on
brood development (Williamscon 1970).
Studies ot the influence of phloem moils-
ture on brood development by Gaumer and
Gara (1967), Webb and Franklan {1278},
and Wagner et al. (1979} suggest that
high phloem moisture 1s asseciated with
the formation of long larval mines,
instead cof feeding chambers. This phe-
nomenon, 1n turn, led to lower survival
of early larvae. Conversely, the emer-
gence of survivoers was positively corre-
lated with phlicem moisture, suggesting
that high moisture was beneficial to late
larvae and pupae 1n the bark. Since ade-
Juate molsutre appears to be important
for pupal survival. the blue-stain fungus
may have a complex role of reducing
moisture in the early larval perioed
while increasing the bark moilsture con-
tent in the late larval and pupal perioed.

The importance of moisture is5 implied
in the varicus withiln-tree control mea-
sures tested over the past 80 years or
s¢., These control measures include top-
ping (Caird 1935, Webb and Franklin 1978);
cut-and-top, cut-and-leave (Thatcher 1960}:
and cacodylic acid treatment {(Williamson
197¢Y). Successful implementation of these
control techn:gues has been limited by
our inadeguate understanding of the
internal processes that were affected
and how these processes were i1nfluenced
by the prevailing physical environment.

Along somewhat the same laine of
thought, Webb and Franklin (1978} suggest
that phleoem moisture may be an i1mportant
factor determaning the expansion or
decline of bark beetle infestations.
These 1nvestigators call for the study
of the relationship of phloem meisture
to various site and stand characteristics

as well as an analysis of the relation-
ship among molsture, beetles, and micro-
ocrganisms 1n the infested tree.

It 1s important to recognize the
dvnamic nature of the water relations of
the stem of an infested tree. These
relations are the result of complex
biological and physical interaction of
fungus, host tree, and beetles. This
interaction 1s a hidden process: 1t is
visible ovnly by desiccation 0f the foli-
age, loss of bark from the tree, or rela-
tive reduction in yield of emerging beetle
brood. A computer model 1s therefore
practically the only means by which to
tollow water relationships as a function
of the biolegical and physical driving
forces.

Knowledge of the tree drving period
from beetle attack to wvisible foliage
desiccation (or tree fade, as it 1is
cften termed) may be of i1nterest in the
interpretation of aerial reconnalssance
information. Such knowledge could be
used to remove some of the bias inherent
in obeervations of fade fregquency or
rate of spot growth. During cocl, moist
conditions, spots will go virturally un-
noted, whereas during hot, dry conditions,
cld and new infestations will suddenly
become visible, which can be extremely
misleading both for the forester and the
applications entomologist. Scheduling
of salvage operations thus becomes depend-
ent upon climatic conditions rather than
apparent i1nfestation frequency. Knowledge
of the tree-drving period also has impli-
cations for behavioral chemical control
procedures, which will be discussed in
later sections of this analysis.

As the tree drying process is com-
plex, we analyze it as a seguence of theo-
retical studies oriented toward the
assessment of wvarious practical control
methods based upon the manipulation of
stem water relations of infested trees.
This paper describes the dynamics of
fungal penetration of the xvlem of in-
fested trees. The interactions between
xylem and phloem moisture levels will be
discussed in a subsequent analysis,

THE DIRECTIONAL GROWTH
OF FUNGUS IN THE WOOD

The symbiotic relationship between
the beetle and the fungi involves altera-
tion of the resin environment as well as

molsture. Barras (1970) points out that
once the beetle overcomes the inital
force of the oleoresin exudation pressure,
it 1s the growth of the fungi through
the resin ducts that reduces or stops
the tree's subsegquent production of
oleoresin. Thus beetle development can
proceed without the resinous flooding of
egg and larval galleries.
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Figure l1.--A and B: the path of wat=:
flow in a normel pine tree. Numbers in-
dicate the heights of cross section in
centimeters above the base. C-E: the
path of water flow when portions of the
Xylem are cut. (After Vité 1961).

The beetle 1n turn provides transport
and entry to the xylem, where the fungus
colonizes the nutritious ray parenchyma
(Barras 1970). Attempts to inoculate
trees by means other than bark beetles
have generally been poor and erratic.
when introduced under intact healthy
bark, C. minor is able to penetrate only
a short distance tengentially along the
stem. Nelson (1934) found that when
successful inoculation on all sides was
not achieved, leaving a continucus band
of sapwood uninfested, the tree continued
to live (fig. 1). This band probably
15 a result of the lack of tengential
ray and resin ducts, necessitating beetle
inoculaticon at all positions arcund the
circumference of the tree at the cambium-
wood interface (fig. 2A}.
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In addition 1t appears that the
beetle gallery is necessary to provide
the fungl access to air at the surface
of the xylem. Lagerberg, Lundberg, and
Melin {1927) found that ¢. minor could
grow in wead if a slightly dry surface
existed, with access to air.

The hyphae of blue-stain fungi are
initiated from spores deposited by bee-
tles in their egg galleries in the phloem-
cambium tissues between the bark and
wood. The hyphae enter the wood primarily
by way of the wood rays; thus their
initial growth is radially inward.

The highest density and diameter of
hyphal growth occurs 1in the parenchyma
cells of the rays and the parenchyma and
epithelial cells that surround the resin
ducts (fig. 2B). These tissues supply
essentially all of the necessary nutrients
for growth {(e.g., carbohydrates and
nitrogen compeunds). We do not know how
fully the fungi utilize components of the
resin ducts per se. However, Lagerberg
et al. (1927) point out that the hyphae
in the epithelial tissues around the
resin ducts attain unusually large diam-
eters {e.g., 10 to 15 um, compared to 3
to 5 pm in other tissues).

The spread of the fungus through
these tissues regquires that the hyphae
dissolve and digest the cross walls
(Scheffer and Lindgren 1940). They
noted that "rays so affected commeonly
are reduced to large open channels with
hardly more than a vestige of their
former cellular structure." But the
vertical resin ducts do intersect with
the horizontal (radial} resin ducts and
with the uniserate rays (Minch 1908,
Howard and Manwiller 1969; see also
Lagerberg et al. 1927}. Thus the inter-
connected ray-resin duct tissues (consti-
tuting 8 to 10 percent of the wood volume)
contribute to the radial, vertical, and
tangential spread of the fungus, (fig.
3.

once the fungus is introduced into
the ray system, branching of the hyphae
also leads to penetration into the tra-
cheids, which comprise the remaining 90
percent of tissues in pine wood. Intru-
sion into these cells is almost entirely
through the pits, which connect the
vertical tracheids with ray tracheids
(Lagerberg 1927, Scheffer and Lindgren
1940) (fig. 4).

The tracheids, of course, have ho
cytoplasmic contents, and the blue-stain-
ing fungi, especially €. minor, do not
appreciably digest the tracheid cell walls.
As a result these branches obtain little
or no nutritive wvalue and are probably
fed by transport of nutrients from the
main feeding branches in the ray-resin
duct tissues. This scenario is reflected



Figure 2A.--Schematic drawing of typical
southern pine wood. ©Of i1mportance are
the vertical resin ducts (2 and 9-%2a),
which are lined with thin-walled epi-
thelial cells {E)}, and the radial or
horizontal ducts (x and 4), also lined
with epithelial cells (L and 3). The
radial ducts are components of the

1n the small diameter {i.e., 3 pm v. 10
te 15 pm in epithelial tissue) and rapid
longitudinal growth of hyphal branches
in the tracheids. Continued fungal
spread in the wood results from branching
of these hyphae, especially in the vicin-
1ty of the pits that connect the tra-
cheids. S$ince there are pits connecting
to ray tracheids, the hyphae can reenter
nutritive parenchyma tissues after having
elongated rapidly through the tracheids.

While the greatest biomass of fungus
may arise in the ray-resin duct tissues,
the rate of fungal spread may be most
rapid through the tracheary portion of

the wood. Vertical growth is most rapid
because the lumen of the tracheids,
which are about 200 times longer than
they are wide, offer least mechanical
resistance in the wvertical direction.
Radial spread is second fastest because
most pits are oriented radially (i.e.,
through the tangential walls of radially
adjacent tracheids). Finally, the slowest
rate of spread is tangential since there
are fewer pits in that direction (fig.
7).

multiserate rays (10 and 5-5a), which
include parenchyma cells (K,N, and 2)
and ray tracheids (J,M, and 1). There
are a much larger number of uniserate
rays (11, 12, and 6-6a3). Note the
connection (¥) of vertical and hori-
zontal ducts. (From Howard and Manwil-
ler 1969.)

Figure 2B.--Enlarged example cf a radial
resin duct. (From Howard and Manwiller
1969.)
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Figure 3.--Teop:Tangential section through
a vertical resin duct, where it inter-
sects with a ray and horizontal (radial)
resin duct. Bottom: Cross section
{looking downward} of vertical resin
ducts, where one of them intersects
some ray parenchyma cells. In both
cases the stippled cells are alive and
contain cytoplasm, which is the primary
food source for the fungi.

The combined properties of the wood
tissues, then, explain the experimentally
cbserved rates of penetration in the
tangential, radial, and longitudinal
directions, which vary from 1:2:7 to
1:4:15% regpectively. As pointed out by
Scheffer and Lindgren (1940), there is
less wvariation in these ratiogs among
apecties of fungi than wight be expected.
They ikewlse conclude that the anatomical-
mechanical properties of the wood are
the contrelling factor. 1Indeed :t might
he possible to predict these ratios from
the hydraulic conductivity of the wood
1n the three directions.

" Cross walls

Pil area

Pit arca

Figure 4.--Top: Diagram of ray cells
including thick walled parenchyma (1}
and ray tracheids {3)}. Bottom: Re-
laticnship between ray parenchyma
cells and vertical tracheid {(4}. DNote
cross walls and wall areas {adjacent
to pits), which fungi must digest to
pass from one cell to another.

THE MECHANISM OF WATER BLOCKAGE

The mechanism of water blockage has
been studied by Nelscn {1934) and Bramble
and Holst {1940). Stem drying by trans-
piration was compared with that of stems
infested by fungi. In the fungal-infested
stems, globules of resin were present in
the lumina of the tracheids. These glob-
ules were absent from the wood of stems
dried by transpiration. The globules,
presumably released by destruction of
the epithelial tissues {as described
above}, may bleck the flow of water or
dye solutions {Caird 1935}. We alsc




point out that the resin acids are known
to crystallize on contact with moisture,
and the fine mesh structure of pirt mem-
branes make an excellent surface for the
formation of microcrystals.

lu addition to blockage by substances
in the vicinity of damaged resin ducts,
1t 1w clear from published photographs
{e.q., Lagerberg et al. 1927, Scheffer
and Lindgren 1940) that hyphal penetra-
ti1om of tracheids plays a majer role in
the reduction of water conduction.
Speclilcatly, the water 1n each tracheid
tu undel tension load (sometimes referred
to as Ysuction torce®) and s thus aspir-
ated when a fungel hyvpha penetrates
throvgh o p1t and eallows air at atmos-
pher1¢ pregusure to enter. Generally air
1¢ prevented from entering the adjacent
tracheids because the pressure differen-
t1a] causes closure of the pits by the
torus (a small plug normally suspended
away from the pit aperture by a than
tibrous membrane) {fig. 3}.

Once bulk water 15 aspirated from a
given tracheid, the hypha grows rapidly
through the lumen. Branches from this
hypha tend to penetrate the plugged pits
into adjacent tracheids, causing addi-
tional aspiration of water from these
elements. All tracheary elements so
aspirated are lost as conducters of
water through the xylem. The rapid rate
of fungal spread through the tracheids
probably contributes most to the block-
age of water flow.

Combining the two effects of the
tung: on water conduction--aspiration
and blockage by resin residues--it can
be concluded that any three-dimensional
area »f xylem occupied by the fungus is
ne longer capable of conducting water.
However, 1t should be noted that the
xylem 15 a complex, three-dimensional
network. A characteristic of such net-
works 1s that substantial percentages of
the network can be cut or blocked with
only modest reductions of flow through
the system. This is borne out by experi-
ments where wvarious peortions of the
xylem of living pine trees have been cut
{see fi1g. 1}.

Thus, to stop or reduce the flow of
water enough to cause fading or death of
a tree, 1t 15 probably necessary that
the sapwood be blocked by a nearly con-
rinuous, circumferential band of fungus.
such a band would result when the wedge-
shaped patches of fungus, introduced at
various levels and positions around the
bole, spread sufficiently to overlap
(¥19. 5). 1In early spring, when water
demand 1s low, 1t is likely that essen-
tially the entire cross section of sap-
wood be blocked before fading or tree
death occurs. In summer, however, less
than total blockage 1s necessary. But

Figure 5.--Cross section of pine bole
showing typical distribution of blue
stain.

in either case, blockage or aspiration
of the peripheral sapwood by the fungus
probably suffices to isolate the phloem-
cambium layer from the bulk water supply
of the xylem. The resultant drying and
ventilation of this peripheral layer
allows beetle brood development.
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DYNAMICS OF BARK BEETLE-FUNGUS SYMBIOGS1S

I1. Pine Tree Drying Model

Youhanna Fares, Charles E. Magnuson,

Abstract.--A Fungus Growth Tree
Dry:ng Environment model 15 formulated.
The model calculates the rate of drying
of the fungus-infested pine tree as a
function of envirommental and tree physio-
logical variables. The rate of drying
determines the degree of brood develop-
ment, which 1in turn determines the time
of beetle emergence. The model also can
determine the age of the infestation folr
control and forest management.

INTRODUCTION

The southern pine beetle, Dendroc-
tonus frontalis Zimm., from here on
denoted SPB, is a particularly destruc-
tive insect in the paine forests of the
South. Three factors--the constant
presence of blue-stain fungi in trees
successfully attacked by the SPB; the
fact that blue-stain is found in the
water-conducting tissues of the xylem,
whereas the beetles are chiefly confined
to the phlosm and cambium regicens; and
the extremely rapid death of infested
trees, apparently due to water defi-
ciency--have focused attention on the
possible role of these staining fungi in
the death of trees (Nelson and Beal
1929, Nelson 1934;}.

The desvelopment of the southern
plne beetle in loblolly pines ({Pinus
teeda L.) represents a classical case of
symbiosis between insects and associated
fungi on a coniferous host, resulting in
rapid death of the tree. Because of the
close association between larval develop-
ment and fungi in the phloem, Barras
{(19753) found that the number of progeny
and the time of emergence is highly
dependent on fungal development.

' Drs. Fares, Magnuscon, «nd Sharpe
are, respectively, Senior Research Scien-
tist, Senior Research Scientist, and
Assoclate Professor, Blosystems Research
Division, Dept. of Industrial Engineering,
Texas A. & M. University, College Station,
Tex. Dr. Doraiswamy is Senior Scientist,
Lockheed JSC, Houston, Tex.

Paul C. Doralswamy, and Peter J.H. Sharpe!

Gaumer and Gara (1967) studied the
effect of phloem temperature and moisture
content on the development of southern
pine beetles. They came to the conclusion
that 1t is possible, at the onset of the
beetle attack, that somewhat lower phloem
temperatures and higher moistures are more
favorable to egg survival and early eclo-
sion. 1f moisture content is maintained
beyond a certain point in the early devel-
opment of a brood, it is detrimental.

The theory that beetles carry blue-
stain into trees is strongly supported
by the evidence obtained through the
examination of entrance tunnels, from
cultures obtained from beestles taken
from unstained galleries, and by the
phenomenon of specificity found independ-
ently by Nelson and Beal (1929) and
Rumbold {1931}. soe far as is known,
blue-stain appears in the sapwood of all
trees that have been successfully at-
tacked by bark beetles. Blue-stain
appears in the vicinity of the tunnels
{galleries) within a week or less after
trees become infested with SPB. The
areas of infestation vary greatly in size
and shape, depending upon age; but as a
rule their length considerably exceeds the
width. They frequently coalesce to form
particles of considerable size. The
cross section of an infested stem area
appears as irregularly wedge-shaped
sectors extending from the periphery to
the hardwood, due to the hyphae growing
from the outside toward the center along
the medullary rays. Inoculation experi-
ments demonstrated that these fungi will
grow with considerable rapidity in the
sapwood of living pine, and if the entire
cross section of the trunk becomes stained,
death invariably follows.

Experiments on water relations of
pines demonstrated great differences in
moisture content between trees attacked
by the beetle and unattacked trees.
Most noticeable is the fact that the
moisture content of SPB-attacked trees
was highest at the base and decreased
with increase in the height. This is
the reverse of conditions found in normal
trees. The lowered water content of
attacked trees can be attributed chiefly
to two causes. Either the water is lost
through the beetles' tunnels or it is
prevented from passing upward into the
tree by the blued zone in the sapwood in
the lower part of the bole.




Caird {1935} and Vité (1959} used
dve solutions to study conducticon and
distribution of moisture in healthy and
infested pines. The changes occurring
when the beetles i1nfest the healthy tree
are marked. The outer rings fail to
conduct dye solution, drying takes place
in the outer rings, and various fungi
enter the wood. Examinations during the
second and third days after attack show
light-coleored patches in the wood along
beetle galleries, caused by the accumu-
lation of air in the cells as drying
takes place. As the outer rings become
nonconducting on about the fourth day
after attack, the transpiration stream
ig carried in rings which are closer and
closer to the center of the tree. Re-
searchers found that in the later stages
of the disease no dye reaches the top,
owing to the stoppage of conduction at
midstem. {The pattern of fungus growth
and mechanism of water blockage is ex-
plained in detail in Part I of this
series, entitled "Pine Tree Anatomy and
Fungus Growth Pattern®.} The meisture
content of the diseased tree socon falls
below that of a healthy tree {225 per-
cent to 100 percent) and the drying
progresses from the surface of the wood
toward the center. Drying dees not
continue 1indefinitely but reaches a
minimum moisture content at about 30
percent.. After 25 to 30 days, the en-
tire trunk is usually dry except for the
base. During subseguent decay the tree
may become moist again.

Bramble and Heolst {1940} studied
water conductien in fungus-infested
pines and identified the major fungi
associated with D. frontalis and their
effect on conduction. This team arrived
at important and similar conclusions to
those of HNelson and Caird. They deter-
mined that certain organisms later found
in the sapwood during early stages of
attack were carried on and in the bodies
cf the beetles. Thus the presence of
the fungili may be ascribed to direct
1noculation by beetles.

Role of Ceratocystis Minor

In the first stage of infestation
{1 to 7 days after attack), initial
invasion of the sapwood takes place.
foliage of the attacked tree remains
green, however. During the second stage
{8 to 14 days after attack), when the
foliage begins to turn yellow, some
fungi reach the heartwood of the stems 4
to & inches in diameter. The third
stage includes the period 15 to 30 days
after attack, during which time the
foliage turns from yellow to reddish-
brown.
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It 15 during the periced of 1 to 14
days after attack that complete primary
infection of the sapwood takes place and
stoppage of conduction is first noticed.
The fung:r infecting the sapwood during
this period are considered most important.
The effect of inoculation made with
individual fungi in the period of June
and July showed that Ceratocystis minor
was the only fungus able to cause the
death of trees from 2 to 6 inches in
d.b.h. Only stems incculated with C.
minor became unable to conduct dye through
the sapwood to the crown within a 2-month
period.

As has been pointed cut by Nelson
{1934), the death of inoculated trees
occurred only when successful inocula-
tion was secured on 2all sides of the
tree. If a continuous band of sapwood
remained uninfested, the tree continued
to live (see Vité 1959, his fig. 4}. 1In
general, €. minor 1s able to penetrate
tangentially but only a short distance
under intact, healthy bark.

According to Lagerberg, Lundberg,
and Melin {1927), C. minor can grow in
wood that dries slightly provided the
fungus has an immediate access to air at
the surface of the wood. Sapwood of the
outer growth rings of shortleaf pines
averages about 110 to 175 percent mois-
ture on a dry-weight basis, so that with
some drying due tTo exposure when stems
are inoculated, C. minor should be able
to grow in the wood.

TREE-DRYING MODEL

it is obvious from the above discus-
sion that tree drying as a result of
SPB-introduced fungus infestation influ-
ences to a great degree {1} the fate of
the tree and its timber wvalue, and {2}
more importantly the SPB brood develop-
ment, the number of progeny, and the
time of emergence. It is important then
to develop a tree drying model that can
predict the time-drying and time-brood
development relationships and could be
integrated with spot dynamic models.

Model Assumptions

A simple medel for tree drying
following infestation by the southern
pine beetle has been formulated. The
concepts of the model are based on the
following assumptions:

{1) The tree ig assumed to he a
conducting system, whose conductivity is
directly proportional to the noninfested
cross-sectional area.

{2) when the tree is attacked by
the beetle, it simultaneously introduces



the fungus <. minor, which gradually
reduces the effective water-conducting
system of the tree as the fungl grow
toward the center of the bole.

{3) As the ratio of the effective
conducting area to the original conduct-
ing area of the healthy tree decreases
over time, a threshold is reached beyond
which the sapwood dries to a lethal
level (see fig. 1}.

{4) Although the drying process 1s
a time-dependent change within the tree,
the water balance of the tree as a whole
18 1n a steady state with the environ-
ment. We can then apply the equation of
conservation and continuvity of mass:

The Rate of water loss from

the tree crown + Rate of water

uptake of the tree from the

so01l + Rate of change of water
content of the tree = zero. (1)

Components of the Model

As can be seen from these basic
assumptions of the model, the cencepts
and appreach are s ople. However, be-
cause of interdependencies of the vari-
ables involved in the formulation, we
must define the various terms and their
interdependencies. These relationships
are given in tables 1t and 2.

The Rate of Water Loss From Tree Crown

The rate of water loss from tree
crown, dM-“dt, 1s proportional to the
difference in leaf (needle) water vapor
density, p., and that of the ambient
air, p._. aE the given ambient tempera-
ture, R , and to the effective evapora-
tive arfa of the leaves, S. Also, dM/dt
1 1nversely propertional to the leaf
resistance to water vapor diffusion, R_.
The rate of water loss from the tree
crown 15 then given by

@D,
a_t.—ﬁ(pL Pa)

aw (P Teg) oS (2)

dt RL
where M 1s the mass of water lost from
the crown 1n grams, and
& -1

R, = lfg 5 sec ¢m
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Figure 1.--Schematic representation of
the tree drying model.

On introducing the functional dependence
of the varicus parameters, equation {(2)
reads

P (To=p, (1)
gt = TR (W, W)

£ S (DBH, N) (3)

since p. (T_) is usually taken to be the
saturat%d Wwater vapor density of air,
Pear 2t T equation (3) becomes
ﬂ - pSEl (Ta)"Pa (Ta} s {DBH N ) (4}
dt RL (¢L, NS) ' g

$ 1s usually related to the tree's
d.b.h. by means of a simple polynomial.
Kinersen and Fritschen (1971) developed
a double-normalized model by normalizing
total needle surface area per branch posi-
tion with respect to the maximum foliage
surface area and position in the crown.
A third-order polynomial of the form

S = B8.0201 - 0.397x + 0.1%99x2 + 0.004x3
where » is the d.b.h. in centimeters and

5, the needle surface area 1n square
centimeters.




Table 1.--Definition of various parameters in the tree drying model.

Py Saturated water vapor density of air in gm cm 3 0 Effective diffusion coefficigit of
water in the leaf in cm? sec
?5 Soil water potential in bars
N5 Number of sLomaLE per unit area of
WL leaf water potential in bars leaf surface cm
%, Infested tree (bole) water potential in bars DBH Tree diameter at breast height in cm
an Noninfested tree (bole) water potential in bars é The thickness of Lhe unstirred air
layer on the leaf surface + the
nf Infested tree percent moisture content thickness af ieaf layer across
which water diffuses in units of cm
an Noninfested tree percenl moisture content
RL Leaf rgiistance to water diffusion
Ta Ambient air temperature in degrees Kelvin sec cm
It Iree (bole) temperature in degrees Kelvin Rf Infested tree (?E]E} water resis-
-3 tance in sec ¢m
Pa Ambient air water vapor depsity in gm cm
_ Ay Tree cross section in cm?
L leat water vapor density in gm cm
ﬁf Fungus-infested area (bole)
Wy Total water conteni of tree bole in gm (nonconducting area) in cm?
5 Effective evaporative surface area in cm® Ly Tree height in cm
Gf Fungus growth rate in Cm aec_l AC Conducting surface area (bole) in
2
cm
ry Radius of tungal front in cm
r Healthy tree radius in cm
F Number of fungus wedges (related to the
number of attacking ngtles or beelle t time
attack density) in cm .
L Hydraulic,water condugtivity of the tree
W N 2 -1 -
in gmcm © sec © bar
Table 2.--Dependent and independent variables in the tree drying model.
Dependent variables Independent variables
= T =
py ;( )airrf)(water vapor press, Gf f(1t, Bf) T,
w 8 re f(TL’ Gf, t) Lw {taken as caonstant)
D f{T_} {usuatly taken as saturated
wateér vapor density at T_) i.e., W, = f(@,r) . y
a t s
P (10
Rf = f{wf, Ac, Lw) )
?t f{Ta) RL = f(WL, Ws)
A, = F{G.)
vyt f f
= f = A - A
e ‘ FQn {.) AC (Gf) [AC T C]
" " s = f(DBH, N_)
| i i
*, (o ls)
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R, is strongly dependent on the
leaf Jﬁter potential ¢., the stomatal
frequency N_, and soil "water potential
. The iafter term 1s approximated with
a~constant for a given stand site and soil
water condition. The functional relation-
ship between R and y_. and N_ is ¢btained
from the work of DeM&chele and Sharpe
(1973 and 1974}. These authors derived
a detairled model of guard cell motion
and made & parametric analysis of the
anatomy and physioclogy of the stomata.
The relationship between R, and ¢, and

N_ is given here, 1in simplffled fo%m, in
tgrms of needle stomatal parameters:

A

FLT R )

L

N L
4[0 b NS

.48
(48 € 1 H )/(L O N)

' Hl{Ll 'LE) lpG _HOLQs

- Hl(L1 -Lz) - HOL

semicircumference of stomatal
pore

thickness of guard cell

the moment of inertia about the
neutral axis of the guard cell

- cell wall modulus of elasticity

guard cell and epidermal cell
osmotic potential, respectively

the interior thickness of the
guard cell

the interior length of the
dorsal wall and ventral wall,
respectively

the exterior circumference of
the guard cell

These parameters are well known for the
pine needle.

water Uptake From The Soil

The rate of water uptake, dw. /dt,
by the trege from the soil is prop&f&ional
to the water potential gradient, to the
conducting cross-section area of the
tree, A_, and to the hydraulic conductivi-
ty eof e tree bole, L., such that

My G Opy0mi)

db - Lrhcby (53

At

o vr E X AWATEH BLTENT AL

tat

PLACENT XYLEM tAOISTURE CONTENT

Figure 2.--The change of Xylem moisture
content of the pine tree with water
potential after infestation. ({+) repre-
sents data points, and the solid line
1s the fitted model.

which may be written as

Min = satog) A Ly (5

For a given site over the short
period during which the tree is drying,
§_ is considered constant. ¥_ and mois-
t8re content, 6, are strongly related.
in whole cells or tissue segments the
varicus forces retaining water interact
continucusly to prodnce a general rela-
tionship between relative water content
and water potential. When relative
water content (8) is plotted v. water
potential {¢), curves are produced which
are effectively sorption isotherms for
the tissue segments concerned and are
similar in form to the ¢(8} curves for
soils and pinewood (Slayter 1967). The
progressive change in ¢, with decreasing
water content, can be analytically ex-
pressed as an exponentially d&ecaying
function or a simple second- or third-
order polynomial.

The decrease in water content of a
loblolly pine tree could be induced by
subjecting the tree to progressively
increasing water stress or infesting the
tree with blue fungus via SPB {as shown
above). Field data collected from in-
fested pine trees {Wagner et al. 1979}
indicate that the general relationship
of §. to water content 8. is as suggested
by S&ayter. Therefore,'%& will use the
simple exponential expression to describe
the dependence of leaf water potential
of the infested pine tree on the relative
water content such that (fig. 2},

-bé
e

b =ae f (6)




where a and b are species characteristic
contants to be determined experimentally.

The conducting area of the tree
stem, A _, 1is that portion of the stem
cross section that has its xylem intact,
i.e., not yet infested with the fungus.
This area decreses with time from infesta-
tiocn of the tree and can be expressed as
the difference between A and Af, i.e.,

Hc = AT Af {7
However, A_ is a Ffunction of several
variables, = It is a function of success-
ful beetle attack density F, if we assume
that each infesting beetle inoculates
the tree with the fungus and starts a
fungal hypha where it enters (Nelson and
Beal 1929, Nelson 1934, Craighead 1928,
Miinch 1908, and McCallum 1922). A, is
also a strong function of fungus ggbwth
rate G_., which in turn is dependent on
bole témperature T,, and moisture content
after infestation Y and time from inocu-
lation ¢ (Gaumer aﬁd Gara 1967, Minch
1608, Nelson 1934, and Rumbold 1931).
That is,

AF = f(F.Gf(Tt, 8),t) {8)
and

A. = AT{DBH) - Af(F,Gf(Tt.B},t) {(?)

EFFECT OF TEMPERATURE
ON FUNGUS RATE OF GROWTH

It has long been recognized that
organism growth and develcopment as a
function of temperature folleows the
Arrhenius hypothesis and Eyring eguation
in the midtemperature region (see, for
example, Precht et al., [1973], Laudien
[1973], and Sizer T[1943]). Recently
Sharpe and DeMichele (1977) developed a
stochastic thermodynamic model of poikilo-
therm development from the Erying equa-
tion, assuming multiple activity states
of the underlying developmental control
enzymes. Data on the growth of €. minor
as a function of temperature is found in
the work of Bramble and Holst 1940. The
analysis of these data shows a poikilo-
therm behavior as developed by Sharpe
and DeMichele (1977) that follows this
relationship:

+ +
anT (QSH - QHA/T)/R

R © (10)
Lo (35 aH /TI/R, (a5, -aH /T)/R

G(T) =

where kK, h, R are the Beltzmann constant,
Planck's constant; and the gas constant,
respectively. AS$, is entropy of activa-
tion, &£_ 1ls relative concentration, and

QSL represents the difference in entropy
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FUMGUS GROWTH RATE
et

TEMPERATURL 'k

Figure 3.--The poikilotherm behavior of
C. minor growth rate as a functicn of
temperature. {+) represents data
points, and the solid line is fitted
poikilotherm equation. {Data from
Bramble and Holst 1940.)

of activation between low temperature
and midtemperature states of the control-
ling enzyme. Similarly, AH. represents
the difference in enthalpy gf activation
between these two states. aAS. and A
represent the difference of egtropy a
enthalpy of activation between high-
temperature and q}dtemperature states,
respectively. AS_ , AH,, QSL, AH., QSH,
and A are thepmodyﬁhmic consRants
charactiéristic of the organism control
enzyme system, which is assumed to contrel
development. Analysis of the data from
Bramble and Holst (1940) and L.ndgren
{1942) on the relation of temperat-ire to
growth rate enabled us to evaluate these
thermodynamic contants as listed in
table 3. Figure 3 shows how closely the
poikilotherm approach describes the growth
temperature behavior of such a biophysi-
cal system.

Similar studies on other ceratosto-
mellae, conducted by Lindgren {1942),
indicate that their growth response to
different temperatures was in general
the same con wood surfaces as on agar.

The relationship between fungus
growth rate and moisture content of wood
could be elucidated in two ways--directly,
by analyzing fungus growth rate-mcisture
content data, or indirectly, from growth
rate-water potential studies. The former
data is available in the work of Lindgren
(1942), Colley and Rumbold (1930), and
Snell {1929). The later information
could be obtained by analyzing the data
published by Kidd, Reid, and Davidson
(1977), utilizing the relationship be-
tween ty and 8 developed above.




Table 3.--Main components and constants in the tree drying model.

Component Relationship Constant

B 22.24 ma? d

1

Fungus area growth Gf(wL) = A e
rate Gf as a func- 0.171 bar
tion of water BR{R® = gas constant)
potential $L‘ j.e.,

{

*ylem (or ieaf B 39.93 bar

water potential) 0.02242
as a fuoction of
moisture content
of infested tree,

Ge( 7)), e, ¥ (00

3. % as a function of ¥ (t) = a' + b o = 9.601 bar

L
time from day of = 10“5 bar
infestation, i.e.. 3.832

:pL(t)

" n + ny
Lylem moisture con- ef(t) =ke? © bt *+ ct
tent Sf (-/_} as a
function of time

from day of infes-

tation.

Fungus area growth

rate 6., as a func- 1.028 mm? at

tion of time i, from 8.332 d
day of infestation, 1.165

P, GL(E)

Continued




Table 3.-~ Continued

Component

Relalionship

Constant

6. Gf as a function of

temperature T, i.e.,
Ge(T)

6(T)

6(T)

£ F
KT (ASA h\Hg/T)/R
e oL
c h

(35, - aH /TH/R - (as

e

+e

7 F
(AS’q AHA/T)/R

- AHH/T)/R

Py-

k, b, R are the Boltzmann's
constant, Planck's constant
and the gas constani re-
spectively

as

T

ant

A5

a8

AH

AH

entrepy of activation
25.69 cal/moie °K

enthalpy of activa-
tion
12770 cal/mole

difference in entropy
of activation between
Tow and midtempera-
ture states

-165.5 cai/male °K

difference in entropy
of activation between
high and midtempera-
tus states

315.1 cal/mole °K

difference in enthalpy
of activation between
low temperature and
midtemperature states
-46320 cal/mole

difference in enthal-
py of activation be-
tween high tempera-
ture and midtempera=~
ture states

96790 cal/moie

Relative ggncentra-
tion = 10

d? k -1
@) Gz - o) 4

1

(oY mm® d © (A)
1

w2 d T, (2rreh)om?

= mmd ¢ L
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Lindgren studied the development of
. oprlifera in small 1noculated blocks
ot Praus echinatd sapwood maintained for
100 days at different molsture contents
at 2% €. His resulis indicate that
below 24 percent moisture content of
blocks {oven-dry basis), there was no
sur face or intericr growth of the fungus.
At molsture contents between 24 and 2%
percent, hyaline filaments were well
distributed through the wood rays and
tracherds. Above 27 percent, the blocks
contained mature, brown hyphse and were
usually visibly stained by the end of 10
days of i1ncubation.

Colley and Rumbold's {1930) studies
are in agreement with Lindgren (1%942).
that « moisture content in the vegion of
24 percent 1s the lower limit for stain-
1ing of wood caused by <. piliferd. Such
a limat 1s considered reasonable even
theough minimum moisturs contents for
stain development undoubtedly wvary to
some extent for different orgamisms and
for woods with different fiber-saturation
palnts,

snell (1924) reported that for
usouthern pine sap of sp. gr. N.4%, the
apper limit of moisture content for
optimum growth of biue-staining fungi is
100 percent, while inhibiti1on takes
place at 145 to 1&Q¢ percent of moisture.
For southern yellow pine, of sp. 4r.
0.70, the limits are 50 percent and 75
to B0 percent, respectively.

on the basis of Kidd's data using
<. mon:ta, the area growth rate of the
fungus ax a function of water potential
15 given by

-Buy

Gelw) = Ae (11)

Taking the legarithm of (10), we obtain
In Gf =1n A - By {12}

substituting for ¥ from eguation (8), we
get

bé {13)

f

n Gf =inA-Bae

(14)

c = a B.

Data for the longitudinal penetra-
tion of Trichoderma lignorum into sapwood
ot P, taeda (Spradling 1936} show an
aptfimum growth rate around 100 percent
meisture. Development data (less defined
than penetration or growth rate) of C.
pilifera in small inoculated blocks of
F. echinata sapwood at different woisture
contents indicate that after the estab-
Lishment of the spores the growth rate

Figure 4.--Area growth rate of C. monita
as a function of tree water potential.
(+) represents data points, and solid
line is the fitted model. (Data from
Kidd et al. 1977.}

reaches maximum above 24 percent moistare
content (Lindgren 1942). The longitudinal
penetration of 7. Iigpnorum 1in P. taeda
averaged 4.41 mm a day over a moisture
content range of 77 to 118.4 percent
{oven-dry basis). In the final formula-
tion of the meodel eguation, all the
components will be expressed either in
terms of water potential or moisture
content, which are related via equatiecn
(6). Figure 4 shows the relation between
fungus growth rate and water potential,
based on the data of Kidd et al. (1977}.

Growth Rate as a Function
0f Physioclogical Time

For a given set of conditions (e.g..
temperature T_, moisture content 8,
and/or water potential ¥), the rate of
growth of several fungi was studied
{Lindgren 1942, Kidd et al. 1977, and
snell 1829}, We analyzed the data pub-
lished by these authors in order to
understand the biophysical basis of the
growth rate of the fungus as a function
cf physioclogical time, i.e., Gf = f(t).

The changes in the growth-temperature
relations with time have been reported
for several groups of fungi (Scheffer
and Lindgren 1%40}. 1If the factor of
time is important, its effect should be
particularly evident in comparing growth
of wood-staining organisms for short
periods on agar against decay of wood
during periods of several months. In
such cases, however, we must acknowledge
the possible effect of differences in
substrate, as well as time. Humphrey
and Siggers (1933) reported that for 7



http:penetratJ.on

of 21 fungil studied, the optimum tempera-
ture for growth con agar shifted to lower
points with increase of inoculaticon
periods. This change suggested that the
optimum temperature for decay of wood
over long periods might be lowexr than
those indicated by the agar tests of
short duration.

Lindgren {1942} noted that for one
of three fungi studied there was a slight
reduction in growth on agar and decay of

wood with time at the higher temperatures.

In his study with C. pilifera there was
no definite periodicity in growth rate,
as suggested by Lagerberg et al. (1927).
Furthermore, there was no apparent shift-
ing downward of optimum and maximum
temperatures for growth on agar or in
wood with increase in time of incubation.
The rapid development of most staining
fungir on wood, as well as on agar, would
make the factor of time less significant
than it might be for many other wood-
attacking organisms.

Information on the rate of penetra-
tion of staining fungi inte wood has
been limited largely to general indica-
tions yielded by studies affecting stain
development. Minch (1907, 1908) re-
ported an average longitudinal growth
of €. minor of 5 te 10 mm/day. Lagerberg
et al. {1927) present some general fig-
ures that indicate daily radial rates of
penetration on the magnitude eof 2 tec 2.5
mm for €. minor, under favorable or semi-
favorable growth conditions. Greatly
reduced rates of penetration were indi-
cated as moisture, oxygen, and other
conditions affecting growth become less
favorable.

Bramble and Holst (1940) indicate
that during the growing season, 14 days
after initial attack, when the foliage
begins to turn yellow, €. minor reaches
the heart of the wood of stems 4 to 6
inches in diameter, representing an
average penetration rate of 4.5 mm/day.
Cultures taken from the phloem surrcund-
1ng the beetle tunnels and from under-
lying sapwood to a depth of 1 mm {one or
two growth rings) yielded €. wminor,
Dacryomyce spp.. and Z. minor (Bramble
and Holst 1940). Such early penetration
indicates that infection precedes any
considerable drying of sapwood through
loss of moisture from beetle tunnels but
does noit preclude the possibility that a
certain slight drop in mositure may be
necessary for penetration intc the outer
rings. The ability of fungi to penetrate
into the sapwood shortly after initial
entrance by beetles is perhaps a signifi-
cant feature 21n connection with their
effect on the attacked tree.
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Lindgren’s (1942) experiments on
the penetration of €. pilifera into wood
blecks as a function of time under con-
trelled conditions of temperature and
relative humidity represent one of the
rare qguantitative stuvdies of this type.
The average moisture contents of the
blocks after several incubation periods,
based on six specimens in each case,
were 104, 98, 106, 105, and 100 percent
under conditions of 90 percent relative
humidity; and 106, 107, 96, 102, and 96
percent at 60 percent relative humidity.
He measured the tangential, radial, and
longitudinal daily penetration of the
fungus. ©On the basis of his @ata, a
ratico of 1:2:9 for the rates in three
directions of penetration is obtained.
The rate of penetration of the fungus in
any direction shows an enzyme-controlled
type of behavior. If we consider the
fraction cof the stem's cross-section
area covered daily by the fungus {i.e.,.
tangential penetration. x radial, it
shows a behavior (see fig. 5) that can
be described by an analytical expression
of the type

_ t
Gf{t) - 8 t:.— vt ([—:ﬂ

where o, B and vy are constants to be
determined.

We can now write a final expression
for A_ as a function of temperature T,
time ¥, and xylem water potential ¥,
assuming A, to be constant during the
short periga while the tree is drying:

+

+
A QHA/T)/R

g KT (AS
M e

. x4
2 B+ vyt

- 2nrHfF (16)

2rnrHF is dimensionless, H being the
length of the tree bole first attacked
by the beetle; therefore, the proporgg?n—
ality constant w has units time area
1f we consider 2nrHF a constant, then we
can lump all coefficients into O which
will have units of area time. The expres-
sion becomes

{173
EKT as? - anf/TIR .
A=A -0 e N A P "
€ T h Y g+ yt

where £ = w - A - & 2nrHF.
We note here that for long times, eguation
{15} reduces to a constant. That is, as £
becomes large,

Gf(t) =2 =% = constant

B+y ¥
t



Eguation (17) can be rewritten as follows

+
& KT {ASA—AHA/T)/R

TR

A
-8By
¢ B+ yt
ff'
PexTt

+ +
- TY/
o 991“\ : E(ASA A /TH/R
.
CaBe 1
Pp @ B+ 3yt

1f we define

. kTt
C

h

1 -1

= 35; + R 1n ( ) cal mole ~ deg

1 -1 -1

B' = RB cal mole deg = bar

then egquation (18) becomes

(6 - B'% - AH;/T}fR (20)

A - A] - e P2 . R

C
One may be interested in the frac-
tion of the stem cross section that is
covered with the fungus over a certain
peried of time, which is given by

\ - +
Fraction = 5 = 1 - £ (% 7 BY = /TR

0
At
1

Ch (21)
P2 B+ yt

The final expression for dwi /dt should
then be n

aw, (b - B'W - AH;/T)R

‘ln—_ [} . -
Tt 'ML,s LW(AT Qe

. (¢ - B'w - aH;/T)R
— = L - ) ¢ (AL - fe

R S (223
FR

It should be noted that ¥ is a
function of water content 6 and time t.
The relationship between ¥ and & is
given 1in egquation (&). However, the
variation of I with the physiological
time of fungus growth 1s believed to be
dependent on the fungus species and its
water reguirement for growth. For a
given set of conditions (site and environ-
mental demands), the negative water
potential is approximately constant.
when the beetle inoculates the tree with
fungi, their water demand will result in

ARE A Cab Wy TI4 HATE

TIME (DAYS)

Figure 5.--C. pilifera growth rate as a
function of time. {+) represents data
points from Lindgren (1942), and the
solid line is the fitted model.

-1 XYLEM WATER POTENTIAL IBARS)

TIME AFTER ATTACK DAYS

Figure 6.--The change of xylem water
potential with time after beetle attack.
(+) represents data points from Wagner
et al. (1970}. The solid line repre-
sents the model.

an increasing water stress. It seems

reasonable then to assume that the time
dependence of ¥ can be represented by

the expression

W= a+ bt" (23}

where the constant a is the water poten-
tial of the noninfested tree and 5 and @
are dependent on the fungus water demands,
which should be species dependent. Re-
cent data {(see Wagner et al. 1979) seem
to validate the concept represented by
eguation (23} and give the values of a,
b, and m. Figure 6 shows a plot of ¥ v,
time of their data.




For purposes of computaticon, the
dependence of ¥ on ¢ and t, [1.e., ¥ =
f{o,t)] may be expressed in the follow-
1ng fashion usipng eguations {6) and (22)

ca (a + btm)

Co M G (24)

Y{p,L} = ke
y{g,t) = ake

And if we define ak -~ k' and bk = k'',
then

T{a,ty ~ k' E‘CE! + k! tmeCB (25

Howaever, eguations (17) andsor (21} can
be expressed directly in terms of moisture
content 1F the growth rate of the fungus
as a function of time 15 known as well

ag the wvariation of moisture contnet
wlth time.

As mentironed earlier, when the
fungus 15 intreduced i1n the attacked
tissue there is a 10 to 15 percent re-
duction in xylem moisture content over a
short period of time. After this initial
period the xylem moisture content de-
creases very slowly. The rapid drop of
moisture content 1n the initial period
cf infestation seems to provide the
fungus with the proper medium for growth.
At a later time after infestation the
melsture contenl may 1increase. This
phenomenon 15 probably of little bearing
on the tree drying in relaticnship to
the brood since the brood would have
emerged. However, the increase 1s of
great importance in relation to the
timber value. Gaumer and Gara (1967)
reported similar observations on the
phleoem water centent of infested bholes.
This tyviye of behavior 1s described by an
expression of the form

oy = ket
Agaln, the data obtained by Wagner et
al. {1979) seem to validate this expres-
sion, as shown in figure 7, and provide
values of the models constant. However,
1t 1s normally easier to measure ¥ in
the field than &, and eguations (17} and
{21} can be directly utilized.
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Rate of Change

0f the Tree Water Content
dw _ dt 1s dependent on the tree
volume, V., & A LT' the specific water
loss of Ehe tg%e, gn_.dt (1.e., the
weight of water loss ﬂ%r unit weight of
Lissue per unit time after infestation}.
it 18 also dependent on the specific
water content of the tree, p (i.e.,
water content masssunit volume of tissue).
Therefore, we have

Al & (27)

it L

Brd BEER b 07 A Yok T nTER
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:
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Figure 7.--The change of xylem moisture
cohtent with time after beetle attack.
{+} represents data points from Wagner
et al. (1979}, and the solid line is
the fitted model.

On differentiating equation
obtain

{26), we

d_E' _ " " all+bl|t+clrt2
ot = k{p"+2c"t) e

de _ 1" "
ﬁ = (b B+2¢c ta)

Therefore,

dw

_dt_c = p VT (blla + chrta)

o s
T TPVl

all +p" t+cllt2

(302

1] " ny
a+b"t+c"t wctt e

where
b+ = kb'" and c+ = ke".

Not much is known about da_/dt
after infestation; however, some f%sight
of the change in @8 _; with time was ob-
tained from the datg collected by Wagner
et al. (1972). These data were also used
in the wvalidation of eguation (27).

The Final Expression of the Model

From eguation (1) we write the

general expressicn as




From (31) we can write the eguivalent
BXPIeRS1ION
dwW.
in uM
) (32)

LA oA
‘u"T ['lldt

making use of eguation (27). Note that
equation (31) gives the change of total
water of the tree with time, while egua-
tion {32) gives the change in the molsture
content of xylem with fime after infes-
tation.  From eguaticons (28) and {29)
one can obtarn an independent expression
tor do 'dt and dwcfdt, respectively, as a
tunction of B ahd ¢ only. When the
expresslons for all the interdepend-
encles are substituted i1n equationz (31}
and (32}, they becowme

oW ~ber
._.E - {a B f- 1115]
dt

P - +.‘ 4
i {w - B'Y AHA,T},R _
.
g, (T =g (T)IB + Cv 3
A+ BK + CK'I'L

1 ftr e

)
dtf 1 dwc

dt pVT di

respectively. Each term 1n eguation
{33) and the constants obtained from
model compenent validation are given in
table 2 together with an expression for
the medel component wvalidated.

Equation (33) and/or (34) relate
the rate of dryving to (1) envircnmental
conditions, and {2) the changes in the
physiological properties of the tree,
resuiting from pine bark beetles and the
effects of fungus growth within the tree
bole.

On 1ntegrating equations (33) and
({34), one simply obtains expres=zions of
the form

Wc = f (Gf, T, ¥, t} (35}

Be  F (Gf. T. W, &) {36)
respectively. If G., T, and ¥ are known,
measured, or calculated from model compo-
nents, then experimental measurement of
v, at any time enables one to calculate
*, the time from beetle attack. This
serves as a dating technigue in relation
to timber salvage and gives vital infor-
mation on infestation age. Wwhen t, the
tiume from infestation, 15 known together
with ¥ and the daily temperature range
over a period of time, ¢, 1t 1s then

possible to predict the degree of develop-
ment of the brood and time of emergence
of the beetle, an important input to any
mechanistic spot dynamics model. {We
wil} address the degree of drying 1in
relation to brood development in a future
communication. )

Although the model compeonents have
been validated, the overall model has
not yet been validated due to lack of
data that deal with all the wvariables
incorporated 1n the model.

CONCLUSION

Tt:s paper has presented a model
descr:bing the guantitative interaction
of the pine tree, the blue-stain fungus,
and the enviromment. We identified the
physiological factors of the tree, their
relationships to the environment, and
their influence on the fungus growth
rate and 1incorporated them in the model
formulation. The interdependencies--tree
physiclogy, tree environment, and fungal
growth--have been analyzed and guanti-
tatively integrated into a fungus tree
environment model. This model gives a
time course description of the pine tree
drying that relates to the degree of
brood development and beetle emergence
time as well as to the age of the spot
and 1ts obvious implications for forest
management.
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PHEROMONE DISPERSION IN A FORESTED ECOSYSTEM

Youhanna Fares, Peter J.H. Sharpe, and Charles E. Magnuson?

Abstract.~-In this paper we present
a simple generic model for the dispersion
of phercmones 1n a forested ecosyvstem.
wWe alsce degcribe metheds for the calcu-
lation of various concentration-related
parameters and discuss the influence of
different micrometeocrological conditions
on concentration profiles. Two separate
studies from two different geographical
locations lend support to the predictions
of the dispersion model. For two differ-
ent species of Dendroct nus beetles,
aggregration behavior correlates with
meteorological conditicn resulting from
inversion prefiles. Finally, we propose
a technolegy transfer scheme for the
utilazation of the model in forest man-
agement.

INTRODUCTION

Recently, the olfactory response
systems of insects have received a great
deal of attention ({(Kaissling 1971).
Although we now know a great deal about
the chemistry and electrophysioclogy of
pheromone receptors, we have a lot to
learn about how these pheromones are
tranumitted between organisms. Vité,
Gara, and von Scheller (1964) demonstra-
ted the importance of pheromones in
regulating flight, population aggregation,
and attack behavior of the southern pine
beetle (SPB). WVité's team found that
insect activity and response to likely
pheromone sources was strongly affected
by seascnal weather conditions. Many of
Vité's observations can be explained in
terms of the meteorological conditions
characterizing either lapse or inversion
profiles within the forest. With the
prespect of behavioral chemical control

! The authors are, respectively,
seniar Research S$Scientist, Associate
Professor, and Senior Research Scientist,
Biosystems Research Division, Dept. of
Industrial Engineering, Texas A. & M.
University, College Statien. The work
herein reported was funded in part by a
UsbAa-sponsored program entitled "The
Expanded Southern Pine Beetle Research
and Applications Program", Grant Number
89-106 (19-258).

for management of forest insects in the
future, 1t is imperative that the micro-
metecrology of olfactory communication
be understood and gquantitatively de-
scribed. We simply will not be able to
assess the potential value of behavicral
chemicals unless we understand the influ-
ence of weather in dispersing them.

This study attempts to lay a theo-
retical foundation for pheromone disper-
sion within natural ecosystems. We are
concerned here with phercmone dispersion
in a forested area in general and in
particular with regard to the aggregation
and flight patterns of the southern pine
beetle (5. Frontalis Zimm.) and mountain
pine beetle (D. ponderosae Hopk.). The
model, however, is generic and should
also be applicable to other insect aco-
systems.

The general appreoach has been to
draw upen metecrclogical models already
developed and currently in use in pollu-
tion studies. It is obvious that Fickian
diffusion--even for large rates of phero-
mene emmission and low sensory thresh-
olds~~cannot provide a mechanism for the
range of olfactory cemmunication distances
observed. For olfactory communication
to have more than a very limited range,
it must rely upoen the turbulence of the
wind. In any perceptible wind, a turbu-
lent diffusivity, often called eddy
diffusivity, overwhelms the diffusion
properties of a given medium, with the
rvesultant diffusivity constants becoming
properties of the wind structure, bound-
ary surfaces, and ambient micrometeor-
ology. (Relevant terms are defined in
the Appendix.)

MECHANICS OF DISPERSION

There have been two basic apprecaches
to describing the role of Earth's lower
atmosphere in redistributing and diluting
the concentration of emmitted particles.
The first, based on Fickian diffusicn,
was developed by Roberts (1923) and
axtended to a general three-dimensional
case independently by Richardson (19%26)
and Schmidt (1925). In Suttoen's {(1953)
variation on this approach, C_ and C
are diffusion constants deterfiined b¥
the wind profile and n is a third, arbi-
trary constant. Sutton's formulation
was utilized hy Bossert and Wilson (1963).




But more recently, field studies by the
U.S. Army Electronic Command, ECOM-3
{1970), on the dispersion ©f air tracers
inte and within forested areas have
shown that Sutton's eguation is generally
unreliable for predicting special concen-
tration patterns. ©Only with naght time
releases in an open clearing did the
Sutton equation, modified for deposition,
provide reascnable estimates.

The alternative approach 1s the
statistical theory of fiuid turbulence,
which began with the investigation of
turbulent diffusion by Taylor {1921).
This appreoach is widely applied in many
areas ranging from oceanography to cos-
maelogy. In the stataistical approach,
one studies the histories of moticn of
individual fluid particles, trying to
determine from these the statistical
properties necessary to describe the
underlying dispersal process.

The most widely accepted distribu-
tion for describing particulate disper-
s10n 1n space 1s the probability den:sity
function, i.e., the Caussian function
{Batchelor 1949, 1950; Barad and Haugen
1959). The underlying principle 1s that
the Gaussian function provides a general
Jdescription of the dispersion of the
three-dimensional plume of the average
pheromone concentration because of the
essentially random nature of dispersion.
Lin and Reid (1963} point out that for
very smali dispersal times, the spatial
distribution of particles should take
the same torm as the wind-fluctuation
distribution since the particle trajec-
tories coincide with the instantaneous
windspeed vector. In the atmosphere
this approximates a Gaussian distribution
(G.D,) fairly c¢losely. The advantage of
the G.D. 15 1ts simplicity. Only two
dispersion parameters are required--v
and _--and most field studies are cur-
rently reported in terms of these param-
eters of plume spread.

There are five underlying assumptions

in the application ©f an atmospheric
Gaussian distribution model to pheromone
dispersion.

(1) Pheromone release is from a
continuous pelnt source.

(2} A continuous plume is composed
af an 1nfinite number of puffs released
sequentially with a wvanishingly small
time interval between puffs. Initially
each puff moves in the wind direction at
the moment of release (this simplifies
the calculations).

(3) The expected concentration
distribution perpendicular to the axis
of the plume resembles a normal or
Gausstan distribution around the center-
line.
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Figure 1.--The thresheld volume of sex
attractants from a single female gypsy
moth at various wind velocities (Bossert
and wWilson 1963).

{4} The rate at which the center-
line concentration decreases varies with
the atmospheric stability, i.e., with
the magnitude and scale of turbulence.
1t is also important to recognize that
wind fluctuations that are larger than
the plume dimensions tend to transport
the plume intact, whereas those that are
smaller tend to tear it apart.

{5) The turbulent structure of the
atmosphere 1s intimately related to the
vertical temperature structure, and the
latter is an index to the former.

The significant difference between
the Gaussian plume model and that uti-
lized by Bossert and Wilson (1963) can
be seen in figures 1 and 2. Figure 1
shows Bossert and Wilson's plume shape,
which maintains a constant width. The
Gaussian plume model shown in figure 2
expands both laterally and vertically
with downwind distance from the source.
Because the plume cross section is usu-
ally close to the CGaussian distribution
function, the linear dimensions of the
plume perpendicular to plume axis can be
given in terms of the standard deviation
of the concentration distribution.

GAUSSIAN PLUME MODEL

Pheromone dispersal occurs in three-
dimensional space, which can be located
in a Cartesian coordinate system {(x,¥,2Z)
as shown in figure 3. In this sytem,
the origin {0,0,0) is fixed at ground
level, at or beneath the source of emis-
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sion. The x axis extends horizontally

1n the direction of the wind, the y axis
18 located 1n the horizontal plane perpen-
dicular to the X axis, and the z axis
extrends vertically. The plume travels
along or parallel to the x axis. This
coordinate system and origin location
will be used throughout this analysis.

The Gaussian model describes the
dispersal of gases, vapers, or aercsols
where the melecule or particle size 1is
less than 20p. It therefore includes
almost all known gaseous pheromones,
which generally have molecular weights
in the range of 100 to 300 daltons. The
concentration C of pheromone molecules
at anhy given pmint x,y,z, resulting from
a  eontlnuous emmission at effective
height H, 1s given by:

g ¥ 2
oz M Ty G | 7 ( })
¥ z ¥
*fexp f-%(
L ' [
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TZ(X. _I

L
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Z
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= the mean wind speed in the dis-
persal region,

the effective average rate of
pheromone emission in molecules
sec. !,

the effective height of emission
1n m with o {x) and o_{(x) being
the lateralYand vertifal diffu-
sivities of plume concentration
in meters, respectively.

a reflection coefficient that
varies from 0 to 1.

When v - 0, this means complete absorp-
tion of pheromcnes at the ground level,
and ¢ -~ 1 means total reflection. Alsc
wmplicit in the analysis 1s the obvious
condifion that the windspeed v and asso-
ci1ated turbulence 1is greater than the
Fickian diffusion of phercmone in the x
direction., C will have units of mole-
culey m 3

For corncentrations calculated at
ground level (z = Q), eguation (1) sim-
plifies to:
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where the concentration 1s to be calculated
alang the centerline of the plume (y=0}.

PHEROMONE PLUMES

Labat

M BRI R ek

Figure 2.--Pheromone plume dimensions.
The threshold pheromone concentration
at the plume surface is 10 percent of
ground-level centerline cencentraticn.

Figure 3.--Coordinate system showing
Gaussian distribution in the horizonal
and vertical. h = source height, H =
effective plume centerline.




Further simplification yields
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For a ground-level source, cuch as
attempted in the analysis of Bossert and
Wirlson {1963} where H © 0, the plume can
be described by the relationship

. i1 {1t}
C{x.0,0:0) - ?'”—‘T(E‘IY”—JH_E )

in many pellution studies, the emis-
s1on source 1tself has a wsigmrficant
velooity 1o the vertical ditection, caus-
g a rise AH in the plume above the
actual emission herght H. This phenome-
non ¢an be 1gnored in the current analy-
seys as emission from brologlcal crganisms
15 unlikely to have enough velocity to
affect the location of the centerline of
the plume. Throaghout Lthis paper, ¢ 1n
egquation {1} 1% set equal to 1. That
15, there 1s total reflection at ground
level.

FOREST DISPERSAL COEFFICIENTS

Many of the economically important
insect pests utilizing gaseous pheromone
communlcation systems reside 1n crop or
forest habitats. Some forest-dwelling
pests that use pheromone communication
for aggregation and host-tree attack
include the southern pine beetle, moun-
tain pine beetle, and western pine bee-
tle (N, hrevicomis Lec.}.

Studies on plume dispersal in dense
vegetatlon canopies are scarce and their
results often classified or unpublished.
The results presented 1n this paper
depend to a large extent upon the conclu-
sions of four major studies which were
made available to us.?

From these studies, we have drawn
the following conciusions.

{1) Vegetation density has a strong
influence on the dispersal charactaristics
within a forest. Although the windspeed
within a forest is not strongly coupled
to that outside the forest, the presence
of generators of turbulence (tree trunks,
branches, leaves, etc.) substantially

2 These studies were undertaken by
the U.%. Army Dugway Proving Grounds
{(TRC-343) 1n a woodlot complex (1969});
Litton Systems, Inc., in a deciduous
forest for desert Test Center, report
number 3004 (1969); the U.5. Army Elec-
tronic Command, ECOM-6B-68B-1 (1969); and
Meipal {1969) in jungle canopy.

increases the lateral diffusivity of the
forest enviromment, Thus, the dispersal
coefficients within the forest {ov_ and
a3} for any glven windspeed profile are
dffferent than would be expected for
similar conditions of open terrain.

{2} Ailr temperatures above and
within the forest were found to be domi-
nating factors. Common forest daytime
conditions result in an inversion regime
within the stem zone and lapse condition
within the upper portion of the canopy.

For the biological reader, these
latter terms need some clarification.
The turbulent structure of the atmosphere
was classified by Pasquill (1961} into
stability classes. These classes are
defined in terms of 1ncoming solar radi-
ation during the day, or equivalent
cloud cover during the night, together
with windspeed at a height of about 10 m
{see table 1}. Other schemes of stabilit
classes based on lapse rates (i.e.,
vertical temperature gradient from the
canopy floor and the eguivalence to
Pasquill's stability classes} are often
made. For example, see tables 2, 3, and
4. A lapse condition describes an
unstable micrometeorclogical regime with
a negative upward alr temperature gradi-
ent. An inversion condition is a stable
micrometecorological regime where the air
temperature gradient i1s negligible ox
reversed downward. Pasquill {1961}
devised a method for estimating o, and
6. v. downwind distance for the vdrious
sEability classes. These schemes are
unfortunately based on data collected
over open terrain and are therefore not
reliable for regions covered with vegeta-
tion.

Dispersal experiments conducted by
Melpar, Inc. (19%69), in rain forest
canopies found that lateral dispersion
was enhanced while transport was greatly
reduced for eguivalent stability condi-
tions outside the canopy. On cloudy
days the Melpar group found that rapid
vertical mixing occurred in the stem
zone with a small inversion normally
occurring in the upper portion of the
plume, thus giving rise to a situation
similar to fumigation. This condition
resulted in the greatest concentration
opserved in this study being at ground
level.

Wwith clear skies, sunlight is ab-
sorbed by the upper layers of the leaf
canopy, which in turn heats the air and
produces instability in the canopy zone
and an inversion beneath the dense can-
opy. ‘The aerosol below the dense vege-
tation tended to be trapped until it
flowed, by a thermal chimney, rapidly
out of the rain forest. A thermal chim-
ney can occur where less dense vegetation
or small canopy openings allow solar
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Table 1.--Relation ot turbulence types to weather condilions {after Pasquill 1861).

A - Exlremely unstable ronditions Neutral conditions' Moderately stable conditions
- Moderately unstable conditions 5lightly stable conditions = Extremely stable conditions

= Stightly unstable conditions

surface Nightime conditions

windspeed Davtime insolation Thin overcast < 3/8
fmfsec) Strong Hoderate STight or > 4/8cioudiness? cloudiness

A-B

B

B-C

c-b

D

! Applicable to heavy overcasi, day or night

< The degree of cloudiness is defined as that fraction of the sky above the local apparent
horizen which is covered by clouds.

Table 2.--1nsotation as a function of solar Table 3.--5tability class as a function of net
altitude {(after Turner 13964). radiation and windspeed (after Turner 1964).

Solar altitude Insalation Windspeed Net radiation index
tal Insolation class number (knots} 2 1 0 -1

strong 0.1

moderate 2,3

slight 4,3

weak 8

7

8,9
energy to penetrate to the forest floor
and heat the ground and adjacent air, 10
which becomes buoyant and rises through
the canopy opening. Ceposition, by i1
contrast, was highly dependent on turbu-
lence and was lncreased whern an inversion
trapped the released material below the
crown, airding the downwind transport
process.

A rain forest represents the oppo-
site extreme to that of open terrain.
Most vegetation systems do not have the
vegetation density of a rain forest;
therefore, their dispersal character-
1stic will be somewhere between the above
extremes.




table &,--Stabilily €l3ss 3% o function ot verli-
ca) lemperature grofile.?

Tepperature Change

Table S --Forest stabi 11ty categuries,

Fguivalent

Temperature Pagquil)
Categury profile classes
Inver.ion At 1.5 foand G (moderately

stable Lo estremely

stable)
intermediate @ - AT - 1.5 B and | {neutral to
stightly stabile}
Buoyant A0 A, B, and £ {ex-
tremely unstable to
s1ightly unstable)

Stability Pasquill with height
tlassification cateqgory °C LM m
Extremely unstable A 1.4
Moderately unstable i} ~1.9 to -1.8
Slight ty unslable C -1.7 to 1.6
Neutral [ -1.5 tu -iB
Shightly stable t -0.5 to 1.4
Maderatoly stable f 1.5 te 4.C
txtremaly slable G 4.4
I from Blue Hills Station units 1 and .,
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It is obvious that v and o_ are
the most rmportant palameé%rs of:%lume
dispersal in a forest. Cramer, Record,
and Vaughan {(1958) have conclude s that
the diffusivity of wind in the horizontal
direction, hence o _, contains implicit
intormation on site roughness and other
tactors that determine diffusion. Simi-
larly v_ c¢ontains wmplicit information
on wind profile and site roughness. The
results of the deciducus forest disper-
s1on experiments by Litton Systems, Inc.
{1969), provide further evidence that o
and 1 are universal diffusion indices:
That fs! diffusion data can be reported
in terms of o, and @ {see Pasquill
1974 ). Y z

The predicted dosage in these stud-
1e5, based on the Gaussilan model, show
that 75 percent of the predicted concen-
trations are within a factor of 2 of the
obhserved wvalues, and 97 percent are
wxthin a factor of 4. The diffusivities

o, and +_ 1h these studies were calculated

ffom a s%mple power formula as suggested
by Cremer et al. {1%64) and Smith and
Singer (1966). This formula gives o
and nr o as a funchtion of downwind
distance %and stability class. The power
law used to calcualte o, and o_ 1n the
TRC-343 studies was based on the data
from which the numbers for the various
coefrficients were derived. The concen-
tration predictions based on the data
from which the variocus parameters were
derived indicated average concentrations
within a factor of 2 about 50 percent of
the time and within a factor of 10 on 87
percent of the comparisons.

BO

Table &,--Best it parameters of uy and a,

Ltability calegory

5.0, {from Lable 5) r a b
oy All three 100 4.0 1.4
o, Iaversion 100 3.8 g.2
Intermediate 100 6.86 6.42
Buoyant
Upward oy 100 7.5 0.6
Bownward a, 180 3.8 0.2

It is important to realize that the
wind profile in crop and forest canopies,
particularly in neutral atmosphere, 15 a
function of height (z) and that it indi-
rectly affects the value of ¢_. This
profile can bhe predicted by the log law
based upon the studies of Singer and
Ravmor {1957). Bussinger {1975} shows
the wind profiles for varicus types of
canoples as a function of relative height.
If one extrapolates his curves to a pine
forest canopy (%inus taeda and P. ponde-
rosa), the profile will be almost verti-
cal and will show little change of u
with z. However, it has been suggested
that for atmospheric motion near the
ground under neutral buoyancy, the log
law wind profile is wvalid only under
carefully selected conditions. It is
also apparent that no other existing
thecoretical profile affords a better
description of the wind. Thus, no rea-
sonable alternative to the above approach
appears Lo exist at this time.

On comparing the structure of the
forests used i1n the TRC-343, Laitton S5ys-
tems, Inc., ECOM, and Melpar studies, we
found that the closest tTo the 7. taeda
and P. ponderosa forests 1s the one used



ta the TRC studies. Therefore, we will
adopt 1n this analysis the parameters
employed in the TRC study to calculate
, and o in add:ition the stability
ciabses 5@Lt1nent to the forest micro-
meteorology have been condensed into
three catego:r'es--buoyant, intermediate,
and inversion--based on Lhe temperalure
change (AT} in °C between 0.5 m and 8 m
from the floor of the canopy (table 5}).

For each of these categories, there
135 an appropriate standard deviation for
the plume. This is calculated from the
power law of Cramer et al. {1958). The
powetr law equation {or ¢, the lateral
deviation has the form

X\b
Gy T @ (F) (5)

where a and b are fitting parameters.
The parvamater a reflects the effect of
the understory ¢f the forest, b relates
to the micrometeorclegy of the forest in
terms of the stability class, and r is a
common scaling factor egual to 1G0. The
parameters used in the following analyses
are outlined in table 6.

in the wvertical direction, the
power law equation for o the vertical
diffusivity, includes an “additicnal term
k, the height of the inversion layer:
)P

_ h
OZ_ I‘;‘I +4

{&)
where no inversion layer exists, such as
in the buoyvant and intermediate categor-
ies, h has a value egual to zero.

RESFONSES OF THE MODEL

one of the most important guantities
of pheromone ¢.spesrsion is the concentra-
tion of released pheromones as a function
of downwind distance from the source,
because it will eventually determine the
upwind flight behavior of the beetle. A
convenient procedure to calculate phero-
mone dispersion downwind is to determine
the ground-level ({(i.e., the beetles are
at z = Q) centerline {(i.e., ¥ = 0) con-
centration for a number of downwind
distances (x) and plot these values on
log-log paper for wvarious effective
heights of emission {H) and for a given
stability class. Another interesting
quantity is to plet plume centerline
concentration (1.e., z = H) as a function
of downwind distance and make comparisons
te ground-level centerline concentration.
For general computations the above two

types of plots are expressed as (gg) m 2
v, {x)m, which with the knowledge of Q

determine C as a
Figures 4 and 5 give eX-

and u make it easy %o
function of x.
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Figure 4.--Pheromone centerline concen-
tration {(cu/Q)m ? v. downwind distance.
The beatles are at 4 m above the ground.

Neutral class. H =1 to 8 m.

CONC vy DOWNWIND THSTANGE
2

CONCENTRATION

DOWINWIND DISTANCE

Figure 5.--FPheromone centerline concentra-
tion {cu/Q)m 2 v. downwind distance.
The beetles are at 4 m above the ground.
Stable class. H =1 to 8 m.
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Figure 6.--The ratic of plume centerline
pheromone exposure ¢ to beetle exposure
threshold ¢ downwing distance at
wind velocity u = 1 msec !, Neutral
class. The beetles are at 4 m above
the jground. H =1 to 8 m.
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Figqure 7.--The ratio of plume centerline
pheromone exposure ¢ to beetle exposure
thresholgd v. downwind_distance at
wind ve10c1gy u = 1 msec '. Neutral
class. The beetles are at 8 m above
the ground. H = 1 to 8 m.

amples of these plots for the most im-
portant stability classes of the forest.

An interesting guantity to calculate
is the ratio of C in molecules/m® to the
threshold concentration {T) that can eii-
cit flight response from the beetle, as a
function of downwind distance X, Ifor
given emission heights H, wind velocity
u, and emission rate Q--or better still,
the ratic of exposure, ¢ , as a function
of downwind distance x as shown in fig-
ures & and 7. The distance at which the
ratic i1s egual to 1.0 should be the
threshold distance of the effective area.
Also, the distance at which ¢/T or EQ
reaches a maximum is the distance at which
beetle activity is expected to reach a
peak. Such information could provide
guidelines for optimizing the utility of
pheromones for control measures.

Maximum concentration v. downwind
distance data for any reception height
and wvarious stability classes could be
obtained from figures 4 and S or by
differentiating eguation (1) with respect
to x and eguating it to zero. For sim-
plicity we assume

da do
= A
oy aaZ and Ix a —

and for centerline ground level concen-
tration

o}
_ 23 z
Chax = wH%eu oy {7}
Because the maximum concentration occurs
when H? = 202, the formula may be written

in the follo%lng form:

2
C =

max nHeu(cy)max (8)
where the notation indicates that the
value of o, to be used is the one apply-
ing at the‘maximum concentration distance,
as shown in figure 8.

For plume axis concentration (i.e.,
gt the level of the plume centerline
where Z # 0), one obtains the relation

2y 2
_ % [1.0+exp~% ‘o7 ]
Lo 1y 2
ﬂ(c )

3

where the plume centerline is at z = H.
However, since the maximum ground level
concentration occurs approximately at

the distance where g, = L H {(this approxi-
42

mation ig much better for unstable condi-

tions than for stable conditions), egua-

tion (9) becomes egqual to 1.38. This




Neutral or slightly stable

(C U/Q) m?

Figure 8.--Distance of maximum ground-
level pheromone concentrations as a
function of stability class and emis-
sion height.

calculation indicates that at the dis-
tance of maximum ground-level concentra-
tion, the concentration at plume center-
line is greater by about one-thixd.

The independent variable in equations
(5) and {6) is downwind distance x. There-
fore, the plume spreads both sideways
and vertically with downwind distance.
To show this effect, equal concentration
isopleths will be calculated for the Y
direction. The following wmethed is used
to estimate these isopleths. The first
step involves determining the axial
position of the plume, which is estab-
lished from the wmean wind direction.
The relationship between ground-level
centerline concentration and ground-level
off-axis concentration at a distance y
15 used; that is,

COGY, 00 M) | o poy Xo|?

£(x,0,0: Hy ~ o (10)
\l

v/
The y coordinaie of a particular isopleth
from the x axis can then be determined

at each downwind distance, x. The lateral
distance y_ where the concentration has
dropped to F, a given percentage, of its
value on the plume axis could be obtained
from eguation (1) as

v = 207 10 32 77 (11)

similarly, the z coordinates of a partic-
ular isopleth from the x axis could be
determined at each downwind distance
x from the relation
100 !
]'E

- 2 100
z2p = (202 1n = {12}

These isopleths will be a function of
emission heights H and stability class.
Similar contour lines are also generated
for various receptor or assay heights,
i.e., z # 0. Figure 9 shows ground-level
concentration isopleths for intermediate
(neutral stability class} conditions for
a l-meter emission height. Similar
graphical output foxr 2-, 4-, and 8-m
emission heights show that when the




LRINCENTRATION 1SOPLETHES

Figure 9.--Ground-level concentration
isopleths for intermediate {neutral)
stability class and emission height of
1 m. The innermost, the intermediate,
and the outermost isopleths represent
10, 1, and 0.1 percent of Lhe center-
line concentration. Concentration is

expressed in (cu/Q)m 2.

CONCGENTRATION ISOPLETHES
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Figure 10.--Ground-level concentration
isopleth for intermediate stability
class and emission height of 8 m.
Hote that only the 0.1 percent isopleth
remains. The concentration of each
1sopleth is egual to the concentration
downwind along the x axis at the peint
of intersection.

emission height is raised, the ground-
level concentration decreases. When the
source height 1% raised to 8 m, the 10
percent and 1 percent isopleths do not
intersect the ground-level plane (fig
10). Figure 11 is a three-dimensional
concentration isopleth for 4-m receptor
height. This 3-d plot outlines the
plume envelope within which the concen-
tration is above the plume surface level.
1f the surface concentration represents
the beetle response threshold, then the
beetle populaticn beyond this envelope 1is
not induced teo fly toward the source.
The wvolume enclosed within the envelope
represents an effective sphere of influ-
ence with respect to insect attraction
toward the source.

The effect of emission height 1is
shown even more clearly in a plot of
surface concentration patterns from a
continuously emitting source. The ground
surface concentration pattern is shown
in figure 12 for an emission height of 1
m and is therefore comparable to figure
9, The pheromone concentration for a
beetle emission 1 m in height would be
essentially zero at the base of the
tree, rising rapidly toc a peak value at
some downwind distance, x max, and de-
creasing regularly thereafter. The
concentration is always higher along the
projection of the plume axis on the
ground than on either side. Figures 13
and 14 show the ground surface concentra-
tion patterns for 4- and B-m emission
heights under the same intermediate
(neutral stability) micrometeorclogical
category. Similar surface concentration
patterns for planes located at variocus
heights could also be generated repre-
gsenting assay beetles flying at various
heights above the ground.

while +he surface concentration
patterns are a useful means of wisualiz-
ing the plume, insects operate in a
vertical plane as well as a horizontal
plane. Plots of height v. concentration
for various distances downwind give a
convenient method for comparing different
types of meteorclogical ceonditions.
Figures 15 and 16 compare vertical plume
profiles for inversion and intermediate
micrometecrclogical conditions for an
emission beight of 2 m. Note the radical
difference bhetweeu these profiles. In
the inversion profile the concentration
at 32 m downwind iz very similar to the
intermediate profile at the same downwind
distance. For sherter downwind distances,
the profile's shapes become radically
different, with the inversion condition
maintaining a broad front. Unlike the
intermediate condition, it produces a
sharp, localized concentration near the
source. The bucyant condition is distinct
in that concentration drops off radically
in the downwind as well as downward
vertical direction. The plume tends to




SURFACE O ENTRATION PATTERy

Figure 11.--Fheromone plume made of

three-dimensional i1scopleths at 0 to 8 m
above the ground. The inner lsopleths
represent 10 percent and the outer, 1
percent of their corresponding center-
line concentrations, respectively, for
the neutral class and emission height
of 4 m.

Figure 13.--Pheromone ground surface

concentration (cu/Q)m”? as a function
of downwind distance {x)} and crosswind
distance (y) for the intermediate
class and emission height of 4 m.

SUFACE CONUENTRATIN PATTE RN

SURFACE CONCENTRATIOM PATTERN

Figure 12.--Pheromone ground surface
concentration {cu/Q)m 2 as a function
of downwaind distance (x) and crosswind
distance (y) for the intermediate
class and emission height of 1 m.

Figure 14.--Pheromone ground surface
zoncentration {(cu/Q)m 2 as a function
of downwind distance (x)} and crosswind
distance (y) for the intermediate
class and emission height of 8 m.
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gure 15.--Congentration profile of
pheromone plume paraliel te the tree
length as a function of downwind dis-
tance (x) and for the inversicn class.
The emission height 15 2 m.
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gure 16.--Ceoncentraticn profile of
pheromone plume parallel to the tree
length as a function of downwind dis-
tance (x} and for the intermediate
class. The emission height is 2 m.
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gure 17.--Concentraticn profile of
pheromone plume parallel to the tree
length as a function of downwind dis-
tance (x) and for the inversicn class.
The emission height is 24 m.

rise upward out of the forest. oOnly
beetles at high levels within the canopy
would receive the signal, but they would
be unlikely to fly down to the source
due to their typical behavioral response,
fsee also figs. 17 and 18.)

MULTIPLE SOURCES

In a real ecosystem pheromone 1S
emitted from multiple sources, r.e.,
many beetle-infested trees. The princi-
ple of superpeosition makes it possible
to calculate and sum the concentrations
{and/or doses) at a given point 1n space
due to all the sources using the Gaussian
distribution formulation developed above.
Concentration profiles due to any number
of trees located at any point (x.,y)} in
space, for various emission heights and
emission rates under different meteoro-
logical conditions, are calculated.
Figure 19 illustrates some of these
profiles. The important observation is
that the concentration of pheromeone in
between trees increases drastically,
which in efifect traps the beetles in an
atmosphere of pheromone and induces them
to land on the nearest tree. When the
distances between trees are reduced, the
pheromone concentration, as expected,
increases even more, as shown in figures
19 and 20.

Equal concentration isopleths due
to multiple sources can be calculated.
Numerically, it comes to exactly the
same thing if one calculates the concen-
tration at a point (x,y) from a number
of arbitrarily distributed socurces A,B,C
at height H, or if one calculates (after
reversing the mean wind direction) for a
single source located at peint (x,y:h)
and of strength equal to combined strength
of the actual sources, the summation of
concentrations that would result at the
various actual source locations as illus-
trated in figure 21A and B.

The outlined Gaussian model is
based upon four studies of dispersion
within forests but has not been related
to pheromone dispersion. At first sight,
this appears an impossible task. An
experiment to measure concentration
gradients of pheromone within a forest
under different wind and stability classes
would be an extremely difficult, arduous,
and costly undertaking. ©ne much simpler
approach is to use phercmone-sensitive
insects as the assay technique. Insects
have considerably greater ability to
sense small guantities of pheromone than
do chemical sensors designed by man. In
addition, the usefulness of pheromone
dispersion model relates to its ability
to explain and/er to predict insect
behavieor. Therefore, support for the
model is dependent upon observations at
the biological level.
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Figure 18.--Concentration prefile of
pheromone parallel to the tree length
as a function of downwind distance {(x)
and for the i1ntermediate class. The
emission height i1s 4 m.

SURFACE JONCENTRATION PATTERN

SURFALE CONVLENTRATION PATIERN

Figure 20.--The resultant pheromone
ground surface concentration as a
function of downwind distance (x) and
crosswind distance (y) for eight trees
at random (x,y). Emission height is
4 m for the inversion class and various
emission rates.

Figure 19.--The resultant pheromone
ground surface concentration as a
function of downwind distance (x) and
crosswind distance (y) for eight trees
at random {x,y). Emission height is 4 m
for the intermediate class and various
emlss10n rates.

BICLOGICAL SUPPORT FOR MODEL

The studies of Payne (1574, 197%)
and others have clearly established the
importance of pheromones in regqulating
fiight, population aggregation, and
attack behavior of the southern pine
heetle. Similar studies {e.g., Wood and
Bedard 1977) have established a similar
response for the western pine beetle.
Given these physinlogical responses, it
would be expected that these 1nsects
would show marked responses to micromete-
orological conditiens. Inversion phenom=-

Figure 2Z1.--A: Dose ispleths due to
sources A, B, and C. B: Dose isopleths
due to source P(x,y} of strength equal
to combined strength of sources A, B,
and C. ({After Gifford 19%59.)

ena such as fumigation, trapping, and
looping should result in enhanced flight,

aggregation, and attack. By contrast,
buoyant, clear days with high lapse
rates should reduce flight actiwvity and
attack behavior during the midday periocd.
Con days when thunderstorms threaten or
overcast conditions occur, the associated
inversion conditions prior to rainfall
would be expected to produce pronocunced
beetle activity. To ascertain whether
these gualitative predictions of the
model are reasonable and realistic, we
now discuss two studies of beetle activ-
ity with meteorclogical conditiocns.
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Figure 22.-~Upper: Seasonal variation in
the wertical temperature difference
{°F) between 1.5 and 120 m for each
daylight hour of the day. Data collect-
ed over 2-year period at the National
Reactor Testing Statien in Idaho
{DeMarrais and Islitzer 1960}.

Figure 22.--Lower: Diurnal arrival pat-
tern of mountain pine beetle on a
sugar pine under natural attack, as
measured by sticky traps {two each at
3, &, and 9 m) on the tree bole. Fish
Camp, Calif., June 20, 1970}. The
number trapped during each time inter~
val 1s in parentheses. (After Edson
1978. )
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The first study was undertaken by
Edson (1978) in the Sierra Nevada Moun-
tains of central Califormia. Edson
studied the influence of weather con the
arrival and atteck sequence of the moun-
tain pine beetle at attractive tree
beolts. In this environment, two distinct
periods of the day could be distinguished.
On a typical summer day, the sky was
clear with local surface heating until
some point in the late afternocon, when
the influence of the ocean became domi-
nant, causing feog toc move into the area
and up the valley as a front. The micro-
meteorology of this area is not available
to the quthors. There is information
for conditions at the National Reactar
Testing Station in Idaho, which is too
far frem the ocean to experience "late
afternocn fumigation.M Temperature
profiles were collected with an open
fetch over a height of 120 wm. Figure 22
Upper shows the temperature profiles at
this site for the different seasons of
the year for the daylight period. Only
daylight conditions need to be considered
because pine beetle flight activity
ceases between sunset and sunrise,

The California site would have a
similar profile except that *the onset of
inversion would occur appioximately 2
hours earlier in the evening. Figure 22
Lower shows the pattern of mountain
beetle flight and attack {as measured by
sticky-trap catches) for a typical clear
summer day. The morning pericd with
lower temperatures just after sunrise
has activity which is less than that
observed in the late afternoon. The
influence of meteorological conditions
is most <learly shown in figure 23.
Edson found the optimal conditions for
the flight of bark and ambrosia beetles
during the midday period to be related
to prestorm weather conditions that
favor the persistence of pheromone plumes.
Under these conditions, pheromone concen-
tration in the beetles' flight zone can
increase due to stable air masses within
the forest canopy (fig. 23C). Edson
also observed that during overcast con-
ditions, mountain pine beetles were
trapped throughout the day, and in high-
est numbers just prior to and during
light rain mists (fig. 23B). Conversely,
on hot, cloudless days, the chimney
effects characteristic of unstable condi-
tions adversely affect the formation of
pheromene plumes during the midday period.
1t is only with the advent of the cooling,
more stable afternoon breeze, with or
without fog, that plume formation is
enhanced, leading to pronounced beetle
activity in the late afterncon ({fig.
234).

The Southern States have a somewhat
similar meteorclogical pattern without
the proncunced late afternoon fumigation.
The pattern 1s somewhat similar to that
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Figure 23.--Diurnal ryesponse of the
mountaln pine beetle to attractive
lodgepole pine bolts iufested with
combinations of male and female bee-
ties during (a) clear weather {(August
1872), (b) owvercast weather {July
1972%, and {¢} midday thunderstorm
weather (July 1873}. lL.ake Tahoe,
calif. (After Edson 1978.}

measured in Idaho. Vité et al. (1964)
measured the diurnal pattern of response
to attractants of the SPB. They demon-
strated that flight activity typically
was depressed during noon and early
afternoon periods. From this analysis,
the observed pattern can be explained in
terms of the seasonal variations in lapse
rate, A comparison of their results
ishown i1n figure 24 for April {spring)
and July (summer}] with the lapse profiles
shown 1n figure 24 {upper} reveals that
relatively stable condations cccur in
the morning and afternocn periods. AS
the season progresses from spring to
summery, the lapse period appears to
increase in duretion within the forest

Figure 24.--Upper: Same as figure 12.
From National Reactor Testing Station

in Idaho.
1960.)

(DeMarrais and (Islitzer

Figure 24.-~Lower: Seasconal changes of
diurnal flight pattern of Deadroctonus
frontalis. ({Vité et al. 1964.)

canopy. Thus it is likely that the
diurnal wvertical temperature profile
within southern forests may show somewhat
different form from that observed for
idaho, although the general pattern will
probably remain similar.

vité et al. {1964) also indicated
that on cloudy days and with the onset of
rainstorms, unusually high beetle £flight
activities were repeatedly observed.
under such conditions, the lapse rate
below the cloud level is much less than
on clear days and more stable conditions
are created, thus trapping the pheromones
under the canopy (Singer and Raymor
1857}.




TECHNOLOGY TRANSFEK

Many researchers 1n the tields ot
behavioral chemicals, forest management,
and plne beetle control have realized
the basic and applied utilities of phero-
mone dispersal i1n a forested ecosystem
such as the pine forest. From the applied
point of wview, the model provides an
essentlal toel for proposed forest manage-
ment strategies such as artifical phero-
mone :release, confusion stritegiles,
biloattiractant releases. and controls on
insecticide spraylng programs. It 1is
also extremely important to design the
proper release source for behavioral
chemicaly and bioattractants, with the
right emissien rate. 'To give the user
numerical answers to his questions for
the purposes of i1mplementation of control
tactics we developed an 1nteractive compu-
ter code, steored on a cassette tape for a
minicomputer. The code 1s structured so
that the user needs teo answer only a few
gquestions concerning weather conditieons,
tree spacings, and beetle density.

According to the weather conditions,
the ctale of the environment is determined
using the classification given in table
7 for any given wind velocity. The
effective atiractive areas, pheromone
concentration profiles, and emission
rates are then computed based on the
gtate ©f the enviromment and the wind
velocity and for any given source eleva-
tion. On the baesis of the above computa-
tions, three important pleces of informa-
ton will be returned to the user:

{1) a decision of whether it is
sultable to conduct the experiment or
not,

{2) the amount of pheromone needed
to conduct the experiment successfully
{er any other behavioral chemical, insec-
ticide, etc.), and

{3) the rate of emission from a
seurce of a given design.

It should be emphasized here that
we s5till need to include in the model
the influence of the wind rose, i.e.,
wind direction and its frequency in that
direction, which will determine the
dominant direction cof dispersion.
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Table 7. --Classitication ot weather condilions.

temperature sSun Rain State
+ 30°C Sunny No 1
»30°C Cloudy No 2
juec Sunny No 3
«olpc Cloudy No 4
30°¢ - Cloudy Mist 5
< 38°¢ Cloudy Rain 6
N D
DISCUSSICON

Condensing stability classes into
three micrometeorological categories is
an attempt to simplify the model feor use
in forest pest management as well as fun-
damental research in olfactory communica-
tion within vegetated regions. It is
also likely that the spatial variability
of the forest will tend to obscure a
finer stability classification. Because
this is a pioneer ztudy., the concepts
and classification of meteorological
conditions have been kept as simple as
possible. Further complexity can be
introduced at a later date if warranted
by future experimental studies.

Biological data from twe locaticns
provide strong support for the qualita-
tive predictions of the model. Pheromone
communication appears to be ineffective
under buoyant atmospheric conditions.
This fact has generally not been appreci-
ated. The implications of this model
are far reaching. It suggests that
olfactory communication is limited to
times of the day in which meteorslogical
conditions allow pheromone concentrations
to build up. In general it will favor
early morning and late afternoon periods
except when thunderstorms are imminent
or overcast conditions occur.

Pheromone communication may tend to
be more effective during winter than
gsummer, due to the increased buoyancy of
summer periods. However, the increase
in effectiveness of olfactory communica-
tion in winter will be offset by the
lcwer temperatures, which affect beetle
flight (white and Franklin 1976) plus
the decreased hours of daylight. Summer
is interesting in that it has the most
pronounced inversion conditions (fig. 22
Upper}). Therefore, it is difficult to
generalize about the influence of season
on pheromone communications. The level
of activity during the winter may in
fact be lower than that during summer.



1t 15 expected that the spring and fall
periody with mild temperatures. medium
day lengths, and lack of proneunced
lapse conditions will favor pheromone
communication at least 1n areas that
have extreme temperatures 1n summer and
winter. This 1s borne out 1n the case
of the SPB. Population increase 1s most
oronounced 1n spring and fall, with
population decreasing in winter and
summer (Thatcher and Pickard 1963%).
Though there are probably many causes of
this pattern, the impact of meteorologi-
cal conditions upon pheromone comnunlca-
t1an shouid be considered as a contribu-
tory tactor. Weather should also be
considered as a factor in any planned
use of pheromones as a behavioral control
agent . Inadverfent application of rhese
chemicals under lapse conditions would
be 1neffective and a cestly waste of
expensive chemicals. Future studies
mu:st clearly establish the appropriate
application condition for pheromones.
An added support to our hypothesis of
the 1ole of the micrometeorology on the
dispersion of beetle pheromenes and
hence beetle mass aggregation 1s found
in the work of Coster et al. (1978}).
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APPENDIX

Plume: A volume or part cof space
in which the average pheromone concen-
tration of all points is equal to or
greater than some wvalue., A vertical
cross section through the centerline of
this space looks like a plume or a feather.
The centerline of the plume is parallel
to the mean wind direction.

Plume centerline: The plume center-
line is the axis ©of the plume parallel
to the meanwind direction, i.e., the x
axis. H 1is the height of the plume
centerline and as exXplained in the text,
H =2. (See figure 3.)

Fickian diffusion and diffusivity:
The flow of a substance in a given direc-
tion under the action of a concentration
gradient. Fick stated in his first law
of diffusion that S,~-the flux of a
species i--is given By

aci
5070

where Si is the rate of transfer of

species "i per unit area across a fixed
surface, C., is the concentration of i,
and D; is the diffusivity or the diffu-



1000 ¢coeffigient of species 1 1n the X
diiection. The negative s1gn 15 consist-
ent with downgradient flux.

wWind profile: The change of the
nmean windspeed with elevation, 1.e€., the
mean windspeed vertical gradient.

fooprng:  Except for a thin layer
uf alr Close to the surface, the atmos-
phere 15 essentrally always turbulent--
characterized by random fluctuations in
windspeed and direction caused by swirl-
1ng or eddy motion of the air. These
eddies are generated in bwo ways. As
wind moves over natural surfaces, the
Friction with the surface generates
turbulence, called mechanical turbulence.
Turbulence 15 also generated when air is
heated at a surface and moves upwards
due to buovancy. A plume 1s said to be
"looping® when, 1in addition to the small-
scale mechanical turbulence that tears
the plume apart and spreads it with
distance, the thermal updrafts and down-
drafts cause the entire plume to be
transported upward or downward. The
plume from a smokestack on a hot day
makes a striking demonstration of a
looping plume.

Fumigation: The rapid settling
downward to the ground of material that
has accumilated aloft during a period of
atmospheric stability, an occurrence that
is common after dawn, when the nocturnal
temperature inversion is rapidly dissi-

pated by warming due to solar heating of
the ground.

Trapping: & condition during which
the effluent diffuses rapidly below the
base of an elevated inversion but is
prevented by the stable layer from diffus-
ing to greater heights. (For illustra-
tion, see Hewson, Gill, and walke 1963.)




MODELS OF THE ATTACK PROCESS OF THE SOQUTHERN PINE BEETLE

ON INDIVIDUAL LOBLOLLY PINES

Barry G. Hynum!

Abstract.--Two simple mathematical
models are presented which chavacterize
the attack process of the southern pine
beeble, pendroctonus frontalis Zimm., on
loblolly pine, Pinus taeda L. The first
model relates new attacks to cumulative
old attacks. The second model relates at-
traction to cumulative old attacks. Attrac-
tion 1s defined as bthe number of landing
beetles per gallery start, and attacks are
considered “old" after 24 hours. The
models have three parameters: peak number
of landing beetles per gallery start, peak
gallery initiation rate, and the final at-
tack density. The significance of the
variance of parameters between trees is
discussed. Variations in aerial density
of beetles, beetle pheromone production
potential, beetle thresholds for gallery
initiation, and host factors are suggested
as factors determining parameter values,

INTRODUCTION

Two critical areas of southern pine
beetle (SPB} research are host selection
and aggregation. The processes seen
during these two beetle activities are
important for two reasons: {1) site and
stand susceptibility rating is dependent
on a healthy concept of these two research
foci, and {2) much of the within-tree
brood development is dependent on what
takes place during aggregation.

In order to define susceptibility we
need to ask questions like YWhy do beetles
attack the initial tree?" This is akin to
asking why keetles attack a loblolly pine
instead of a sweet gum tree. Are some
hosts really preferable to others? Here
we are digcussing the first tvees to be
attacked, lightning-struck trees excluded.
These gquestions should be answered before
extensive research inte suscepbility asso-
ciations.

Aggregation on a tres determines a
number of subseguent developmental and
spot growth parameters. The speed of

'The author is Entomologist TII,
Texas Forest Service, Lufkin.
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aggregation determines how fast a host
is saturated and how fast beetles will
reemerge and be available to attack new
hosts. The variation in beetle attacks
per 100 cm? strongly affects brood pro-
duction through drying if not through
variation in gallery elongation and egg
deposition.

ASSUMPTIONS

To formulate the model 1 will make
the following assumptions. An orderly,
repeatable, mechanistic relationship he-
tween attacking beetles and beetles in
galleries is assumed, based on pheromcone
research by Renwick and vité (1969) and
Payne et al. (1978). That is, an attack-
ing beetle produces pheromone, which sig-
nals flving beetles. Three other assump-
tions will be made:

(1) The aerial density of beetles
is relatively constant and homogenous
over the observation area.

{2} Pheromones released by beetles
in galleries are distributed similarly
on a spatial and temporal basis.

(3) BReetles attracted to a tree
under attack are proportional in number
to the pheromones emitted by beetles on
that tree.

METHODS

In 1978, observers checked 31 lob-
lolly pine trees near Cut-and-Shoot, 12
mi east of Conroe, Montgomery County,
Texas. On each tree field crews marked
off a section of bole 0.66 m long with
flagging at 3 and 3.66 m. They counted
gallery starts in the guadrat and marked
them with a color-coded staple every 24
hours on each tree. The area examined
for gallery starts was reduced to a one-
third m section of bole from 3.33 to
3.66 m on a tree after the attack density
reached 1 gallery/100 cm® and to a one-
sixth m section of bole from 3.50 to 3.66 m
on a tree after the attack density reached
2 galleries/100 cm?®. This procedure was
instituted to facilitate timely counting
and te keep human error {counting fatigue)
constant.
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Figure 1.--Temporal progression of landing
beetles per 100 cm? (L) and gallery

starts per 100 <m? (Gn) where n = the

time in days.

C‘@
/9 "
(7]
7]

T T ryera—
udnessianay

Figure 2.--Graphical representation of the
model for the SPB gallery initiatien
rate. Y. 9 is gallery starts on day n,
Xm is cumulative day-old gallery starts,
Ymax,g is a parameter that represents
the maximum potential gallery initia=-
tion rate, and xmax is a parameter that

represents the final attack density.

on these trees, landing beetles
were cainght in two 336-cm? plastic win-
dow tTraps attached teo each tree at a
height of 4 m. The barrier dimensions
are 21 c¢m leng by 16 cm wide excluding
the water trap. Collections were made
every 24 hours, in the morning. Beetles
were stored in 70 percent ethanol. Of
the 31 trees observed, 29 were killed by
SEB.

Gallery starts and landing beetles
were all converted to beetles per 100 cm?.

The relationships between the gallery ini-
tiation rate and cumulative day-old gallery
starts, and between the attraction rate
and cumulative day-old gallery starts were
examined graphically and statistically
{with correlation analysis). Landing
beestles are attracted by beetles already
in galleries or those initiating galler-
ies. Landing beetles/cumulative gallery
start will be used as an index of attrac-
tion and is defined for use in this paper
as the attraction rate. Data were exam-~
ined on an individual tree basis and with
all trees combined. The general shape of
the relationship was determined from ex-
aminations of the data for all individual
trees. Then parameters were estimated
using least squares.

MODELS AND DISCUSSION

The typical time course of 5PB colo-
nization on a tree looks like figure 1.
This perspective does not show the rela-
tionship between new attacks and old at-
tacks like figure 2. The data show that
there 1s a brief, initial phase I will de-
fine as accleration of the gallery initia-
tion rate: the rate of daily attacks in-

creases up either to V¥ or until it
max,qg

intersects the deceleration line, both of
which will be defined latexr. This paper
does not treat acceleration of the gallery
initiation rate because the experimental
design was inadequate for this phase. Fol-
lowing the acceleration phase is a linear
phase I will define as deceleration of

the gallery initiation rate: the rate of
daily attacks decreases linearly from

Y to zero. ‘The deceleration line is
max, g

defined as a line drawn between Ymax and
X oy (Elg. 2): 9

Y =Y

n,g max,q (1-d X)) 1

d= l/xmax

Yn = the daily gallery initiation rate on
'8 day n

¥ = maximum potential gaillery initiation
max,q
rate
n-1

X = Z Gm

m cumulative day-old gallery

starts
final attack density

the last day of the attack process
= current day number

= gallery starts per 100 cm? on the mth

i day.




As gallery starts increase, Xm approaches

X . This causes the eguation
max

1-d X {23

to approach zero; the bounds of eguation (2)

are 1 and 0 so that ¥ ranges linearly be-

tween Y ang zero. Biologically this
max, g

means that each attacking female beetle or
beetle pair in a gallery for 24 or more
hours produces a fixed amount of inhibi-
tory effect so that the gallery initiation
rate decreases linearly with cumulative
day-old gallery starts.

The foregoing simple model is very
gimilalr in concept te the tree-attack mod-
als used 1n TAMBEETLE (Feldman, Curry, and
Coulson 1980) and in algorithm to the
mountain pine beetle model developed by
Crookson et al., 1978. 1In a number of
ways it oversimplifies the problem of de-
scribing the attack process of Dendroc-
tonus bark beetles. Ffor this reason, I
have developed a second model for the
landing process.

The typical time course of SPBR land-
ing on a tree is depicted in figure 1.
This perspective does not show the rela-
tionship between attraction (beetles in-
duced to land per gallery start) and day-
old attacks like figure 3. Again, data
show that there is a brief, initial phase
which I will define as the acceleration of
attraction: the rate of attraction in-

creases rapidly up either to Y or un-
max,a

t1l it intersects the deceleration line
for attraction, both of which will be de-
fined subsegquently. This paper dces not
treat acceleration of attraction because
the experimental design was inadeguate
for treatment of this phase. Following
the acceleration of attraction is a lin-
ear phase here defined as the deceleration
of attraction: the rate of daily attrac-

tion decreases linearly from Y to
max, a

zero. The deceleration line for attrac-
tion is defined as a line drawn between

Ymax,a and xmax {fig. 3}):
Th.a = Tmax,a {1-d X3 (3)
where
Yn 4 = daily rate of attraction on
f the nth day, and
Y = a maximum possible daily rate
max, a

of attraction

and the terms in the parenthetical expres-
sion are the same as in eguation (2}.
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Figure 3.--Graphical representation of the

model for the SPB attraction rate. Yn a

is the attraction generated per beetle,
Xm is cumulative day~old galilery starts,
Y is a parameter that represents
max, a

the maximum potential attraction genera-

ted per beetle, and Xmax is a parameter

that represents the final attack density.
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Fligure 4.--Observed and predicted values

of the gallery initiation rate (Yn g]
L3

and the rate of landing beetles (L _} for

a typical loblolly pine attacked by SFB.
only the deceleration phase is depicted;
the predicted landing rate is given by the
dashed line and the predicted gallery ini-
tiation rate is given by the solid line.
Observed landing rates are designated
with (o) and observed gallery initia-
tion rates are designated with (+). X
is cumulative day-old gallery starts.
The starting gallery initiation rate
used to initiate the model was from ob-
served data {(0.08 gallery starts), the
parameter used are 2.2 for Y 9.7

max,g’
, and 4.1 for xm

m

for ¥
m

ax,a ax’



Again, equation (2) ranges linearly be-
tween 1 and 0 so that Yo varies between

and 0.

]

Ymax,a Bioleogically this means

that attacking female beetles or beetle
pairs have a fixed negative or inhibitory
effect on attraction which accumulates
with cumulative day-old gallery starts.

To predict the actual beetle landing
rate, egquation {3} must be rearranged.
Since

n,a - Ln/(Yn,g * XmJ (4)
L =
n

where
landing beetles per 100 cm?
per day,

by substituting equation {(2) for Yu we
have g

= Ymax,a(l_d xm)

(6)

(Y b}y } (7)

max, a max,qg

[1-2d (Ymax,g)] (8)

(d Y

=Y
max, a

a (Y )

2 max, a 1) (2)

max, g

The constant c_ is effectively a maximum

landing rate pgssible, € and ¢, are facters

that act negatively on the speed of landing
as day-old gallery starts accumulate.

To simulate the attack process on a
tree where the parameters Y . Y .
max, g max,a

and xmax are known, all that is needed is

a starting gallery initiation rate. An
initial wvalue for the gallery initiation
rate can be selected at random from the

range of values between zeroc and Y .
max, g

Figure 4 shows an example of observed and
predicted landing and gallery initiation
rates.

Since d 1s the reciprocal of Xax’

ax

Y ;Y . are the parame-
max, g max, a ax

ters of the attack process model. The
variatien in these parameters may be sig-
nificant (table 1). For example, hosts
that are attacked and killed by low num-
bers of beetles may alsoc produce less
brood or take longer to kill, thus bring-
ing about smaller spots. Alternatively,
hosts that are attacked by greater numbers
of beetles may be more resistant and thus
inhibit an infestation altogether; however,
once an infestation is begun, the number of
trees killed might be very high due to the
high rate of attack which will permit gquick
resmergence and perhaps participation by

and X
™

Table 1.--Means, standard deviations, maximum
and minimum values, and ranges for model
parameters,

Mean Range N

2.6 1.0 1.8 . . 29
5.9 1.6 17.1 . . 29

4.7 1.3 8.0 . . 29

one beetle in the killing of several trees.
The causal Factors for these parametric
variations are foci for future research.
Factors that may determine the parameters
of the model are the aerial density of
beetles, beetle pheromone production po-
tential, beetle thresholds for gallery
initiatieon, and/or host factors. Research
relating these parameters to potential
driving variables would be of great value
in defining host and stand susceptibility.
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BEHAVIORAL CONSIDERATIONS IN QUANTIFYING THE TMPACT

OF THANASTMUS DUBIUS (F.) ADULTS ON BARK BEETLE POPULATIONS!

T. Evan Nebeker and Russell F. Mizell II1%

Abstract.--We discuss behavioral
factors affecting the role of Thanasimus
dubius in relation to prey populations,
giving consideration to factors that
influence host-habitat and host selec-
tion. Hunger is assumed to be a major
factor in determining predator response
and impact. Data concerning these vari-
ous factors are presented and discussed
as to their role in guantifying the im-
pact of T. dubius on bark beetle popula-
tions.

INTRODUCTION

The southern pine beetle (SPB},
Dendroctunus frontalis Zimmermann, has a
number of predators and parasites associ-
ated with it throughout its life cycle.
One of these is a checkered clerid bee-
tle, Thanasimus dubius (F.), which ex-
hibits a high degree of temporal and
spatial synchrony with the SPB {Coster
et al. 1977, Dixon and Payne 1979, and
Reeve 1975). WVité and wWilliamson (1970}
have shown that this predator is attracted
to frontalin, the aggregation pheromone
of SPB, and to host-tree olecresins in
the field. 7. dubius also responds to
ipsdienol, the aggregation pheromone of
Ips spp., in the laboratory (Mizell 1980)
and in the field (R. L. Billings, personal
communication}. This predator is clearly
able to locate the host habitat and sites
of aggregating prey. These are important
considerations when assessing the poten-
tial importance of a given predator in
relation to a prey population. However,
the ability to locate aggregating SPB does
not give any indication as to the degree

! This study was supported by the

Mississippi Agricultural and Forestry
Experiment Station and in part by the
Expanded Southern Pine Beetle Research
and Applications Program. The findings
and opinions ave the sole responsibility
of the authors.

? The authors are, respectively,
Associrate Professor and Graduate Research
Assistant, Dept. of Entomology, Missi-
ssippl State University, Mississippi
State, Miss.
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of prey specificity, another important
component, this predator might exhibit
given a multiple-hcst environment. Neor
does this ability indicate whether this
predator is important in regulating a
prey population such as the SPB.

Moore (1972) wmeasured the abundance
of 7. dubius in five geographic locations
in North Carolina. Using the consumption
rate (2.2 SPB adults/day/predator for 5
to 10 weeks} of Thatcher and Pickard
{1966), Moore suggested that 7. dubius
was a major SPB predator. His work does
nct provide any indication as to the
potential of beetle regulation, however.

Turnbow (1976} measured consumption
rates of T. dubius adults in the labora-
tory and concluded that prey species,
predator body size, sex, and oviposition
cycles are important factors regulsting
intake of prey. In addition to the pre-
dation of SPB adults by 7. dubius adults,
the clerid larvae are predaceous on im-
mature SPB and other subcortical insects.
Nebeker and Purser {1980} have described
the relationship of temperature and prey
type to developmental time of T. dubius
larvae.

The status of this predator as a
key mortality factor for the southern
pine beetle is still guestionable. But,
based on the above information, this
apparently tightly coupled system may
well serve as a model for investigating
a highly eveclved predator-prey system.

Wz believe that information from
detailed behavioral studies, combined
with measurements of direct wmortality at
different population densities and preda-
tor conditions 1is essential for a precise
understanding of the system. This paper
presents our concept of factors that
influence T. dubius adult predation, such
as host selection, hunger, and prey den-
sity. In addition, we will discuss in-
formation available, information lacking,
and implications of this information in
a management system.



BEHAVIORAL COMPONENTS

Determining the impact of 7. dubius
on a prey population can be approached
in many different ways. ©Our initial
efforts have utilized a behavioral ap-
procach that follows somewhat the loguc
presented by Holling {1959 and 1966) and
NHassell (1976). Conceptually, the flow
of information is presented in figure 1.
This frame will allow us to look at (1}
rates of predation primarily considering
time spent in & given activity, under
specific conditions, and (2} eventual
development of a predictive model.

Hunger is assumed tc be the major
motivation determining the behavioral
activity of T. dubius. Fluctuations in
the degree of hunger determine the host-
habitat and/or host selection. Behavicral
thresholds modulated by hunger may change
response specificity at two levels: (1)
the response to behavioral compounds or
concentrations of compounds, thus deter-
mining host selection and alternately
prey species; and (2) the range of prey
acceptance (slze and species), thus deter-
mining heost selection, suitability, and
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Figure l.--Factors influencing the preda-
tory behavior and impact of Thanasimus
dubius adults on a prey population
such as the SPB.
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Figure 2.--Response of Thansimus dubius
to frontalin. D, = treatment - con-
trol, each treatstent and control repli-
cated 10 times with 10 7. dubius per
replicate.
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acceptability. Host-habitat selectieon
and hest utilization may then affect

oviposition rate (see Mizell 1980). A
list of acceptable 7. dJdubifus prey in the
laboratory is available (Turnbow 1976}.

Based on the above observations, we
believe that host-habitat selection is
determined primarily by the response of
T. dubius to bark beetle behavioral chem-
icals and tree volatiles released during
the attack phase. 1n order to determine
what compounds T. dubius might respond
to in the field, individually or in combi-
nation, a series of experiments was
conducted in the laboratory using a wind
tunnel similar to the one described by
Visser {1975). The major difference was
in increase in dimensions. Methodologies
for these experiments are described by
Mizell (1980). Responses to various bark
beetle pheromones and host volatiles are
presented in figures 2-6. In general,
1t appears that T. dubius responds to
both bendroctonus and Ips attractants.
But this does not rule out the possibility
of preference at this level. Additional
experimentation is reguired to address
this guestion.

Cnce 7. dubius has responded and
arrived at a host-habitat, the next step
is host selection. From a series of
experiments in the laboratory utilizing
three prey species {SPB, I. avulsus, and
Callosobruchus maculatus [a& laboratory
rearing alternate host), Mizell (1980)
reached the following conclusions: {1}
1f the predator was starved prior to
exposure to the three hosts, there were
no differences in encounters and ne demon-
strable preference. (2} When the pred-
ator wag not in a state cf bunger, there
was demonstrated a preference for 1.
avulsus over SPB, and SPB was preferred
over C. maculatus. Size of prey {ease
of handling) was the most important vari-
able determining host acceptance. Prey

of a smaller size were preferred. Hence,
preference can be demonstrated at this
level in relation to hunger.

After prey acceptance, T. dubius
exhibits a set of behavioral seguences.
Frazier et al. {1980) have provided a
functional description of this predatory
behavior on SPFB. Both sexes of the clerid
perform a seguence of five stereotyped
acts {see fig. 1): either searching {loco-
motion} or ambush (nonlocomotion},
followed by catching, prey orientation
and lecomotion, consumption, and finally
grooming and nonloceomotion. VHandling
time" of the predator is defined as the
pehaviecral acts of catching through groom-
ing and nonlocomotion. Handling time
was found to be significantly longer for
male prey than for female prey (table
1). Data concerning the time spent in
each of these behavioral acts are pre-
sented in table 2. Nebeker et al. (1980)
described metheds of collection and wmain-
tenance of 7. dubius for these biolegical
and behavioral studies.

Table 1.--Hapdling time (in minutes) of
southern pine beetle prey by adult
Thanasimus dubius predators (Frazier

et al. 1980)
Prey sex
Predator sex Mate Female Mean
Male 15.87 1G.92 12.99
Femaie 12.55 10.06 11.31
Mean i3.81 10. 49*

*SigniTicant difference by Mann-Whitney
test at P = .05,

Table 2.--Components of predation for the clerid beetle, Thanasimus dubius (Frazier

et al. 1980)
Locomotion/prey Grooming/non-
Predator Pray Searching erientation Consumption locomotion Percent
Sex 5ex XT XT XT KT sfficiency
Male Male 5.5 1.1 9.2 3.9 77
(£2.4) (£3.4) (x0.8) (x0.9)
Male female 5.0 0.6 7.9 5.0 77
(£1.8) {£0.2) (0.3} {(x0.5)
female Male 6.3 0.7 8.9 7.1 71
{£2.3) (£0.2) {0.8) {£2.0}
Female female 6.3 1.4 8.9 4.0 100
{(+3.4) (0.7 {(x0.7) (0.4}

100
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Figure 3.--Response of Thansimus dubius
adults to ipsdiencl. D, = treatment -
control, each treatment and control
replicated 10 times with 10 7. dubius
per replicate.
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Figure 7.--Functional response of Thana-
simus dubius adults to various densities
of SPB. Iin all cases the predator
density was 1 and all predators were
starved for 24 hours before experimen-
tation.

FUNCTIONAL RESPONSE The time frame in which the func-
tional response study is conducted is
After locating the host-habitat and of critical importance. For example,
host, the predator is then exposed to the increase in number consumed between
varying densities of prey. We have found densities 7 and 9 (fig. 7) is most likely
that the basic response of T. dubius to a function of experimental design, in
changes in prey density follow in general particular the 24-hour time period. This
a type II functional response (fig. 7). time period is long encugh to cover more
Turnbow {1976) and Mizell (1980) reached than one activity cycle {feeding cycle}.
a similar conclusion using different
methodologies. The methodologies fol- It is important to note that the
lowed here are described by Nebeker and period of starvation (hunger level)
Frazier®. pricr to exposure to the various prey
densities will influence these results.
Figure 8 illustrates this in general.
These results were obtained from studies
concerning the effects gifferent periods
of starvation {12, 24, 48, and 72 hours)
3 Nebeker, T. E., and J. L. Frazier. have on predater feeding. Details of
1976. A detailed investigation of the methods are described by Mizell
chemical communication and predatory {1980). The results (fig. B) indicate
efficiency in the Thanasimus dubius- that F. dubius can feed to satiation in
Dendroctonus frontalis system. Final < 1 hour. Meal weight (mg consumed/mg
Progress Report to the Expanded Southern predator body weight) or number of prey
Pine Beetle Research and Application consumed 1increased with increasing
Program. periods of starvation. The duration of




the feeding time necessary to reach
satiation (T_ in fig. 8) ranged from

18 to 33 mifutes in relation to the
length of prior starvation. The
length of satiation {digestive pause)
after feeding was not significantly
different for the feour starvation periods,
averaging 3 hours in duration.

In the periocd following this first
feeding cycle and digestive pause, a
second feeding cycle begins and consump-
tion changes according to the initial
starvation. This phenomenen has particu-
lar significance when examined in light
of the mass attack phase of the SPB prey
population, and warrants further study.

PREDATOR-PREY EXPOSURE TIME

Another important component in as-
sessing the impact of a predator on a
prey population is the time the two are
exposed to each other. 1In this case T.
dubius arrives simultaneously with the
SPB (Dixon and Pavne 1979; Nebeker and
Frazier, unpublished data). The number
of prey the predator is exposed to depends
on the arrival rate of the prey population
and the time of day and duration of prey
population arrival, along with time that
the prey remain an available rescurce.
For example, the S$PB is not an acceptable
prey item once it has entered the tree
and becomes covered with resin. In field
expaeriments we conducted with starved
T. dubius, the predator never accepted
S$PB adults covered in resin but readily
accepted resin-free SPB adults and other
prey. The SPB adults were obtained from
trees just coming under attack and working
the pitch tube. Hence, estimates for
this component will have to be generated
from studies describing the colonization
process.

Two additional components--prey
inhibition and avcidance by the prey--
influence the rate of predation and are
associated with exposure time. While
determining the behavioral sequence and
handling time, we ocbserved at least two
mechanisms for aveiding predation. First,
when the clerids find their prey, the
S5PB sometimes drop from the surface. We
observed this in the laboratory and field.
Bunt (1979} also observed this behavicer
in the field and estimated that 14 percent
of the time this aveldance occurs, inter-
fering, of course, with the colonization
process. The second mechanism for avoid-
ing predation was prey inhibition. The
adult predator was observed encountering
an adult SPB and even attempted to capture
the prey but released the prey immediately
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as if it had encountered some cffensive
substance. The explanation of this be-
havior 1s still under investigation.

MODEL BEVELOPMENT

Research efforts are just beginning
on the development of a predictive model.
The generalized mocdel presented below
takes the form that includes the behav-
ioral sequences and considerations dis-
cussed above. The initial form of the
SPB-DESTROYER wmodel is as follows:

SPB, _ @ SPBy T

A E
TD l+ﬂTHSPBD
where
SPB, = southern pine beetle adults
removed during the attack
phase

TD = 7. dublius adult density

¢ = attack rate or rate of suc-
cessful search

SPBD = gsouthern pine beetle density
the predator is exposed to

Tp = total time prey is exposed
to predator and acceptable
=Tg + Ty + Ty SPBy + B

T. = total time spent searching
TA = total time spent in ambush

Ty = total handling time--catch-
ing, orientation, locomotion,
consumption, and grooming

f = time doing other things {e.g.,
mating, etc.}

This model follows basically the
same form as presented by Hassell (1976}
for predator type II functional responses.
The assumptions implicit in the egquation
are discussed by Royama (1971) and Rodgers
(1972). One of their most important
peoints is that no allowance is made in
the equation for the decrease in avail=-
able prey as they are eaten or removed
(Hassell 1976). However, we suggest it
is a minor point in this situation because
the prey are continually replenished and
the exposure ratio (prey/predator) during
the initial attack phase in the field
actually increases. Availability of
prey needs to be considered in future
model development.

Several parameters associated with
the form of the mcdel need to be con-
sidered from a behavioral peoint of view.
The attack rate or rate of successful
search can be influenced by a number of
factors, including the condition of the
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first two feeding cycles for Thanasi-

Figure 9,--Behavioral sequence flow dia- a pehavior category which proceed to
gram of $PB behavior on the bark of another are included, based on a total
host trees. Percentages of $PB within of 154 SPB. (After Bunt 1979}.




Table 3.--Effect of sensory interference on predation by the clerid beetle Thanasimus dubius on

Dendroctonus frontalis (Frazier et al. 1980)

Mean Mean
Number of Number of Percent Number Percent searching consumption
Treatment encounters captures efficiency consumed consumed time (min} time {min)
Normal 13 10 77 10 100 5.5 9.2
(x2.4) (+0.8)
Blinding 14 10 71l 8 B0 1.2 B.7
{£0.4) (x0.9)
Antennectomy 29 7 24 b B6 5.5 9.8
{(+2.2) (x0.6)
tabial
palpectomy 43 5 12 4 80 156.9 10.1
{£1.7) (x1.4)
Maxillary
palpectomy 36 10 28 H 50 10.3 7.7
(£1.7) (£1.2)
Antennectomy +
Labial
palpectomy 35 7 20 7 100 9.3 12.2
{£1.8) {+1.0)
Anntenpectomy +
Labial and
maxillary
palpectomy 89 2 2 2 100 11.6 8.7
(+1.0) {£0.5)
predator arriving at the site of the SUMMARY

aggregating prey. Table 3 illustrates
the fact that predator efficiency (abil-
ity to recognize and capture suitable
prey) decreases as various senscry struc-
tures are removed. This is not to say
that predators arriving at aggregating
sites are in these particular conditions,
but that variation between predators may
be due to some kind of sensory interfer-
ence, resulting in a lower rate of suc-
cessful search or rate of removal. As
table 2 showed, the rate of successful
search (percent efficiency) is rather
high. According to gbservations by Bunt
{1979). however, this rate may be over-
estimated (see fig. 9). Here, 22 SPB
encountered predators (21 SPB encountered
T. dublus and one encountered Temnochila
virescens). Ten of these encounters re-
sulted in the predator making an unsuc-
cessful effort to capture the 5PB; 10
encounters resulted in no contact, as
the predator showed no interest in the
SPR; and 2 encounters resulted in the
SPBR being consumed (Bunt 1979).
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Thanasimus dubius has been demon-
strated te respond to the pheromones of
D. frontalis and Ips. Specificity has
noct been demconstrated at this level,
however. 1In the laboratory, satiated 7.
dubius adults prefer Ips. Also estab-
lished is the fact that no preference is
evident for this predator when starved.
Hence the physiological condition of the
predator determines its role in associ-
ation with the acceptable prey. Obser-
vations are lacking as to other accept-
able prey in the field. Once this pred-
ator has located the host tree, the num-
ber of prey attacked is dependent on the
time since the last meal. Satiation is
reached within the first hour of feeding
and lasts for approximately 3 hours.
Hence, one can calculate the number of
prey that 7. dubius can potentially
attack. This number will be influenced
by (1} the number and rate of arrival of
the aggregating prey population that the
predator is exposed to, and (2) the pred-
ator population itself. Currently, we
are lacking methedology for estimating
the predator population in a given area.



we do have information on the numbers
landing on a tree, but the time spent on
the tree and in the area i1s of importance
i guantifying the impact of a predator
on a prey population.

The predator behavior is fairly
consistent and stereotypic. Hence, reli-
able estimates of time involved in various
behavioral events are available and guan-
tifiable. This fact suggests that the

behavioral approach is acceptable.

Speculation

We have been discussing the preda-
tory behavior of T. dubius adults. But
we need to consider the predator behavior
of T. dubius larvae in order to guantify
fully the impact of the predator pepula-
tion on SPB and other bark beetle popula-
tions. It is evident that the adult
predators influence the dynamics of the
colonization process. This influence is
dependent on the condition of the preda-
tors (time since last predation) arriving
at the prey aggregation sites. In addi-
tion, the density of the arriving predator
population will greatly influence the
colonization process. We suggest the
result of this influence might be one or
both of the following. Civen the simul=-
taneous arrival of the predator-prey
population, the predator population may
cause a delay in the colenization process,

creating a condition where the exposure
time (predator-prey) is increased. Addi-
tional predation thus occurs. This we
.observed, on a limited scale, in an ex-
clusion experiment we conducted. Using
gallery length constructed as the sta-
tistic for compariscon, we found that
during the first 6 days of attack, SPB
constructed more gallery in the areas
where the predator was excluded. The
resulting delay in the colonization
process may also result in increased
mortality to the attacking SPB adults
pecause of interference. Also, the bee-
tles do not enter the tree guickly, s¢
they do not become covered with resin,
which inhibits predators Further this
delay or increase in colonization time
will influence the overall generatlon
time, thus decreasing by a fraction the
number of generations per calendar year.
The second result might infiuence the
size of the initial spot and spobt growth.
Given that N SPB adults are reguired to
colonize a particular tree and success-
fully utilize the rescurce, more of the
arriving population would be required to
successfully attack fewer trees when the
predator population 1is present.

Wwe realize these statements arve high-
ly speculative and these hypotheses diffi-
cult to test. However, as we gain a
greater undarstanding of the dynamics of
this predator and other predator and

parasite pepulations, we should be able
to demonstrate their role and impact
clearly. Ultimately we can consider
management implications, augmentation,
and predator-parasite improvement. At
this point, it is clear that an effort
should be made to conserve both predator
and parasite populations during SPB sal-
vage operations.
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EVALUATING THE CONTRIBUTION OF COMPONENT PROCESSES

IN THE DYNAMICS OF SOUTHERN PINE BEETLE INFESTATIONS!

John L. Foltz, Paul E. Pulley, and Don N. Pope?

Abstract.--A model is described for
simulating southern pine beetle popula-
tions through time. The attacking popu-
lation during a given time period is cal-
culated by summing the numbers of newly
emerged brood and reemerged parental fe-
males from within the infestaticn, plus
immigrant females from other infesta-
cionsg The numbers of new and reemerged
females are calculated using previous
attacks, brood increase ratios, within-
and between-tree survival rates, and the
distributions of brood emergence and par-
ent reemergence through time.

Simulations and analysis show those
combinations of parameter values which
lead to increasing, stable, and decreas-
ing populations. Also included are the
FORTRAN program for operating the model
and methods for using the output and
model parameters to calculate the finite
and intrinsic rates of increase, the net
reproductive rate, and the mean genera-
tion time of simulated populations.

INTRODUCTION

Until a few years ago most investi-
gations of bark beetle population dynamics
concentrated on the within-tree processes
of colonization, reproduction, and brood
mortality. Data were commonly summarized
as within-tree life tables or as brood
increase ratios, the number of emerging
brood relative to the parental popula-
tion. The analyses of these data in re-
lation to the dynamics of bark beetle
infestations often assumed that there
was no between-tree mortality of adults,
no overlapping of generations except

I Texas Agricultural Experiment Sta-
tion paper no. TA 1458%.

2 The authors are, respectively,
Assistant Professor, Dept. of Entomclogy
and Nematology, University of Florida,
Gainesville: Associate Research Engineer,
Data Processing Center, Texas A. & M.
University; and Graduate Assistant, Dept.
of Industrial Engineering, Texas A. & M.
University, College Station.

during a brief reproductive period, and
that each adult colonized only one tree
and produced just one brood. These
assumplions are obviously untrue for
the southern pine beetle, Dendroctonus
frontalis Zimmermann. An alternative
concept’ to the traditional life-table
analysis is required for understanding
the dynamics of infestations by this
bark beetle.

In this paper we present a simple
model for simulating infestations of the
southern pine beetle. The model provides
a conceptual framework for drawing to-
gether the within~-tree processes of
colonization, reproduction, parental
reemergence, brood mortality, and brood
emergence, along with the between~tree
mortality and migration of new and old
adults. Simulations will show the rela-
tive effects of the above processes on
the growth of SPB infestations. Also we
present the model structure and computer
code which can be used in teaching basic
principles of population dynamics.

THE MODEL
construction

The cbjective of the model is to
simulate the number of new attacks that
occur during successive time periods
within a defined geographic area. OCb-
viocusly many biotic and abiotic factors
affect the number of attacks, but for
the moment we ignore such factors and
construct a model using the basic life-
cycle processes of the insect.

A southern pine beetle infestation
begins when immigrant beetles ceolonize a
susceptible tree in a previously unin-
fested area (fig. 1). Later, some of
the parent beetles reemerge to reproduce
again in the same or another infestation
(= spot). The emerging brood adults
will also be a source of attacking bee-
ties as time progresses. The rates of
immigration, oviposition, development,
within- and between-tree mortality, and
emigration determine how guickly a spot
expands or collapses.




Figure 2 shows typical distributions
MMIGRANT for 0. frontalis reemergence and brood
BEETLES emergence cn trees during summer outbreaks
in Texas. We know from previous studies
{Coulson et al. 1978, 1979; Fargo et al.
Boundary of infestation 4 1978) that most of the attack and coloni-

zation of a tree occurs in ca. 1 week,
most of the reemergence occurs the follow-
ing week, and the greatest proportion of
the brood emerge the fourth week follow-
ing initial attack. The proportions
indicated for each week in figure 2 are
used in the simulations throughout the
paper.
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Algebraically the model is

Y A, = R, + B, + M. (1)
EMMIGRANT ) 1 L i
BEETLES

The number of reemerged females in
eguation (1)} is calculated as

Figure 1.--Sources of attacking beetles

in a D. frentalis infestation. = MR-"R. . .5q. .
Ri MR- SR FRl ﬁi-l + MR-5SR FR2 Ai-Z +o..
M
= MR-SR-Z (FR.-A._.)
j=1 J 1]
107 Reemergence Brood Emesgance - CR M R
ose T ORE ALY @
08
ol where
S 06 i MR = the multiplier for the propor-
pad i tion of the attacking popula-
5 i tion which reemerges (0 < MR
a 0.4 < 1.0} -
o h
o SR = the between-tree survival rate,
02 4 o1 OIS o3 i.e., the probability that a
reemerged female will success-
ool fully attack again {0 < SR
(+3+] i — < 1.8) -
o 1 2 3 4 5 6 -
Week Post- Attack CR = MR-SR, the proportion of an A,
cohort which eventually re-

emerges and successfully

Figure 2.--Hypothetical proportions of attacks again (0 < CR < 1.0)

total reemergence and emergence 1in

the jth week subsequent to attack. FR. = the fraction of total reemer-

gence of each A, cohort which
occurs in the jth time period
subsequent to attack

M
(2 FR. = 1.0; 3 = 1,2,...,M).
j=1 7

3 Note that all variables in this
model are defined and calculated for the
females only.
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Combining the MR and SR parameters sim-
plifies the simulations that follow, be-
cause a single CR value serves for all
the MR and SR combinations which produce
that value.

The calculation of the B, term in
equation 1 1s

Bi = MB-SB-FB -Ai_ + MB-SB-FB

IO B

M
= MB-S8- 2
j=i

A L
-

2 2

FB.-A._.
(FB A )

M
= CB 3 (FB.-A._.)
i 4 i

the multiplier indicating the
number of progeny females emer-
ging per parent female 1in the
atticking cohort {the brood in-
creasas ratio, MB > 0)

the between-tree survival rate
of emerged females {0 < SB
< 1.0)

MB-SB, the coefficient for num-
ber of brood per parent female
which emerge and successfully
reproduce in the same 1nfesta-
tiep (CB > 0}

the fraction of the emergence
occurring in the jth time
period subseguent to attack
M
{ & FB. = 1.0; j = 1,2,...,M}.
=1 2

As before, combining MB and SB into the
pavameter CB simplifies the simulations.

The third Term for calculating the
attacking population is the number of
immigrant females, IM.. We recognize
that these beetles must be either emerged
or reemerged insects. Bul because they
are immigrants and their number 1is not a
function of previous A., they are sepa-
rated from R, and B, - +

Substituting eguations 2 and 3 into
equation L yie! s the model for calcu-
lating D, frontalis attacks through time:

M M
Ay s CRjil{Ai_j-FRj) + Csjil(Ai'j'Faj) + iMi (4)

Every mathematical model of a bio-
logical system is based upon a series of
assumptions about that system. It is im-
portant that these assumptions be iden-
t1fred and stated so that the simulations
can be judged for validity and applica-
bility. The simulations reported in this
paper have the following assumptionaz.

{1) ™R incorparates all factors
affecting the proportion of females that
reemerge.

{2} SR 1incorporates all factors
affecting between~tree survival of re-
emerged females.

{3) MB incorporates all factors
affecting the brood increase ratio.

(4 SB incorporates all factors
affecting between-tree survival of brood
females.

{5} The FR. and FB. distributions
in figure 2 are ktonstant? through time.

(6) MR, SR, MR, and SB are inde-
pendent, and all are time invariant.

{7} TImmigration is limited to the
initial attacking cohort.

{(8) Emigration 1s eguivalent to
between-tree mortality and is thus in-
cluded in SR and SB.

Comparing Simulations
Graphical Analysis

The objectives of our simulations
were to study the relative effects of
within-tree reproduction, broocd mortal-
ity, parental reemergence, brood emer-~
gence, between-tree mortality, and migra-
tion on spot growth. The model is a
valid framework for these objectives,
although it does not mimic real-world
infestations. Study of the behavior of
the simulations can provide us with
insights intc possible real-life occur-
rences in beetle spots.

Table 1 contains the initial output
from one simulation and shows how R.,
B.,, and IM. are calculated and summed to
ploduce A.> The spot begins with 1,000
immigrant females and a suitable number
of males to assure 100 percent mating
and fertilization. New attacks in weeks
2 and 3 are reduced because there is no
immigration and only reemerged females
are present to expand the infestation.
The number of attacks increases in weeks
4 and 5 as most of the brood from the A
parents emerge. Attacks decrease sligh%—
ly in the next 2 weeks, but then rise
sharply as there is another large input
of new brood females.
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Figure 3.--Plot of A, from equation 4
for various CR valles. CB = 0.80 and
the cother parameters are as listed in
table 1.

Figures 3 and 4 are plots of A,
through time and show how differen
values of CR and CB affect spot growth.
Infestation dynamics are affected in two
ways when the CR parameter varies from
¢.0 to 8.5 and the other parameters are
constant {fig. 3). First, the greater
the CR wvalue, the more rapidly the spot
increases. Second, as €R 1lncreases,
there are fewer ups and downs 1in new

attacks before the spot begins increasing.

The initial oscillations in new attacks
result from the uneven age distribution
of early populations. These oscillations
diminish as the ratio R.:B. stablilizes
with wncreasing i. 1ot
Figure & 1llustrates how different
CB values affect infestation dynamics
when €R = 0.20. Wwhen there are 0.8
successful progeny per attack (CB =
0.80), the number of attacking females
(A.) decreases from the original 1,000
imﬁigrants to stabalize at approximately
2492 attacks per week. The spot ulti-
mately becomes extinct whenever (B is
less than 0.80. As CB values 1increase
above 0.80, the infestation increases at
a greater rate. Simulations for other
combinations of CR and CB show that
censtant Al values develop whenever CR +

12

Figure 4._.--Plot of A. from eguation 4 for
varicus CB valuesT CR = 0.20 and the
other parameters are listed in table 1.

CB = 1.0. That is, new attacks become
constant when MR-SR + MB-SB = 1.0.
Thus, in the absence of immigration,
summations of the parameters < 1.0 are
indicative of declining populations,
while summations > 1.0 indicate increas-
ing populations.

FR. and FB. are important elements
in the Yates of’ increase or decrease of
infestations. The earlier the occurrence
of reemergence or emergence, the faster
the population changes. The population
changes less rapidly when these processes
are delayed by a factor such as cooler
temperatures.

IM. was set at zere for all i » 1
in the bimulations reported in table 1
and figures 3 and 4. Continued immigra-
tion can sustain a spot that otherwise
would decline and can obviously make an
expanding spot grow larger at an even
faster rate.




Table 1.--Simulation of B. frontalis population
dynamics.?

Reemerged New Brood  Immigrant Total
Week  Beetles Beetles Beetles  Attacking

i R. . IMi A

i i i

0 0 1000
430 0 430
255 0 255
140 225 365
175 1162 1337
600 710 1310
657 453 1110
569 74h 1315
643 1794 2437

1140 1911 3051

A = 1.2535 Yo 0.2259 R0 = 3.0000 T = 4.8633

! See text for population model. Constants
used: CR = 0.50; €8 = 1.50; FR. = 0.86, 0.14,
0,0, 0, 0: FB; =0, 0, 0.15, 0971, 0.13, 0.01.

These simulations illustrate the
behavior of the model when one coeffi-
cient is varied while the others remain
constant. The simulations were not
intended to imitate real infestations,
but only to show how spots might increase
or decrease due to a change in one co-
efficient.

Numerous possibilities exist for
improving the reality and sensitivity of
the simulation model. For example,
changing the basic time unit to days and
allowing immigration to occur over an

extended period would afford more realism.

Another possible way to improve the
realism of the model is to have the
patameters change through time rather
than being held constant. This alter-
ation can be accomplished by using sub-
models in which the parameters are cal-
culated as functions of various biotic
and abiotic inputs. Such realism and
sensitivity can be obtained only by
1ncreasing the complexity of computation
and assumptions, however.

The oscillations noted in figures 3
and 4 illustrate the dangers inherent in
predicting the course of D. frontalis
infestations based on the ratic of new

attacks to earlier attacks. Sometimes
such a ratio may indeed indicate that
weather, predators, host resistance,
etc., are affecting the spot. But it
may be that we are merely observing a
temporary fluctuation in new attacks
resulting from the uneven age struciure
of the beetle population.

The observation that infestations
will increase whenever the sum of the CR
and CB wvalues is > 1.0 raises several
interesting questions with regard to the
control of spots. First, can these two
parameters be estimated with a reason-
able degree of confidence so that the
future development of a newly discovered
infestation might be predicted? Also,
what factors might be directly or indi-
rectly manipuleted to reduce CR and CB
so that an outbreak might be prevented
or an existing spot will decline more
rapidly? At the present time these
questions cannot be answered satisfac-
torily.

Demographic Parameters

An alternative to the graphical
methods of figures 3 and 4 for assessing
the effects of changing the parameter
values in equation 4 is to calculate and
compare the four peopulation parameters
often calculated from life and fertility
tables (Southwood 1965). Implicit assump-
tions for the calculations are a stable
age distribution, constant environmental
conditions, and unlimited resources.
The finite rate of Iincrease, A, is the
number of times the population increases
per unit of time. In the absence of
immigration it is calculated as

AL
_ 1+l
A= (5)
1

An additional assumption is that A, the
number of successful attacks in the ith
time period, changes at the same rate as
the SPB population. Computationally,
the parameter value is obtained by includ-
ing A as part of the computer cutput
when simulating equation 4 and running
the simulation thrcugh the initial oscil-
lations until A is constant. The A
values for the four curves in figure 4
are contained in table 2. Obviously, A
= 1.00 indicates a stable population,
whereas smaller values indicate declining
populations and the larger wvalues, in-
creasing populations.
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Table 2.--Demographic parameters for the four
simulations shown in figure 4. (CR = 0.2
in all simuiations.)

Simulation A r R T

€8 = 8.5 §.8971 -0.1086 0.6250 4.33

€3 =10.8 1.06000 0.0000 1.0600 ----t
g = 1.0 1.0537 0.0523 1.2506 4.27
CB = 1.5 1.1501 ©.1485 1.8750 4.23

I}
L=

! Cannot be calculated when rm

Another useful parameter for compar-
ing the rates of change of different
populations 1is the Iintrinsic rate of
increase, ro which is calculated as

r, = 1n A (6)
Negative values of this parameter indicate
declining populations and positive values,
expanding populations.

The number of reproductively success-
ful offspring per parent female is the
net reproductive rate, R_, of a popula-
rion. R_ is equivalent to the humber of
successfll female offspring per attack
{(CB) times the average number of attacks
per female. Because CR is the probability
that an attacking female will attack and
reproduce again, the average attacks per
female is the sum of the series 1 + CR +

CR? + ; With 0 < €R ¢ 1 and increasing
)3 k . 1
k, k=0CR approaches the limit “T-ER
Thus
R, = CB (y—=g) (7)
o 1-CR
Note that when R_ = 1.0, CR + CB = 1.0,

which proves the ‘earlier empirical obsexr-
vation that populations are stable when
CR + €CB = 1.0.

Generation time T is a fourth popu-
lation parameter and indicates the time
required for the population to expand or
diminish by the amount eguivalent to R,-
It is calculated as

- In Ro N In RO (8)
rm in A

provided R0 # 1.0 and o # 0.
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The most informative of the demo-
graphic parameters for evaluating the
effects of the equaticn 4 coefficients
are A and r Not. only do these param-
eters indicdte whether the population is
increasing or decreasing, but they also
indicate the rate at which it is changing.
Equation 7 for calculating R, is particu-
larly useful because it guickly shows
whether a specific combination of MR, SR,
MB, and SB values produces an increasing
or decreasing population.

APPLICATIONS AND DISCUSSION

Simulation models are useful tools
for investigating the dynamics and manage-
ment of insect populations (Berryman and
Pienaar 1974). The modeling effort
itself is useful because it forces us to
consider all aspects of a problem and
points out gaps in our knowledge {Ruesink
1975). Also, a valid model can be manipu-
tated in ways that would be cost prohibi-
tive or impossible in nature, 30 models
can be used to estimate nonmeasurable
quantities or evaluate the impacts of
several management strategies applied
simultaneously. Furthermore, the com-
pleted model is an excellent tool for
teaching others since it contains much
pertinent information on the population.

Knowledge Gaps

Most of the D. frontalis research
to date has concentrated on reproduction
and the subsequent within-tree mortality
of the developing brood, i.e., MB, the
brood increase ratio. However, the
simulations emphasize the necessity of
alsc understanding what affects the
other life-cycle components in order to
understand or predict the dynamics of
spot. For example, future research
should include efforts to describe the
effects of such factors as temperature,
predation, attack density, nutritional
value of the phloem, and age of the fe-
male on MR, the reemergence probability
of attacking beetles.

The between-tree survival of re-
emerged and newly emerged adults (SR and
SB} are certainly important in spot
dynamics, but are the most difficult of
the components to study. Predatioen by
Thanasimus dubius (F.) is one obvious
mortality agent of between-tree adults
{Turnbow, Franklin, and Nagel 1978};
mites, nematodes, and disease are less
obvious. Knowledge of insect flight
capacity and response to pheromones,
weather conditions, host stimuli, and
host resistance will be needed in develop-
ing predictive models for SR and SB. We
would not expect SR and SB to be identi-
cal, nor should they be independent.



The general patterns for the reemer-
gence and emergence distributions, FR.
and FB., may bear the same relationshi
for a -“variety of conditions. During
certain times of the year, however, the
temporal relaticnship of reemergence
(Cooper and Stephen 1978) and emergence
may change, causing increased intraspeci-
fic competition at pheromone sources or
complete absence of sources.

Estimating Unmeasured Components

The between-tree survivorhip of
reemerged and newly emerged beetles has
never been measured, but we can use
egquation 7 and some information from the
literature to determine some likely
values. Moore (1978} reports that infes-
tations are stable (R_ = 1.0) when the
emergence:attack ratio is 5.0 (MB = 2.5},
wiille Cooper and Stephen (1978} and
Coulson et al. (1978) report reemergence
rates (MR} ranging from ca. 0.5 to 1.0.
when MR = 0.5 and SR increases from .0
to 1.0, SB decreases from 0.4 to 0.2.
on the other hand, if we use MR = 1.0,
SB ranges from 0.4 down to 0.0. Using
an SR estimate at 0.5, SB would be 0.3
and 0.2 for MR values of 0.5 and 1.0,
respectively. Thus, it appears that at
least 60 percent of the new breood may
die or disperse in stable infestations.

Assessing Treatments

Egquation 7 can be used to assess
the possible effects of a treatment
applied to control an infestation. For
example, Richerson and Payne {1979} re-
pert that brevicomin isomers reduce bee-
tle landings and egg numbers on treated
trees. How does this treatment affect
the overall population? 1In cother words,
what are the effects on MR, SR, MB, SB,
and A.7? Average number of attacks per
tree ls apparently reduced, but we have
no information on total attacks in the
spot. Presumably SR and SB are reduced
because this treatment causes the flying
beetles to disperse. If MR and MB remain
the same, then the lower SR and SB result
in a reduced R_. On the other hand, the
lower attack d@nsity could result in more
eggs per female (Coulson et al. 1876},
and MB could increase sufficiently to
compensate for the reduced SB. In this
latter case the net effect is no change
in R_. This example illustrates the
need %o study and understand how treat-
ments affect all population processes.

CONCLUSION

The analysis of this simple model
of D. frontalis infestations indicates
that reemerged females can have a marked
effect on the increase or decline of a
spot and must not be ignored or discounted
as has often happened in the past.
Alsao, technigques need to be developed
for studying the between-tree dispersal
and mortality of adults so that these
important components of spot dynamics
can be adequately understood. As we
increase our understanding of SPB infes-
tations, such factors as tree and stand
conditions, weather, and insect popula-
tion levels can be included in the model,
and we will be better able to consider
alternative strategies for controlling
this pest. Finally, although the preced-
ing discussion has concentrated on the
applicability of the model for understand-
ing SPB infestation dynamics, equation 4
can be readily adapted for simulating
the dynamics of many other insects that
sequentially colonize portions of theilr
habitat.
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The FORTRAN program for operating
the simulation model reported in the
text is shown in fiqure 5 and an example
of the output is contained in figure 6.
The following comments will help the
user to understand and implement the
program.

Line 3. The distributions for
reemergence and emergence for the 8§
weeks following each attack period are
read in once and remain fixed for all
subsequent runs. The vectors FR and FB
are in the first data card and have
format as in line 13.

Line 4. This is the reentry point
for successive runs.

Line 9. This statement causes new
run parameters to be read in where NW =
number of weekly cycles to be computed,
CR and CB are as defined in the text,
and LBL is a comment of 68 characters or
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Figure 6.--0Qutput from the FORTRAN pro-
gram Ffor simulating socuthern pine
beetle infestations.

less for run identification. The format
is given in line 14. One input card of
this type is reguired for each run and
any number of these cards can follow the
first (FR, FB) data card.

The user is cautioned that the vectors
FR and FB may need to be restored before
returning to the reentry point {line 4).

The seven output values of this
program are defined as follows:

Line 19. This statement sets the
initial immigration at 1,000 beetles.
Location 11 in the IM vector corresponds
to the first week of attack. 1If subse-

WEEK--week number IW.

ATTACKS=-~total beetle attacks during

quent immiarant attacks by week are to
be introduced inteoc the model, it will be
necessary to insert additional values
into subsequent locations of IM.

Line 34. This CONTINUE statement
was 1nserted to allow for future modifi-
cations to the spot simulater. This is
the last statement of the main process
loop and if variations in CR, CB, FR, or
FB are desired as a function of time
fweek = IW), such modifications should
be made just prior to this statement.

week TW.

REEMERGED~-reemerged beetles involved
in the attack during week IW.

BROOD ADULTS--newly emerged brood
adults invelved in the attack during week
Iw.




IMMIGRANTS--immigrant beetles arriv-
ing and attacking during week IW.

RATE--the rate of increase for at-
tacks during week IW relative to attacks
in the preceding week,

PROPORTICN--proportion of reemerged
beetles in the attacking population
during week Iw.

The 40-week simulation illustrated
in figure 6 had a compilation time of
0.03 seconds and an execution time of
0.05% seconds on the Amdahl compvter at
the Data Processing Center, Texas A. &
M. University. The core usage consisted
of 2,000 bytes foxr the object code and
an array area of 1,956 bytes.
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A MODELING HIERARCHY FOR SOUTHERN PINE BEETLE

Harvey J. Geld, William D. Mawby, and Fred P. Hain!

INTRODUCTION

Most of the reports presented at
this symposium are based on work that
has been in progress under the sponsor-
ship of the ESPBRAP. The modeling work
relating to this project at North Caro-
lina State University is of more recent
duration. Our presentation is, therefore,
a descriptien of the framework in which
we have appreached the problem and a
report on our progress in filling in
that framework. Some aspects of the
framework have been presenlted at a work-~
shop on population dynamics of forest
insects at low levels, held in Raleigh
this past August.

cur starting point is the premise
that low levels of scuthern pine beetle
{SPB) are endemic to the forest system
being considered. With this premise,
the problem becomes that of studying the
transition between the endemic and epi-
demic regimes. A preliminary problem is
the definition of the concept of Yepi-
demic" for the system.

We adopt the point of view that the
endemic to epidemic transition is depend-
ent upon the relatively rare {low proba-
bility) passing of & threshold, whose
value is itself a random variable. This
1dea can most conveniently be discussed
using a diagram patterned after that
used by Ricker (1954) and by Takahashi
{1964). 1In figure 1, At is any conven-
iently chosen time interval. It may,
for example, ceincide with intergenera-
tion time. The 45° line is the exact
replacement line. If the ypopulation
dynamics is such that the N(t) to N{L+AL)
relation lies on this line, there will
be no change in population size. Points
at which the pcpulation dynamics relation
crosses this line will be stationary
points sometimes called equilibrium points
of the population. 1If the population
dynamics relation crosses with slope of

! The authors are, respectively,
Professor and Director, Biomathematics
Program, Dept. of Statistics; Graduate
Research Assistant, Dept. of Statistics;
and Associate Professor of Entomology,
Forest Entomclogy Laboratory, North Caro-
lina State University, Raleigh.

< 45°, the stationary point will be stable
in the following sense: a small displace-
ment of the population froem the stationary
value will cause a response that will
tend to bring it back toward the station-
ary value. If the population dynamics
relation crosses with slope > 45%, the
stationary point will be wunstable: a
slight displacement will tend to cause
the population to head further away in
the direction of the original displace-
ment.

Figure 1 shows a curve with two
stable stationary points at a2 and c¢. If
the wvalue at N(t+At} can be treated as
depending continuously on N{t), any stable
points at a and ¢ must be separated by
some unstable point, such as at b.

Diagrams of this type have been
used to describe the dynamics of popula=-
tions with multiple stationary points
(e.g., see Holling 1973; Southwood 1975;
May 1977; Thomson, Vertinsky, and Welling-
ton 1979). In such cases, the lowest
stationary peint {corresponding to a) is
often taken to represent a stable prey-
predator balance. Once the prey popula-
tion exceeds the value at point A, the
predator or natural enemy population is
no leonger able to keep the prey popula-
tion in check. It therefore “explodes"
toward a new, possibly resource-limited
stable stationary point, such as that
shown at c.

For the southern pine beetle, how-
ever, it appears that the low level is
imposed by limitation of resource to SPB
functioning as an opportunistic coclonizer.
The resocurce available to it is the popu-
lation of pines newly killed cor weakened
by some other primary factor. The thresh-
old at point b represents the population
density at which SPB is able to mass-
attack a healthy tree. The resource now
available to it becomes the entire pine
forest.

Our general approach is to treat
noth the threshold wvalue and the size of
the southern pine beetle population as
random variables so as to explicitly
treat the probability of exceeding the
threshold.




replacement line

N(t - )

N(1)

Figure 1.--Population dynamics curve with
multiple stationary points. Further
discussion may be found in Ricker (1954)
and Takahashi (1964).

we look at the system in a hierarchy

of levels: the individual tree level,
neighborhoed level, the gquasi-uniform
stand level, the locality of connected
or contiguous stands, the level of a
large geographical region. All levels
must be considered in a full behavioral
description of the system. The concepts
of threshold and of the endemic/epidemic
transition have a specific interpreta-
tion at each level.

BIOLOGICAL ASSUMPTIONS

We begin by proposing a set of bio-
logical assumptions on which the modeling
framework is built.

{1} The insect is observed to have
two medes of interaction with the host,
which we class as endemic and epidemic.
These are manifest on several scales as
to both space and time.

{2) The endemic mode involves an
especially intricate dependence upon
forest environment and other organisms.
It is at low population levels that bee-
tle strategy changes from overcoming
host resistance to selecting hosts--the
process that insures beetle survival.
Thus the selection of host material be-
comes more crucial than in epidemic con-
dition. An understanding of how beetles
survive at these low levels 1is necessary
for an understanding of how epidemics
arise.
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{(3) In endemic mode, generations
overlap and more nearly approach change
on a continuous time scale; in epidemic
mode, ¢enerations are more clearly syn-
chronized, especially in a climate with
a hard-freeze winter.

(4) In epidemic mode, SPB is a pri-
mary invader of the host tree, requiring
mass attack of, for example, 100 to 300
beetles. 1In endemic mode, SPB appears to
be a secondary opportunistic invader;
tree resistance has effectively been
overcome by a primary agent {Younan 1979,
Hain and McClelland 1980).

(5} A variety of factors can affect
the resistance of trees to SPB attack:
lightning, Ips infestation, water stress,
nutrient stress, age, site-stand factors,
etc. These can be divided into two
groups, which may be termed stable and
unstable. For the stabie effectors,
usually a small stress produces a small
effect that may be reversed when the
stress is relieved. The unstable effec-
tors, such as blue-stain fungus infection,
generally cause the tree to go into irre-
versible decline and induce its death.

(6) Resistance of a tree to attack
and its suitability as a habitat once
invaded may be positively correlated
with each other (see Berryman 1976, with
respect to the mountain pine beetle).
The specific relation must be separately
determined for each effector, possibly
including competitive effects with Ips
or cerambycids.

{7) The southern pine beetle 1is
chiefly attracted by SPB pheromone. If
the pheromone is scarce, beetles may be
attracted to dying tree volatiles
(Heikkenen 1977), possibly strengthened
by Ips pheromone. (The results of Birch
and Svihra? would seem to indicate the
Ips pheromone adds no attractant fer
SPR. However, these results were under
epidemic conditiens, and the olfactometer
results of Gara and Vite (1962) lead one
to expect that this conclusion cannot be
applied without verification to the en-
demic condition.)

(8) The southern pine bheetle, in
common with many other insects (Kennedy
1973), has at least two modes of travel:
migratory long-range and local. (See
also results of Gara and vVité 1962, on
the mountain pine beetle.} Conditions

2 Birch, M. C., and P. Svihra.
1978. Relationship between Dendroctonus
frontalis and other bark beetle species
in the Southern States. Unpublished
final project report, ESPBRAP, Pineville,
La.



leading to one or the other mode cer-
tainly involve local pheromone concentra-
tion and may involve site-stand condi-
tions, weather, and conditions of brood
development, as well as genotypic charac-
teristics of the local $SPB subpopulation
(Mamkoong et al. 1%79). Gara and Vité
have noted that under epidemic conditions,
emergent beetles do not go into the migra-
tion mode, but they do so under endemic
conditiong. For many insects, it has
been observed that once migration mode
has been entered, it is unlikely to be
immediately interrupted.

(9) Endemic infestations often seem
to exhikit a significant edge effect;
that 1s, a tree on the edge of a forest
stand seems to have a higher probability
of initial attack.

(10} Space-time trends seem to
indicate persistant modes of infectious
activity. Examination of North Carolina
records indicates that statewide epidemics
seem to last about 3 years, with variable
periods between them (C. Doggett, personal
communication).

In our concepticn of the endemic
population, the unstable effectors of

assumption (5} play a central role in
maintaining the endemic population. The
observations of Younan {(1879) and of
Hain (1980} suggest that attack by Ips
beetles is of primary importance. The
following propositions concerning Ips

may be relevant:

{(11) 1In endemic condition in North
Caroclina, SPB infestations have been
observed to follow Ips infestations up
to 2 to 3 weeks later. During this time,
blue-stain fungus will have invaded the
xylem, inducing onset of drying and tree
death.

(12} A prior Ips infestation affects
development of SPB, through the sensi-
tivity of instars 2 and 3 to extremes
{both high and low) of phloem moisture
content (Wagner et al. 1979). Sensitivity
of earlier stages has not been explicitly
studied).

{13) Ips emergent brood tends teo
migrate after emergence (Anderson 1977},
s0 that the distribution of Ips-infested
trees would tend to be locally Poisson.

irreversibte
stress factor

/

healthy
tree inactive

\ dead tree

mass-attack
SPB-colonization

opporctunistic
SPB colenization

Figure 2.--State diagram for individual
tree.
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/
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N
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Figure 3.--Relabelled state diagram.

THE MODELING HIERARCHY

Level 1. Individual Tree

At the individual tree level, we
define a difference between two modes oOf
SPB attack:

Endemic mode: An effector has pre-
viously attacked the tree, substantially
lowering its attack threshold as well as
its productivity and capacity for beetle
production. This chain of events permits
SPBR tc enter as a secondary invader. The
span of time over which beetles attack,
and therefore over which the new brood
emerges, 1is generally greater than in
epidemic mode. (This timing factor is
important in reducing the mass-attack
potential of emergent brood.)

Epidemic mode: The tree is mass=
attacked by 5PB as primary invader. The
beetle is then the primary agent inducing
tree death.

For the individual tree, we then
have the state diagram shown in figure
2, which correspends, by relabelling, to
the state diagram of figure 3. The prob-
ability of a transition between states
will depend upon tree condition (genetic
factors, developmental history, environ-




mental stress), and upon local SPB ac-
tivity (population density, genotype,
pheromone level). Note that the local
pheromone and beetle density will depend
upon states and proximity of neighboring
trees. Although the probability that a
tree will be attacked depends explicitly
upon beetle density, we propose to omit
it as a part of the system description
and to adopt an epidemioclogical approach,
which refers the risk factor for each
tree to the state and the proximity of
its neighbors. The state transition
probabilities for individual trees are
therefore closely tied to neighborhood
dynamics.

Level 2. Local Neighborhoeod

& neighborhood is a local group of
trees. Two different types of neighbor-
hoods may be defined for each individual
tree: the Influencer® nsighborhoced,
consisting of all trees that influence
the dynamics of the given tree, and the
influenced neighborhood, consisting of
all trees whose dynamics are influenced
by a given tree. 1In a uniform symmet-
rical environment these neighborhoods
would coincide. In the real world, they
overlap but do not coincide, because of
wind and other environmental factors.

In order to relate Levels 1 and 2,
we propose to define four state variables
and two parameters. Each of these six
guantities is an attempt to summarize by
a scalar the integrated effects of a large
group of environmental, tree, edaphic,
and population characteristics in terms
of their effects on the dynamics of the
beetle-tree interaction. That is, we
propose to describe the dynamics of a
system with a high dimensional state and
parameter space in terms of its projection
onte a six-dimensional hyperspace.

The two parameters relate to the
attack threshold and potential brood
productivity of the tree:

Thresheld (T): Number of ambient
adults necessary to attack the tree in
order to initiate entry. The wvalue to
be assigned to 7 is an indicator of the
maximum resistance the tree is capable
of, and is determined by its genetic and
developmental history. This gquantity
will be reduced by the stress state of
the tree.

Potential Productivity {(Q): HNumber
of brood adults the tree is capable of

3The influence can involve exposure
to emergent or reemergent adults or to
pheromone cloud.
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supporting. It is also determined by
the genetic and developmental history of
the tree and is reduced by stress factors.

State variables are

Attractiveness (C}): Relative attrac-
tiveness of a tree for potentially attack-
ing SPB. It may be defined operationally
by supposing a beetle to be released equi-
distant to two trees I and j. Letting
pi{i) be the probability that the beetle
will attack tree I, DBH. be its diameter
at breast height, and &. its relative
attractiveness, then l

Ci = p(i}/DBHi
c. DBH.
3 p(l)/ i
This relation uniquely defines attrac-
tiveness up to a normalization factor.
It is principally determined by local
pheromone and tree volatile concentra-
tions.

(1)

Stress (8)}: This is a scalar mea-
sure of tree stress, whose inverse will
be used as a multiplier for both parame-
ters T and Q. Its components include
reversible damage, such as water stress,
and irreversible damage, such as entry
af blue-stain fungus. Its values may
range from 1 to infinity (inverse ranges
from zero to 1). Initially, its inverse
will be used as a multiplier for both
parameters T and @, although at a later
stage of the modeling effort, it may be
desirable to differentiate the effect of
stress on these twe tree characteristics.

Attacking Adults (A): Rate at which
attacking adults enter or reemerge. Its
values may be either pesitive or negative.

Brood Adult Contribution {(B): Rate
at which brood adults are emerging.

Full specification of the state of
the influencer neighborhood for any tree
would require specification of the Car-
tesian coordinates of each tree, direc-
tional effects of wind and other environ-
mental factors, and state description
for each tree. For the purpcses of simu-
lation, it would be sufficient to specify
a distributicen of Euclidean distances
(specific Cartesian coordinates for a
fixed stand)}, the environmental effect,
and the probability distributicns of the
state variables and parameters. Note
that the number of trees in the neighbor-
hood is taken to be a random variable
and depends upon the distance over which
a nonnegligible effect is exerted.

If the influencer neighborhood for
any tree contains an epidemic-mode tree,
that epidemic-mode tree will clearly
have a major effect on the dynamics of
the given tree. A neighborheod in which
the dynamics is dominated by epidemic-



mode trees may be termed an epidemic
neighborheod. In such a neighborhood,
we would expect that the dynamics of the
beetie-host relation would be approxi-
mated neglecting the contribution of
endemically infested trees.

The union {set theoretic sense) of
a contiguous group of such neighborhoods
might reasonably be termed an epidemic
spot. With such a definition, one may
distinguish between a collapsing epidemic
spot (in which trees become inactive
faster than new trees are added) and an
expanding epidemic spot (in which the
reverse is true). For simulation and
forecasting, we would wish a probability
distribution for the change in the size
of the spot.

it is important to note that a single
epidemic-mode tree will not necessarily
precipitate a local epidemic, i.e., an
expanding epidemic spot. Pheromone and
beetles will be exported from such a
tree to nearby trees, but their densities
will be diluted with distance.

Level 3. The Stand

A stand will be taken to be a quasi-
uniform area (Daniels et al. 187%). Its
state might be specified in a number of
ways:

{1} specification of the number
and position of trees within the stand
in each of the states shown in figure 2
or figure 3.

(2) Specification of a multinomial
probability distribution over that set
cf states.

{3) Specification of a probability
distribution within the stand for each
of the state variables.

For many purposes, we will be inter-
ested only in the number of epidemic-mode
trees within the stand, or in the proba-
bility distribution for this number.
with this in mind, we introduce the fol-
lowing model assumptions:

{1} The probability of a zero to 1
transition (no epidemic-mode trees in
the stand to one epidemic-mode tree in
the stand) in some time interval At is a
function of the probability distributions
of the tree state variables and param-
eters, together with migratiecnal inter-
changes with other stands. Therefore,
the state of other stands in the local-
ity must be considered.

(23 In dealing with endemic or
iow-level population, and a sufficiently
small stand, the probability of a zero
te n (n » 1) transition is o{at); that
is, negligible for short time intervals.

Level 4. Locality

It is convenient to regard the large
geographical region as being partitioned
into relatively small localities or sub-
regions of specific geographical extent
{Clark, Jones, and Holling 1977). These
localities are taken to consist of a
collection of stands that are contiguous
in terms of SPB migration and risk. The
state of such a locality is specified in
terms of the component stands and their
connectivity relations. Under conditions
normally considered to be nonepidemic,
we would expect the spatial distribution
of such trees at any given time to be
determined mainly by the distributional
characteristics of a primary stable effec-
tor. If the locality is perfectly uniform
as to edaphic, environmental, and stand
characteristics, the spatial distribu-
tion defined on a single tree or small
group of trees. Such uniformity is not
to be expected in a locality but might
be approximated in a stand.

An important part of the description
of the locality is the number, size, and
spatial relationships of epidemic spots.
A small, single epidemic spot from which
pheromone and beetles are exported is
unlikely to produce a local epidemic
because of dilution effects. As the epi-
demic spot density is increased, these
spots will be expected to exert an in-
creasing effect on the locality dynamics.
A locality in which dynamics is dominated
by the epidemic spots it contains would
reasonably be referred to as an epidemic
locality. The guestion of expansion or
cocllapse of such a locality may be formu-
lated in terms analogous to those for
epidemic spots.

Level 5. Large Geographic Region

The geographic region might consist
of a single State or it might be taken
to be the entire southeastern range of
the socuthern pine beetle. At one level
of description, the instantanecus condi-
tion or state of the overall region would
be decribed as the aggregate of component
stand descriptions. However, for many
purposes, it would be adeguate to define
an index of activities within each of
the localities or subregions and to ex-
press the state of the overall region as
the array of local indices. The dynamics
of the regicns would then he expressed
in terms of a stochastic process which
converts this array of indices in one
time frame to another array in the suc-
ceeding time frame. Of particular inter-
est in describing the large region are
the number and distribution of localities
with epidenic spots.




In this hierarchical description,
the dynamics of a local neighborhood is
determined by the states and interactions
between the individual trees of which it
is compesed. The dynamics of a stand
are determined by the states and inter-
actions of the neighborhoods, thus allow-
ing for the introduction of microhetero-
geneities as perturbation effects within
the stand. And the dynamics of a local-
ity would be determined by the states
and interactions between the constituent
stands, allowing at this level explicit
consideration of small regional hetero-
geneities. At the level of the large
geographical region, the hetercgeneity
dominates the description, which then is
in terms of the time dynamics of the
spatial distribution. The rest of vhis
report will be primarily concerned with
the link between the level of the local-
ity and that of the large geographical
regicn. The approaches used are adapted
from the methodclogy of exploratory space-
time pattern analysis.

The view we adopt is that in any
locality, there i1s always a stochastic
expectation of a nonzero endemic level
+ £ SPRB. During “favorable" years, the
expected endemic levels rise, while the
distribution of threshold values shifts
te lower levels, increasing the proba-
bility of epidemic outbreaks. Two ex-
treme modes may be envisioned for the
relation between local and regional dy-
namics:

(1) oOutbreak probabilities in local-
ities are correlated only by their common
dependence on climatic conditions, but
are otherwise independent. That 1is,
wigrational effects are negligible.

{2) Outbreaks spread from an initial
epidemic locality, so that migrational
effects are dominant.

Indeed, we expect neither extreme
mode but some combination. The question
of the relative contribution ef these
extreme modes is one that we hope to
clarify through the use of these space-
time analytical metho.ds.
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RELATION BETWEEN LOCALITY LEVEL
AND GEOGRAPHICAL REGION

Methods Being Developed

In ecoclogical studies, space-time
patterns are often the only clues that
exist as to the internal structure of
the system under study. Experiments on
ecosystems are always difficult to design,
dangercus tc implement, and largely ir-
reproducible. Such manipulative studies
should be, and generally are, approached
with great caution, if at all. This
inability to manipulate the chosen system
freely is limiting but not prohibitive.
Rather, it makes us shift emphasis to
less traditional modes of analysis.

The model building process typically
utilizes three major steps: exploratory
analysis, model translation, and model
confirmation (Getis and Boots 1975).
For any complex (i.e., real} systemn,
thiz process will be iterated and reiter-
ated many times before researchers are
satisfied. In this presentation, the
focus will center on the exploratory
analysis of data and some of its repre-
sentative methods. However, it should
be remembered that the latter two steps
of the process are equally fundamental.

Tukey (1977) compares the confirma-
tory mode of statistics against the ex-
ploratory mede by analogy to the judi-
cial and investigative branches of a
criminal justice organization. Just as
no court case would come to trial before
extensive preliminary inguiry, the test-
ing of hyoptheses must also be preceded
by the discovery of what hypotheses to
consider. Both aspects are fundamental
and necessary, but the exploration natu-
rally occupies a primordial position.

The exploratory statistical analysis
of srace-time patterns can be separated
inte three major branches: nonparametric,
multivariate, and time-space series tech-
niques. Although theory overlaps in
these areas, particularly between multi-
variate methods and the other two types,
practice does not. Most applications
that deal in one branch of this classifi-
cation scheme deal only with that branch.
1t is on the basis of three criteria
that the distinction among these methods
has been drawn: (1) commonality in cer-
tain literatures, (2) typical mathematical
manipulations, and (3) consistent use of
results.

Nonparametric Methods

Nonparametric statistics deals with
procedures that give stable results under
widely wvarying underlying populations.
Hellander and Wwolfe {1973) argue that
nonparametric methods appeal for several
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reasons: they require less restrictive
assumptions, they are easy to perform
and understand, they generally use ranks,
net magnitudes, and they remain efficient
under normality. The first and fourth
of these considerations are especially
desirable 1n anh exploratory phase. Ease
of performance and understanding requires
clarifications since the number of calcu-
lations can often be prohibitive despite
the ease. t.Larger samples are almost
universally handled through large sample
{1.e., asymptetically normal) approxima-
tions because of this difficulty.

The fundamental objective of nonpara-
metric space-time analysis is presented
by Klauber (1974) as the elucidation of
methods which will detect clustering of
events as opposed to change variration,
but which will be insensitive to clump-
ing in either cocordinate frame alone.
Typically a statistic relating pairs of
space and time points is described; then
its distribution is calculated, or esti-
mated, under some loose assumptions, and
this distribution served as a basis for
future comparisions. The calculation of
this theoretical distribution is accom-
plished through U-statistic theory
(Hoeffding 1948}, through graph theo-
retical techniques (Barton and David
19663, or through simulation (Siemiatycki
and McDonald 1972). DMost applications
in biology are epidemiological in nature.

Several particular approaches are
of special interest to the study of south-
ern pine beetle dynamics. Haggett and
Chorley (1970) devote a section to shape
indices that might be helpful in spot
growth models. Of a similar vein is the
work of Bookstein (1978) on morphometrics.
Join statistics and binary nearest neigh-
bor statistics are two contributions of
Cliff et al. 1975. The classic reference
foer n-phase mosaics is Pielou (1977) and
for diversity, Pielou (1975) again.
Mantel (1967) develops a generalized
regression model for epidemiclogical
uses, which permits estimation of con-
tagion strength.

Multivariate Methods

Multivariate techniques deal with
dependent variables and the individual
entities upon which the measurements

accur [Kendall 1975). Kendall remarks
that there are at least four reasons for
pursuing such methods: to reduce the
complexity, to group individuals, to
group variables, and te characterize the
dependencies. Problems in applying clas-
sical multivariate analysis include the
difficulty of justifying assumptions,
the immensity of calculations, and the
loose interpretation of results.

Figure 4.--Southeastern localities.

There are four central modes of
multivariate space-time analysis: clus-
tering, factor analysis, canonical corre-
latieons, and discrimination. One type
of factor analysis, principal components
analysis, is used quite often in ecologi-
cal (Pielou 1977) and morphological
{(Blackith and Reyment 1971) work. Princi-
pal components seeks to simplify the
dependencies in a set of data by choosing
a new coordinate system, each axis of
which is a linear combination of the old
axes (McCammon 1975). Through this tech-
nique either the variables may be reco-
ordinated (R-mode) or the individuals
may be restructured (Q-mode). The new
coordinates are usually chosen to be
orthogonal, but the oblique rotation
methods can remove this convention.

A specific form of principal com-
ponents that has proven useful in the
construction of the southern pine beetle
hierarchical model is discussed by Sheth
{1969). Beginning with a data matrix of
N observations (times) and M subjects
(areal units), the raw N by N cross prod-
ucts matrix 1s partitioned inte the prod-
uct of two matrices via eigenvalue decom-
position. The two matrices (i.e., A and
S$) are then standardized for the sample
size. The standardized matrices, V and
P, contain the individual parameters
(lcadings} and the reference curves
(scores}. Finally certain hypotheses
can be tested by axis rotation methods.

As an example, one stage of con-
structing the upper echelon submodel for
the beetle hierarchical model consisted
of partitioning the Southeastern United
States into 24 localities {(see fig. 4}.
Wwithin each locality a measure of inci-
dence intensity was defined for each of
the 18 years of data given in Price and
Doggett (1978). Several analyses of the
data were performed, including a reference
curve analysis. The purpose of this
treatment is to isclate linear combina-
tions of years, which might serve as
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standards of behavieor, and then to clas-
sify the localities according to which
reference behavior they nearly followed.

The reference curve analysis of the
raw data vielded four behavioral modes
represented by eigenvectors, which to-
gether explain approximately 96 percent
of the variation. Plots of these curves
are given in figure 5. The largest eigen-
vector accounts for 85 percept of the
variation by itself and is therefore
likely to play a dominant role in all
lecality dynamics. This dominant refer-
ence curve 1s closely related to tctal
wntensity of the epidemic. Three of the
24 localities were classified as follow-
ing this standavd behavior. A simple
linear regression of total intensity on
the observations in one of these "first
mode" localities is guite good (R? of
.84}, as figure 6 demonstrates. The
other three modes of behavior were not
linked strongly to any simple external
vartable in this analysis.

Time Series and Time-Space Methods

Time series is a rather recent elab-
oration of modern statistics, being traced
to its conceptual beginnings with Udny
Yule in 1927. The primary reguirement
of this approach is the ordered sequence
of observations that behave nicely, i.e.,
are stationary or intrinsic. Included
in this nice behavior 1s the existence
of an autocovariance function which der
pends only on the distance between the
observations. Analysis may be directed
toward the correlogram {(the graph of the
autocorrelation function v. distance} or
toward the spectrum {the Fourier equiva-
lent of the correlogram).

The definition of a time series
does not require that the spaced obser-
vations occur along the time axis, and
extensions to spatial axes have been
made. CLiff et al. (1875) have set the
basic problems of spatial autocorrelation
by examining a mosaic of cells, with ob-
servations within each cell. An example
of an arbitrary mosaic is shown in figure
7. In defining the covariance one must
account for the function used to compare
pairs of cells, and one must weight the
cell connections. The set of connection
weights can be varied to emphasize certain
interactions. General treatment of spa-
tial lagging reguires graph theoretical
technigues (Ross and Harary 1952), and
for structures allowing over ten lags is
usually prohibitive.

A raw time series is usually con-
cerved of as consisting of four pleces,
a trend, regular fluctwations about the
trend, seascnality, and a random effect
(Kendall 1%73). The iscolation of the
first three components 15 usually neces-

i

I . . .
Figure 7.--Arbitrary spatial mosalc.
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sary before the random effect (i.e., the
true time series) can be studied in full.
Often the develcpment of trends alcne is
a primary objective of the investigation.
The random effect is assumed to be of an
autoregressive nature (or equivalently a
weighted average} of same order. The
estimation of this autoregressive struc-
ture, especially its order, is a prime
modelingiingredient.

Timekspace series is the next stage
in the extension of time series methods,
but the development is still elementary.
Curry (197%) developed a univariate ap-
proach, buf\ went no further. Cliff et
al. (1975) Also used a univariate scheme,
but this timp with weighted exponentials.
More recent kesearch by Matheron {1970}
and others sekms to be straying from the
traditional idea and centers on random
function theory instead. At present, a
typical analysis would begin with a de-
trending followed by estimation of the
order of spatia}l and temporal lag struc-
ture. Lastly, with the order specified,
a simple model duch as €liff's would be
estimated for projective purposes. Since
the results are pnivariate, the total
model would consnst of some mixture of
single areas.

For example, the 24 localities dis-
cussed above were subjected to a simple
time and space series analysis. The raw
data show great variability in behavior.
Data for most years do not show any strong
spatial autocorrelation, although all
correlograms are of similar shape (fig.
8). A minor peak occurs in many spatial
correlograms at five or six lags. These
lags can be shown to be dominated by
central locality which reflects the total
epidemic behavior {see previous discussion
of first mode localities). The temporal
correlograms show nonstationary character-
istics for numerous localities {(fig. 9).
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Figure 8.--Typical spatial autocorrela-
tion for raw data.
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Figure 9.--Typical temporal autocorrela-
tron functions for ray data.
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Figure 10.--Typical spatial autocorrela-
tion function for detrended residuals.
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Figure 11.--Typical temporal auvtocorrela-
rron function for detrended residuals.

Detrending in space and then again
1 time was chosen as a potential method
for eliminating the nonstatlonary behavior
ot the time series. A cubic equation in
space was first fitted to each year's
Jdata, followed by [1thing a cublc egualion
117 time to the residuals from the spatial
reqression.  The residuals from the temp-
wrail regression were then ewamined for
thei: autocorrelation properties {(figs. 10
and i1}, The spatial correlograms are of
simtliar shape and show no unusual features;
this generally indicates a laow autoreqres-

sive spatial structure. The temporal
correlograms, however, demonstrate some
atypical behaviors. Data for nearly all
of the locaelities show a complicated log
structure, possibly extending to an order
of four or five. There is also some inda-
cation of periocdicity or seasonality, with
perhaps an 8- to lZ-year period.




SUMMARY

The intention in this report has
been to describe the overall hierarchical
medeling framework, to describe the basis
upon which methods are being developed
for exploring the relation between the
upper levels, and to illustrate the use
of these methods with scme preliminary
results,
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A REGIONAL SCUTHERN PINE BEETLE

DAMAGE PROJECTION SYSTEM

David D. Reed, Richard

Harold E. Burkhart,

Abstract.--Regional damages caused
by the southern pine beetle can be simu-
iated using two models, one representing
spot incidence, or the initiation of
infestaticons, and the other representing
individual spot severity, or the spread
of each spot. A spot incidence and a
spot severity model were combined to form
4 tegional damage projection system.
This damage projection system was demon-
strated on an example region in the
Georgia Predmont.

INTRODUCTION

In this paper we report on a regional
damage projection system for socuthern
pine beetle (SPB) (lendroctonus frontalis
Zimm. ) with the capability to project
sPB-caused damage for a multicounty area,
such as a forest survey unit. We con-
sidered one major kind of damage: the
physical losses in timber volume due to
the SPB 1in the year of attack. We made
no attempt to quantify the resulting
loss in economic or social values. The
object was to simulate the levels of SPB
activity and to project the beetle's
effect in terms of cubic feet of timber
destroved or the number of acres direct-
ly affected.

Oour system considers the damages
occurring in many individual spots.
This reguires developing methods of
estimating both the number of infesta-
tions likely to occur and the eventual
size of each individual spot. To accom=-
plish this as efficiently as possible, it
15 necessary to use models that (13}
provide accurate damage estimates for
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large numbers of spots,
computationally efficient.

we restricted variables in our
model to those which are commonly avail-
able or easily measured for the large
numbers of stand types occurring in a
multicounty region. This allows appli-
cation of the system without extensive,
periodic data collection over and above
that normally collected in conventional
forest inventories.

and {2} are

SYSTEM COMPONENTS

The method of simulating regionwide
damage levels can be divided into two
models, one for spot incidence and the
other for individual spot severity.
These were considered separately for two
reasons. First, variables and relation-
ships important in the initiation of a
spot may be different than those involved
in the spot spread that follows. Thus,
spot initiation and spread may reguire
different variables and modeling tech-
nigues. Second, it is difficult to
conceive of a general model of insect
behavior that would account for the
large numbers of stands without out-
breaks and still explain the variability
of damage levels within similar stands.
The incidence and severity models will
be reviewed and then the workings of the
regional damage projection system will
be examined.

Spot Incidence

The incidence model used in this
paper was developed using methodology
presented by Daniels et al. ({1979}.
This model estimates a continuous measure
of SPB incidence, which, under certain
sampling conditions, may be interpreted
as the probability of outbreak within a
stand. A stand is defined as a contig-
uous forest condition in one forest type
of similar origin, age, and stocking.
An outbreak occurs if one or more trees
in a stand succumb to SPB attack. An
outbreak does not occur i1f the trees are
not attacked or 1f they survive an attack.
It 1s assumed here that there can be at
most one ocutbreak 1n a stand in the
specified time period, usually a year.



This 1ncirdence relationship can be
represented by a Bernoulli random variable,
which takes the value zero i1f an outbreak
13 not 1nitiated and the value 1 1f an
cutbreak occurs. This wvariable will
take the value @ (wndicating an outbreak
has oecurred) with a cerfain probabilitby,
P, and the wvalue zero, 1indicating no
outlbreak, with the probability L-P.

The probability P provides a bounded
(0P 1), copdinuous measure of the risk
of southein pline beetle outbreak when
applied to a given land area and time
period.  This probability is most useful
For decisrommaking 1f 1t can be expressed
in terms of wsite, stand, and insect
variables that can be easily measured in
the tield or from aeerial photographs.
It may he estimated using a probability
model such as the logistie function:

U
L+ 9xp(b0 + blhl + b2X2 ...

P -

+bkxk)
whe1 e
o the estimated value of P, Qvpel

Xl  the 1th variable associated
with outbreak probability,
(2 - C,1,2,...Kk}

the i1th estimated regression
coefticient, (1 = 0,1,2,...k)

This type of model is desirable
because 1t gives a continuous measure of
stand susceptibility. It alsec allows
the Jdetermination of 5PB attack on a
stand-by-stand basis, information unavail-
able from & wmodel that predicts the
annual number of spots likely to occur
in a regron in a given time period.
This model provides some idea as to
where the spots are likely to occur and
1n what type of stand they are likely to
be located. These features allow a more
realistic estimate of the beetles' impact
toc a reqgion.

Spot Severity

The individual spot severity model
will be presented in detail later in
this symposium. For this reason, the
model and the relations between its
cemponent parts will only be briefly
reviewed here.

in this study, the objective was to
develop a wmodel that used commonly avail-
able stand characteristics to predict
damage caused by the socuthern pine beetle
over a large number of spots. Highly
precige individual spot damage estimates
were not needed; only the cumulative
damage over many spots was required.
Thus, we took a stand-level approach in
developing the model. In this appreach,
emphasis is placed on the forest stand

and those stand characteristics that
affect the spread of SPB infestations.
It is probably possible to achieve more
precise results on an individual spet
basis by predicting spot spread based on
insect-level variables, However, infor-
mation needed to operate such models may
be more expensive to collect and is gener-
ally less likely to be available on a
regional basis than that reguired by a
stard-level model. We used the stand-
level approach here because it was bettex
able to satisfy the objectives and meet
the demands to be placed on the model.

The spot severity model contains a
subnodel for predicting the rate of
spread, in terms of trees killed per
day, and a function giving the probabil-
1ty of a spot becoming inactive within
30 days of observation. Wwhen combined,
these produce a method of simulating the
spread of infestations.

Spot Spread

The spot spread model predicts the
rate of spread for southern pine beetle
infestations. The feollowing spot spread
prediction equation was developed using
standard multiple regression technigues
from data collected in east Texas by
Bedden and Billings {1879):

In{TK/D} = 0.78099 + 0.,96545 1nAT
- 2.84669 1nDBH - 0.78786
TBA/DBHZ + 0.016914 TBA

+ 0.55764 POP

In{TK/D) the natural logarithm of

trees killed per day
LnAT the natural logarithm of
the initial number of
attacked trees

the mean d.b.h. of the
stand {inches)

the total basal area of
the stand (ft%/acre}

the number of spots per
thousand acres of host
type for the year being
examined.

This egquation has a coefficient of
determination (R%) of 0.73 and a standard
error of estimates {Sy-x) of 0.53.




Spot Inactivity

As time progresses, some spots be-
come inactive for reasons not fully under-
stood. Whatever the cause, 1n the slmu-
laticn of spot growth it 15 necessary to
allow for the cessation of beetle activ-
1ty. An unpublished result of Heddern and
Billings {1979} 15 a model describing the
probability of a spot becoming inactive
within a 30-day period, given the number
of attacked trees at the beginning of the
pericd. A logistic function predicting
the probability of a spot becoming in-
active within 30 days was developed. The
prediction eguation 1s

N 1
P " T 7 exp(-1.04 + 0.06AT]

where

p = the estimated probability of a
spot becoming inactive within
the next 30 days

AT = the number of attacked trees
at the beganning of the 30-day
period.

Simulating Spot Growth

Spot growth can be simulated with
the spot spread model and the spot in-
activity function if the stand character-
1stics and 1nitial spot size are Known.
The combination of the spot spread medel
and the inactivity function make up the
spot severaty model {fig. 1).

Because the inactivity function
gives the probability of a spot becoming
inactive within 30 days, the simulation
of spot growth 1s broken into 30-day
pericds. The discovery of a spot is
considered to be the beginning of the
first 30-~day saimulation pericd.

At the beginning of each 30-day
period, the spot 1s tested to determine
1f 1t becomes inactive during that pericd.
This 1s done by generating a uniform
i9,1) random variate and comparing i1t
with the probability of a spot becoming
inactive from the inactivity function.
1f the un:form random var:ate is less
than the probability of the spot becomilng
inactive, a discrete uniferm (1,.30)
random variate 1s generated to indicate
the number ot days of the next 30-day
peri1od that the spot will continue to
expand. The spot is then grown for this
number of days and terminated. If the
unlform {(,1) random varliate 18 greater
than the i1nactavity probabilaity, the
spok 18 judged to remain active through-
out. the entire period. The spread of
the =spot 1is then calculated for the
entire 30-day pericd, the new number of
attacked trees 1is found, and the next
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Figure 1.--Flow chart of the spot sever-
ity model.

simulation period is entered. This
procedure is continued until the spot is
terminated or the end of the season of
beetle activity is reached. The spots
remaining active at the end of the last
30-day period are allowed to expand from
1 to 30 more days as before and then
terminated. This allows for the cessa-
tion of beetle activity in individual
spots while no new spots are beginning.

THE DAMAGE PRQJECTION SYSTEM

In order to understand the proced-
ures and problems involved in formulating
a regional damage projection system, it
i5 probably best to look at an example
region. The North Central Forest Survey
Unit, Survey Unit Number 4, of Gecrgia
{fig. 2} was chosen toc demanstrate this
methodology. This survey unit is located
in the Georgia Piedmont. We chose it
because of the availability of the many
types of data required to develop the
damage projection system. Data on the
forest characterisitcs of the area were
readily available from the Renewable
Resource Evaluation Unit (formerly called
Forest Survey)} of the Southeastern Forest
Experiment Station, U.S. Forest Service.
These data were forest sample plot sum-
mary information from the survey unit.


http:exp(-1.04

Figure 2.--The North Central Forest
Ssurvey Unit of Georgia.

Included were the sample plot forest
type, age class, site class, BA, volume
and growth data, and other variables
such as physiographic c¢lass and stand
origin. Also included was an acreage
expansion facter for each plot. This
allowed dividing the region into any
combination of site or stand character-
1stics and determining acreage for each
resulting stand type.

Records of southern pine bheetle
actlvity were available from aerial
observations. The Gecrgia Forestry
Commission collected this information for
the years 1974-77. Flights were made on
or about May 1, August 1, and October 1
for each year. Ground crews then veri-
fied these observations. The number of
spots and their approximate sizes were
summarized by county and year of observa-
tion along with the date of the flight.

Roger Belanger, of the U.S5. Forest
Service, has studied the relationships
between the southern pine beetle and its
hosts in this survey unit (Belanger,
Osgood, and Hatchell 1979) and supplied
data collected from both infested and
noninfested stands. These data contained
precise measurements of stand age,
BA/acre, mean d.b.h., number of trees
killed, and other wvariables such as
average bark thickrness and growth rate
of the stand.

Forest Characteristics of the Region

The Renewable Resources Evaluation
Unit of the Southeastern Forest Experi-
ment. Station provided data concerning
the forest conditions of the area. This
information was gathered during the last
survey of the region, in 1972.

Forest Type

Three host types were identified--
loblolly pine (Pinus taeda, L.) and
shortleaf pine (P. echinata, Mill.},
with loblolly pine further divided into
planted and naturally regenerated stands.
The standard U.S. Forest Service timber
type definitions were used in this study.
In these types, over 50 percent of the
stand consists of either loblolly or
shortleaf pine. The oak-pine type,

which consists of stands containing 25
to 50 percent pine, wasg not considered
to be a2 major host type.

Age

In 1972, stands were classified
into 10-year age brackets. The exact
ages were not recorded. Because of
this, whenever age is required in a
calculation, the midpoint of the age
class is used rather than an exact age.
In States now being surveyed, ages will
be recorded to the nearest year. Thus,
this categorization by age classes may
not be necessary, unless desired, in a
different region. When this unit was
last surveyed, approximately ¢ percent
of the host type acreage was classed as
uneven aged. ‘This practice is also
being phased out. For this region, the
acreages reported as uneven aged were
proportioned to the age classes according
to the distribution of total acreage in
stands classed as even aged.

Site Index

In the forest survey data, stands
were classed into one of five site cate-
gories based on potential annual growth.
The conversion of these classes to site
index wvalues varies from species to




Table 1.--Site index classes {(base age of 25
years} for loblolly and shortleaf stands,
based on U.S. Forest Service site quality

classifications!?

Site Productivity Site index class
class  (ft3/acre/year) Loblolly  Shortleaf
1 >165 >85 %75
2 120-165 75-85 65-75
3 85-120 60-75 52-65
4 50-85 45-60 40-52
5 <50 <45 <40

! The information in this table is taken from
U.S. Department of Agriculture Forest Service
(1977).

.

Table 2.--Acreages of shortleaf stands by age
and site classes in the North Central
Forest Survey Unit of Georgia

Age Site Index25 Class (ft)
(years) >85% 75-8%5 60-74 45-59 <45

0-9 v g 2068 50806 0
10-15 0 0 36588 124877 2287
20-29 0 4472 32457 63387 5551
30-39 0 479 31398 32833 4529
40-49 a 1752 2765 40029 4348
50-59 0 g 0 4787 0
60-69 0 0 0 9312 0
70-79 0 0 c 0 0

Total Acreage = 491,715

species. Table 1 indicates the basis
for division into site classes and how
these translate into site index, base
age 25, for loblolly and shortleaf pine
tyvpes. There is no distinction made in
site curves between planted and natural
stands of loblolly pine. Wwe did not use
the Forest Service's site index equations
in this study; instead, we used a table
look-up procedure to find the dominant
height assoclated with stands of a given
age and site class. In other situations,
especially if there were a continuous
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measure of age, site index curves could
be used to find the dominant height of
stands, which is used in turn to find
volume.

The forests of the region were
divided into stand types based on the
above three variables--forest type, age,
and site class. We then calculated the
acreages for each stand type using the
acreage expansion factors. Table 2
illustrates the results for shortleaf
pine. Similar arvays were developed for
planted and natural loblolly stands.
For each of these stand types, the
total BA/acre and the average d.b.h.
were needed for the incidence and sever-
ity models.

Total Basal Area

for each sample plot in the survey,
the BA/acre of stems > 5.0 inches in
d.b.h. was measured, and an estimate of
the number of stems per acre from 1.0-4.9
inches in d.b.h. was calculated. The
number of stems per acre in this size
category was multiplied by the basal
area of an average-sized stem (3 inches
d.b.h.) and this is added to the bhasal
area of stems > 5.0 inches d.b.h. to
arrive at an estimate of the total
BA/acre. The formula was

TBA = BAg, + 0.005454 {3)% NLS
where

TBA

L

the total basal area of the
stand (ft?/acre)

BA5+ basal area of all stems over
5.0 inches d.b.h. (ft?/acre)

NLS = number of stems in the 1.0- to
4.9-inch d4.b.h. category per
acre.

Simplifying,

TBA = BA + 0.049086 NLS

5+

Using the forest survey data, we
found the average total BA for each cell
of the forest type, age class, and site
class array. This is the total BA that
was used in later calculations. The
error caused by using the average total
BA for each category is probably less
than the error which would be introduced
by trving to fit a total BA distribution
for each cell.

Mean 4.5 .h.

Mean d.b.h. is an important wvariable
in the severity model, but it was not
readily estimated from the Forest Survey
data. Therefore, a regression was fitted




with the Belanger data set to predict

mean d.b.h. from the age, site index,

and forest type of the cell. The model
was of the form

OBH = b, + b,AGE + bZSITE + b,TBA

0 1 3

where

DBH the predicted mean d.b.h.
{inches}

AGE the midpoint of the l0-year
age class {(years)

SITE = rhe midpoint in terms of site

index, of the =ite class

(feet)

average total basal area of
stands in the age and site
class (ft2/acre)

A separate regression was computed
for each of the three timber types,
natural loblelly, planted leblelly, and
shortleaf. A relative F test was per-
formed and indicated significant differ-
ences between the coefficients of the
three regression equations. The coeffi-
cients and regression statistics for
each of three =guations are given in
table 3.

Once the total BA and the mean
d.b.h. have been found for each stand
type in the region, the region's forest
characteristics can be entered (fig. 3}
into the regional damage projection
system. The spot incidence model is
then used to simulate the number of
spots that occur in each stand type.
The spot severity model is used to pro-
ject the growth of each spot. The total
damage occurring in the region is found
by summing cver all spots.
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Figure 3.--Generalized flow chart of the
damage projection system.

Table 3.--Regression equations for predicting the mean d.b.h. of a stand

Coefficients!

Timber
type

by

Planted

Tebloily 0.21620

-0.95102

Natural

loblolly 0.07365

-2.70830

Shortleaf - .036013 0.07980

0.10180 -0.01394

G.16750 -0.0182%

0.09756 -0.01354

+ b AGE + b SITE

1 Model: DBH = b 1

d.h.h. of the stand? AGE

50+ b,TBA where OBH = the mean
= the aae of Qhe stand in years; 5ITE

= the

site index of the stand, base age 50, in feet; and TBA = the tggal basal

area of the stand (ft2/acre).




Incidence

Because the factors affecting the occur-
rence of southern pine beetle infestations
can vary greatly from region to region,

it 1s desirable to fit the parameters of
the incidence model to each region of
interest. The following equations were
developed for the Georgia Piedmont rcgion.

For natural Ioblolly stands:
p = 1/{1 + exp{4.76376

~ 0.0106388 SITE

- 0.039954 TBA/ACGE))
For planted lcbleolly stands:

p = 1/(1 + exp(-2.37849
+ 0.06906323 SITESO))

For shortleaf stands:
p = 1/7{1 + exp{3.1591%5
- 0.0071377 AGE
- 0.00162082 TBA/AGE))
where
p = the probability of a stand

with the given character-
istics being attacked

SITE

50 the site index, base age

SQ {feet)

TBA = the total basal area per
acre (ft?/acre)

AGE the age of the stand in

years.

In this set of eguations, the same
variables do not appear in each eguation
and the coefficients of SITE 0. are of
different sign in the planteé loblolly
and natural loblolly eguations. These
anomalies are probably caused by confoung-
ing among variables measured in the data
set and possibly by the omission of
relevant variables from the set of those
chosen for measurement. This may be
disconcerting, but these equations do
perform reasconably well within the range
of the measured variables. It should be
noted that when these types of eguations
were applried to data from east Texas,
satisfying results were achieved (Daniels
et al. 1979},

Once the region-specific forms of
the i1ncidence model are found, there are
three steps in the application to the
region {fig. 4). First, since the inci-
dence model returns the probability of a
stand being attacked, one must find the
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Figure 4.--Flow chart of the incidence
component.

number of stands in each c¢ell of the
forest type, age, and site array. This
is accomplished by dividing the acreage
in each cell, known from the Survey
data, by the average stand size for each
timber type. Unfortunately, at the time
the North Central Unit was last surveyed
in 1972, po information on stand size
was collected. However, in the 1977
survey of the neighboring South Carclina
Piedmont, informatioen on stand size was
collected (Knight 13978). For pine plan-
tations, the size of the average stand
was about 15.7 acres. The average size
of natural pine stands was about 10.8
acres. No distinction was made between
stands of shortleaf pine and natural
stands of loblolly pine. These averages
from a neighboring region were rounded
off to the nearest 5 acres, to 10 acres
for natural pine stands and 15 acres for
planted pine stands, for use in this
survey unit.



http:variabJ.es

Second, we calculated the number of
spots occurring in each cell of the
stand type array by defining a Bernoulli
distributed random variable, X, such
that:

0 1f v >~ p

1 1fr-p

the value for X in the 1th
stand 1n the cell

the probability of spot
occurrence in a stand of the
given characteristics

r = a uniform {0,1} randem variate.

The number of spots in any particular
cell is the sum of the X 's over all
stands i1n the cell. The humber 1s re-
corded for each cell.

Finally, the total number of spots
occurring in the simulatien s found by
summing, over all cells, the number of
spots in each cell. The total number of
gpots 1n the region 1s then divided by
the total acreage of SPB host type in
the region {(in thousands of acres) to
formulate the SPB population level vari-
able used in the severity model.

Severity

Before applying the severity model
in the regional simulation, two distribu-
tions must be found: {1) the distribu-
tion of spot occurrence throughout the
vear, and (2) the distribution of Initial
spot size.

Time of Spot Octurrence

An empirical distribution of the time
of spot occurrence was developed using
data from the Georgla Forestry Commission.
The spots observed on the first flight,
made around May 1, were assumed to have
initiated evenly throughout the previous
9 days. The spots observed on subsequent
flights were assumed to have occurred uni-
farmly through the time between flights.
Table 4 indicates the empirical distribu-
t1on of spot occurrence over a year.
Because of the form of the available
data., spot occurrence was assumed to
commence on or about March 1 and cease
on approximately October 11. This gives
a period of 22% days for spot initiation.
These dates do not seem unreasonable for
the region of interest.

S e S —Y

Table 4.--Distribution of spot occurrence through
a year as observed over a 4-year period
{1974-1977} in the Morth Central forest
Survey Unit of Georgia

Cumulative
proportion of
of spots

Time Proportion
periad of spots

Mar 1-Mar30 .15 .15
Mar 31-Apr 29 .15 .30
Apr 30-May 29 .14 A4
Hay 30-Jun 29 .13 .57
Jun 29-Jul 27 .12 .65
Jul 28-Aug 27 .12 .81
Aug 28-5ept 26 .12 .93
Sept 27-0ct 11 .07 .00

Initial Spot Size

The simulatien of spot growth begins
on the date of spot detection. By the
time an infestation is known to exist,
several trees will have been killed. This
initial number of trees killed must be
generated for each individual spot. Such
a distribution may have a similar form
from region to region, but the parameter
values may differ. Belanger's data set
contained observations of 1initial spot
size from 161 infestations in the North
Central Forest Survey Unit of Georgia.
Examination of these data revealed that
there were many small spots, with the
frequency decreasing as the number of af-
fected trees increased. Besides having
this general shape, the distribution
chosen to model initial spot size should
range from zerc teo infinity since no up-
per bound can be set on spot size and the
initial number of trees affected must be
greater than zero.

The generalized exponential or Pear-
son Type XI distribution was chosen to
model the initial spot size distribution
(table 5)}. This distribution is of the
form

(k +1)

£f{x) = kak(a + x}

we chose this distribution over
other alternatives because 1t allowed a
better representation of the occurrence
of large spots in the upper tail of the
distribution.

A two-sample Kolmogorov-Smirnov
test (Shannon 1975) indicated that the
data from loblelly and shortleaf stands
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Tablie 5 --Observed and predicled inftial spot
size distributions

Observed Predicted

Spot size cumulative no. cumulative no.
class ul spots of spots
foox s 1t i 46.61
. ox 20 90 /6,79
20 - x 30 165 97.20
30 - x - 40 119 111.49
46 < x - 50 127 121,80
50 -« x < 60 131 129.43
60 < x = 70 134 135.26G
W« x < 80 141 135,64
80 - x < 90 143 143.11
490 « x + 100 145 145.89
00 < x « 200 155 156,88
200 < % < 2 161 161, GO

could have come from the same underlying
distribution. Because of this, we made
no attempt to use separate initial spot
size distributions for each timber type.
The data were combined and one distribu-
tion was fit with this combined data and
used for all timber types.

Determining Individual Spot Severity

To find the severity of an individ-
ual spot, the first thing that must be
known 1is the date of spot detection
{fig. S). This is the date the spot is
first known to exist and is generated
from the empirical distribution of spot
occurrence through time. This distribu-
tion generates the time period when the
spol occurs. The date of spot occurrence
is found by generating a discrete uniform
random variable with range from 1 to 30
and adding this to the beginning of the
time period. The length of time avail-
able for spot expansion can be found by
subtracting the date of spot occurrence
from the total time of simulation. For
the example region, this total time of
simulation 1s taken to be 225 days, from
March 1 to October 11. After the date
of spot detection is found, an initial
spot size must be generated. Given this
information, spot growth can be simulated
with the spot severity model using the
process described earlier.



Meastres ol Damage

The sererity model returns the
mumber of treeg killed 1n each spot. To
put the damage 1nformatlon 1n mory mean-
ingful units, this intormation 18 con-
verted 1nta cubic feeo of timber killed
and an estimate ol the acreage lost to
the SPB.

Acteage Destroyed

The acreage destroyed 18 estimated
as lollows:

AURES (I'TK - G.00545%1 DBHF ) 'TBA

whele
ACRES the approximate acreage of
the spot

TTK - the number of trees killed
in the spot

LBH * the mean d.b.h. {inches) of
the stand

TBA = the total basal area
(ft° . acre) of the stand

To use this measure of spot acreage,
it must be assumed that the average
d.b.h. of the trees killed 1s the same
as the average d.b.h. of the stand. This
must be regarded as a rough estimate
since the tree of average diameter and
the tree of average BA are seldom the
same. In fact, since the tree of average
BA 15 never smaller than the tree of
average diameter, this estimate of acreage
destroyed will always be biased low.

Volume Killed

The cubic feet of volume killed can
be estimated by multiplying the number
of acres destroyed by the cubic foot
volume per acre. The volume per acre
can be found using stand-level multiple
regreds1on yield equations such as those
developed by Burkhart et al. (1972a and
b).

mitural stands of loblolly

rTa
AL e

Tewy, (VL T.81109 - 8,23404AGE
o £.1878° H, ACGE +
T.1838 Lagy TBA
oLoolar (ABE -

0.d6067% FRA TBA

logIn TBA)

rlanted stands ot Ioblolly pine:

2.37288 -~ 6.19378 “ACE

+ 0,31876 Hd ‘BGE +
0.00706 TPATLIO0 + 0.00884
AGE - loqlcTPA

where

loglOVOL the total stem volume 1n

f£%, inside bark per acre
AGE the stand age (years)

Hgq ™ the average height of
dominants and codominants
{ feet)

TBA = the total basal area of
the stand (ft¥,/acre)

PBA the pine basal area of
the stand (ft?/acre)

TPA the stems per acre of
the stand

Stems per acre 1s found by dividing
the trees killed by the number of acres
destroyed. It was assumed that in this
region, in the average natural stand, 80
percent of the total BA was pine., The
equation for natural stands of loblolly
pine was also used for shortleaf stands
since shortleaf pine occurs in stands
similar to natural loblolly stands.

Another method is to find the volume
of the "average" tree and multiply this
by the number of trees killed to estimate
the wvolume killed in the stand. An
equation relating tree volume to tree
diameter and the height of dominant and
codominant trees in planted loblolly
stands is given by Burkhart and Strub
{1974). & similar egquation was develcped
for natural leoblolly stands for use in
the damage projection system.

For natural loblolly stands:

VOL = -.864615 + 0.00218 DBHQHd

For planted Icoblolly stands:

VOL ~-.63136 + 0.00187 DBHQHd

the total ft? volume, inside
bark

d.b.h. (inches)

the average height of domi-
nants and codominants in the
stand (feet).

The natural loblolly eguation was
also used 1n shortleaf stands as in the
previous method of volume estimation.

RESULTS AND CONCLUSIONS

The program output 15 summarized in
four types of tables. The first type
{table &) contains a summary of beetle




Table b.--Damage projection system

output--summary of beetle damage to naltural

Toblolly stands

Damage Number Total Average Standard Range

measure of spots damage damage deviation Min Max
Trees killed 879.00 219977.50 250.26 485.52 .01 6425.64
Acres destroyed 879.00 596.61 B.68 1.61 G.00 26.64
Volume lost 879.00 881491.06 1002. 83 4065.98 0.01 88841, 25
Table 7.--Damage projection system output--distribution of acres destroyed

by timber type and date of spol occurrence
o Timber Lype
Date of Naturai_v_mnﬁ—_ P]antat?;; A1l host

detection lobioily lablolty Shortleaf types
Mar 1-Mar 30 83.8 - ..ii?.é 117.3 318.4
Mar 31-Apr 29 93.4 61.5 134.1 283.¢
Apr 30-May 29 77.3 90.3 97.9 265.5
Hay 30-Jun 28 65.9 90.8 86.6 243.2
Jun 29-Jul 28 69.6 101.2 97.9 268.8
Jul 29-dug 27 92.1 96.5 79.1 267.7
Aug 28-Sept 26 1.1 85.1 131.2 367.4
Sept 27-0ct 1l 23.7 36. 2 60.5 140. 4

damages for a given timber type. In-
cluded are the number of spots in the
timber type and the total and average
damages for the three measures of damage--
trees killed, acres destroyed, and volume
lost. Also 1included are the standard
deviation and the range of damages ob-
served for the forest type.

The second type (table 7) summarizes
the damage distribution by the time of
spot occurrence. A table is printed for
the number of spots occurring and each
of the three damage measures. The dam-
ages 1n each table are further grouped
by timber type.

The third type of table {(table 8)
presents the acreage destroyed in a
timber btype by the age class of the
stand where the spot occurs. The damages
are further grouped according to the
size 1n acres of the infestation. This
information 1s useful in the economic
analysis of beetle damage.

The last table type (table 9} sum-
marizes, by timber type, the damages

1d2

occurring by the average diameter of the
infested stand.

The system will project the expected
damages given the forest conditions of
the region. It may be reasonable to
assume that a region's forest character-
istics will remain approximately the
same for a few years after they are
measured, but they cannot be expected to
remain constant over many years. For
this reason, care should be taken in
applying the damage projection system to
years that may have different forest
conditions than those input into the
system, to insure that the conditicns
input are not significantly different
than those in the field.

Unfortunately, there are no data
available concerning the actual damages
caused by the souihern pine beetle in
this region; thus, the regionwide system
cannot be validated. The individual
components can be validated, however.
Even though we cannot make a statement
of the absolute wvalidity of the damage
projection system, it seems that since
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Table 8.--Damage projection system output--acreage destroyed by spot size and age class for shertleaf
stands

SPOT SIZE [N ACRES
Age Under 0.10 0.10-0.25% 90.25-0.50 0.50-0.75 0.75-1.00 1.00-5.00 5.00-14.00 10.00 and over

5 . . 1.8 21.6 18.8 55.6 18.
15 . . 23,6 12.6 51 18.8 0.
25 . . 31.6 22.1 22.4 77. 15,
35 . . 10.8 7.4 8. 37. 14.
a5 o . 13.3 . 71. 14.
55 . . 0.9 . . Z. 12.
63 . . 1.7 . . 53.

75 . . 0.G 0.0 . 0.

Table 9.--Damage projection system output--southern pine beetle damages
by spot d.b.h. class

Number of Trees Acres Yolume
spats killed destroyed killed

2532. 468510. 863.9 425102.
855. 233539, 518.0 879511,
286. 76031. 163. 365734,
3q7. 99541. 366. 632718.
85. 30074. 113. 283454,
10 26. 13586. 64, 192398,
11 . 2313. 10. 38370,
12 . 0.
13
14
15
16
17
18
19

20 and over
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the components of the system have been
validated, the reletive damage levels
observed under various options 1n the
system would be reasonable.

We believe that the methodology of
developing & regional southern pine
beetle damage projection system has
successfully been demonstrated for the
North Central Forest Survey Unit of
Georgia. Further information on the
eplbions avallable 1n the system and
copres of the program are avallable from
the authors upon request.
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SOUTHERN PINE BEETLE: FACTORS INFLUENCING THE

GROWTH AND DECLINE OF SUMMER INFESTATIONS

Roy L. Hedden and David D. Reed!

The purpose of this study was (1)

Abstract.--4 model has been developed tu identify site and stand factors re-
to usimulate the spread of southern pine lated to southern plne beetle summer
beretle i1nfestations using stand-level spot growth and decline, and (2} to use
varrables. The medel consists of two these factors in the development of sub-
principal functions: (1) a function to models for predicting the rate of infesta-
predict the vaete of spread, in terms of tion growth (spot growth) and for predict-
trevs Killed per day, and {2} & [function 1ng the probability of an infestation
to predict the probability of a spot ceasing to expand (spot inactivity).
bevoming inactive. Spot growth can be
simulated with these two relatively
simple functions.

PROCEDURES

Data Collection and Analysis

. Details on spot selection and data
N . .
INTRODUCT 10N collection have been explained elsewhere
(Hedden and Billings 1979). The indepen-

Seasonal behavior of the southern dent variables inciuded

pine beetle (SPB}, Dendroctonus frontalis
Zimm. (Coleoptera:Scolytidae}, is charac-
terized by dispersal and initial infesta-
tion establishment in spring to early
summelr {Birilings and Kibbe 1978} followed
by spot growth and decline. Initial
gspot establishment is influenced by
stand disturbances such as lightning,
loggihg damage, and flooding, and by the
presence of low-vigor pine trees {Coul-
son, Hain, and Payne 1974; Ku, Sweeney,
and shelburne 1976; Lorioc 1968 and 1978).
The number of trees attacked during the
infestation establishment phase 1is deter-
mined by the weather, the proximity and
number of brood sources producing dispers-
1ng beetles, and to a lesser extent, the
prevailing stand conditions {Hedden and
Billings 1979). buring the summer,
beetle immigration into spots declines
{(Billings 1979}. And the beetle popula-
tion within the infestations must estab-
li1sh and maintain synchrony between
emrrgence and attack in order for spot
growth to ceontinue (Gara 1967). when
the synchronization between brood emer-
gence and pheromone production (attack)
is 1ntevrupted, 1nfestation growth ceases
and beetle dispersal occurs (Gara 1967,
Sara and Coster 1968).

pine BA/ha, in m?

hardwood BA/ha

total BA/ha (pine + hardwood)
mean pine BA/tree

mean d.b.h. per pine, in cm
percent pine by number of stems
percent pine by BA.

Ldditional variables derived from
the periodic measurement of active trees
were the basal areaz and number of

active (brood) trees at the initial
vigit,

active trees at a subseguent visit,

new infested trees since the last
visit, and

previocusly infested trees vacated
by beetles (inactive} since the last
visit.

Infestation growth rate was expressed
s e et s as the number of new trees killed per

' The authoirs are, respectaively, day (TK) for each spot where

Aszociate FProfessor, Dept. of Forestry, : P

Clemson University, Clemsen, $.C.; and T = numbz: oflnew tzgess§1;]$3 bEt:?g?t:15‘tS
sraduate Research Assistant, School of me Papse \day elween vi
Forestry and wildlife Resources, virginlia Using the number of trees killed
Polytechnic and State University, Blacks- per day {TK) as the dependent variable,
burg. we conducted regression analyses with




data from 1975, 1976, and 1977 combined.
In addition to the variables previously
described, we included the total number
of beetle spots detected in east Texas
for the appropriate year (POP) as a
covariate to account for annual differ-
ences 1in areawide beetle pepulation
levels. Both 1linear and nonlinear
regression eqguations were generated.
For the linear models Mallow's €_, the
total squared error, was used asfa cri-
terion for preliminary screening of
candidate variables (Daniel and Wood
1971, Seber 1977). Parameters included
in the final model were selected on the
basis of simplicity and ease of interpre-
tation. Criteria for selection of the
nonlinear model included predictive
ability and behavior of residuals. Only
data from infestations that continued to
expand were used in the nonlinear anal-
ysis.

Lastly, we derived a leogistic func-
tion (Cex 1970) predicting the probability
of a spot becoming inactive. Three
models were developed. Model I predicts
the probability of a spot going inactive
within 30 days after the initial wvisit.
This function was based upon data from
1975 and 1976. The second equation
(Model T11) predicts the probability that
a spot will contain fewer than 20 active
trees at day 30. This model was based
upon 62 spots monitored from 1975 through
1977. Model I1l was derived from oper-
ational data on 1,386 spots aerially
detected from June to December 1975 by
the Texas Forest Service (1976). This
model predicts the probability of a spot
being inactive when greund checked within
30 days of detection.

RESULTS AND DISCUSSION

Data suitable for regression analysis
were collected from 28, 24, and 10 active
infestations during the summers of 1575,
1976, and 1977, respectively. Spots
monitored during 1975 were relatively
small ([(mean = 36 active trees at the
first visit) and occurred in stands with
a mean total BA of 35 m?/ha. During
1876, sampled spots were larger (mean =
66.5 active trees at the first visit)
and were located in stands with lower BA
{(mean = 29.6 m2/ha). In the 10 spots
monitered i1n 1977, the mean number of
active trees was 47.6 while the mean BaA
at the spot origin was 38 m2/ha.

During this time, beetle population
levels varled greatly--first increasing,
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then decreasing. In 1975, 4,000 SPB in-
festations with 10 or more trees were
reported in east Texas. In 1976, the
number of spots reported increased to
11,000. Only 4,300 spots were detected
in 1977, and in 1978 the total number
reported statewide delcined to 37 spots.
Just two spots were detected in 1979.

Infestation Growth and Decline

Spot Growth

Two models for infestation growth
were developed. The first was a linear
model:

TK = 1.78627 + 0.02475 AT
+ 0.02765 TBA + 0.01182 POP

where
TK = trees killed per day

AT = initial number of active trees
at the first wisit

TBA = total BA at the spot origin
{m2/ha)

POP = number of spots per 1,000 ha
of host type.

This equation has coefficient of
determination {R?} of 0.80 and a standard
error of the estimate of 0.88. This
model works well when fitted to data
from any one year but predicts too
great a rate of spread for years when
populaticn levels are low.

In order to develop a better pre-
dictor of spot growth we computed a
nonlinear equation:

In{TK} = 3.43457 + 0.96545 1n(AT
2.84669 1n{DBH)
22.13668 TBA/DBH? + 0.07366 TBA

+ 1

0.22567 POP
where
In{TK} = natural logarithm of trees
killed per day
In{AT} = natural logarithm of the ini-

tial number of active trees

DBH = mean d.b.h. of the stand
{cm)

TBA = total BA of the stand
{m2/ha)

POF = number of spots per 1,000
ha of host type.

This equation has an R? of 0.73 and
an & _ of 0.53. In fitting the model,
we udel only those spots that expanded.




There were six spots i1n 1975, three in
1976, and three in 1977 that did not
expand and were not included. This
model predicts spotb growth better during
years when populaticn levels are low
than does the linear model.

Spot Inactivity

We developed a logistic function
(Cox 1970) predicting the probability of
a spot becoming inactive. The model is

1
1 + exp (at+Bx)

p:
where

p = probability of a spot becoming
inactive

¥ = number of 1nitially active trees
oL the natural logarithm of AT.

Three equations were derived {table
1). Model I predicts the probability of
a spobt going inactive within 30 days
after the initial visit. This function
was based upon data from 1975 and 1976.
The second equation (Model 1I) predicts
the probability that a spot will contain
fewer than 20 active trees at day 30.
This model is based upon 62 spots moni-
tored from 1975 through 1977. Model III
was derived from operational data on
1,386 spots aerially detected from June
to December 1975 by the Texas Forest
Service (1976). This model predicts the
probability of a spot being inactive
when ground checked within 30 days of
detection. Table 2 presents predicted
probabilities of inactivity for selected
initial numbers of active trees.

Model Behavior

This discussion will be limited to
the behavior of the spobt inactivity
model derived from the 1975 and 1976
data {Model T1I, table 1}, and the non-
linear model cof spot growth.

The probability of a spot going in-
active is inversely related to the ini-
tial number of active trees {table 2).
A high number of brood trees insures
that a population of beetles is avail-
able for continuation of spot growth. A
large number of active Lrees also in-
creases the probability of synchrony
between pheromone producticn and SPB
emergence. In the absence of an active
pheromone source, emerging beetles will
disperse and the spot will go inactive
{(Gara 1967, Hedden and Billings 1979}.

Of the wvarious stand factors mea-
sured, only total basal area (TBA),
diameter at breast height (d.b.h.), and
the ratio TBA/d.b.h.? were significantly

Table 1.--Parameter estimates for the models to
predict spot ipactivity.

Oependent
Mode 1’ 5pe 502 wvariable {(x)

3 - 1.144 0.653 0.06% 0,023 AT
i -11.314 3.141 3.617 {.946 1n{AT)
[11% -~ 0.640 0.124 0.092 0.010 AT

! The model has the form p= TT‘EX—]E‘W

2 SD = the asymptotic stand deviation.
3 p = probability of a spot going inactive
after 30 days.

probability of a spot containing fewer
than 20 trees after 30 days.

probability of a spot being inactive
when ground checked within 30 days of
detection,

Table 2.--Predicted probabilities (p) of spot
inactivity for selected initial numbers of
active trees.

Initial number
of active trees Mode}
(AT) It 112

.69 .54
.93 .32
.36 .16
.22 .07
.12 .03
.07 .01

1 .
T T ¥ exp (-1.144 + 069 AT)’
probability of a spot going inactive
after 30 days.

1 .
1 + exp (-11.314 + 3.617 inAT)’
probability of a spot containing fewer
than 20 trees after 30 days.

1 .
1 + exp {-.640 + 0.92 AT)®
probability of a spot being inactive when
ground checked within 30 days of detection.




Table 3.--Behavior of the spot growth model.?
Irees killed per day when the popuiation
level (POPY is 3.05 spots per thousand
hegtares of host type.

g.bh.h. 1BA (m“/ha)
{cm} 15 25 35 45
AT {number) = 10
20 . 1485 . 1784 .2142 L2573
15 L1528 L0921 . 160% L2799
50 022G L0420 . 0803 L1535
Al {number) = 50
20 1024 .8436 1,10132 1.2170
i% , 24598 L4355 L7593 1,3238
it L1039 . 1986 . 3800 L1261
AT (number) = 158
20 2.0287 Z.4366 2.9265 3.5149
35 L1214 1.2578 2.1930 3.8235
50 L3001 L5737 1.0969 2.0971

U 3n{TK) = 3.43457 + 96545 In{AT)
- 2.84669 In{DBH) - 22.13668 TBA/DBH?
+ 0.73662 TBA + .22567 POP

related to spot giowth. For a given
average dismeter, the rate at which new
tvees are killed increases as TBA in-
creases {table 3). Trees will be more
closely spaced in stands of high TBA
than in stands of lower BA, assuming the
trees 1n the stands have the same diame-
ter distribution. Trees in dense stands
will experience greater competition for
regources {Hedden 1978a) and will grow
at. @ slower rate than under less crowded
conditrons (Schumacher and Colle 1960).
Kigh stand density, low radial growth,
and reduced tree vigor are characteristic
of SFR infestations (Loric 1968 and
1978, CToulson et al. 1974, Ku et al.
EY'e Y.

wide Lree spacing, regardless of
tree viger, can also limlt spet growth.
Gara and Coste:r (19683 have shown experi-
mentally that spot growth ceases when
the distance between a tree currently
under attack and the nearest unattacked
pine 1s ygreater than 6 to 9 m. Johnson
and coster (1978) indicate that this
phenomenon may only apply in small to
moderate 1nfestations (- 100 active
trees} with a single pheromone scource.
In large spots {* 100 active trees} with
muitiple pheromone sources, the proba-
bility of attack is more dependent upon
the size of the resident beetle popula-
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tion than upon tree spacing {Johnson and
Coster 1578) or stand conditions {(Hedden
unpublished}.

As average d.b.h. or the ratio
TRA/DBH? increases, the rate of spot
growth decreases (table 3}. 1In a stand
of fixed bazal area, as d.b.h. 1ncreases,
distance between trees increases. This
increase in spacing has the effect of
reducing both intertree competition and
the probability that an unattacked neigh-
bor tree will come under the influence
of an active pheromone source.

Speot growth also increases as the
number of spots detected per year in-
creases. This wvariable is probably
related to SPBR brood production pev
tree, beetle brood developmental rates,
and possibly beetle immigration from
nearby spots--variables not measured in
this study.

Simulation of Infestation Growth

Spot growth can be simulated with
the spot spread model and the spot in-
activity function if the stand character-
istics and initial spot size are known.
The combinaticon of the spot spread wmodel
and the inactivity function make up the
spot severity model.

Because the inactivity function
gives the probability of a spot becoming
inactive within 30 days, the simulation
of spot growth is broken into 30-day
pericds. The discovery of a spot is
considered fo be the beginning of the
first simulation pericd.

At the beginning of each 30-day
period, the spot is tested to determine
if it becomes inactive during that period.
This is done by generating a uniform
{(0,1) random variate and comparing it
with the probability of a spot becoming
inactive from the inactivity function.
If the uniform random variate is less
than the inactivity probability, the
spot iz grown for an additional 15 days
as a best estimate of when activity
would cease. 1f the uniform random
variate 1s greater than the inactivity
probability, the spot is judged to remalin
active throughout the entire period. The
spread of the spot is then calculated
for the entire 30-day period, the new
number of attacked trees is found, and
the next simulation period is entered.
This procedure i1s continued until the
spot 1s terminated or the end of the
season of beetle activity 1is reached.
The spots remaining active at the end of
the last 30-day period are allowed to
expand for 15 days more before termina-
tion. This allows for the termination
of beetle activity in individual spots
while no new spots are beginning.



Table 4.--Results of the validation test of the severity model on data from north Georgia.

Mumber of attacked lrees

OQbserved
Tnitiail

Final

Predicted
Final

Predicted
Max imum Minimum

Residual

20 24

12 18
10 18
8 29
17 30
14 50
20 27

14 25

4 4 5.

22 23

22 22

Totals 270

25.
22,
16.
18.
30.
30.
24.

18.

29,

29.

&7
88
92
95
a6
85
0
28
01
76
22

+ 1.67 37. 21.

+ 4,88 34. 15.

- 1.08 24. 11.

~-10.0% 36. 10.

+ 0.06 54, 20.

9.15 52. 17.

.10 31. 21.

.72 23. 15.

.01 6. 4.
.76

41. 25.

N

! Average of ten simulation runs.

Model Validation
Validation Data

The spot spread model and the inac-
tivity function were developed from east
Texas data, but no data from that region
were avallable for validation. Dr. G. E.
Moore, of the United States Forest Sex-
vice, supplied data collected in north
Georgia for the purpose of validating the
severity medel. This data set consists
of 11 infestations that had been visited
in June 1977 and revisited in October of
the same year. The necessary stand vari-
ables (total BA and mean stand d.b.h.},
the population level, and two measurements
of the number of attacked trees, taken
about 4 menths apart, were available for
each spotb.

Procedure

The number of attacked trees in each
of these Ll spots had been initially ob-
served in June and then again in Qctober,
a period of about 120 days or four 30-day
periods. For simplicity of simulation,
each spot was assumed to have been dis-
covered on the first day of June. Spots
were followed through four simulation
periods. If a simulated spot was active

at the end of the fourth period, it was
grown for an additional 1% days and
terminated. This was done because 120
days from June 1 is September 29, and
the extra 15 days caused the spots to be
active intc Octeber, when they were actu-
ally remeasured.

validation Results

The results of the wvalidatien pro-
cedure are contained in table 4. The
growth for each spot was simulated 10
times and averaged. The severity model
predicted that there weould be 6.45 per-
cent fewer trees killed than were observed.
The total number of trees killed on
individual runs bracketed the observed
number of trees killed. Spot number
C-12 was the only spot that expanded
gignificantly after the first measurement
in which the predicted number of trees
killed from individual simulation runs
did not bracket the observed number of
trees killed. For spot number C-10, 3
of 10 simulation runs predicted slightly
more trees killed than were observed and
the other 7 predicted significantly
fewer trees killed than were observed.
If this underprediction is interpreted
as meaning that spot C-10 behaved abnor-
mally, and this spot is therefore removed




from the validation data set, then the
new observed number of trees killed is
reduced to 220 and the new predicted
total te 221.75, an overprediction of
0.8 percent. Spots C-13, C-14, and C-15
did not expand significantly after the
initial observation. in the simulation,
if a spot became inactive within 30
days, it was grown for 15 days and termi-
nated. Evidence suggests that spots
€-13, ¢-14, and C-15 did not expand for
1% full days after detection. Thus, the
final predicted number of trees killed
in these spots was higher than the ob-
served number of trees killed.

These simulation results are espe-
clally encouraging when it is noted that
the models were developed from data
gathered in east Texas while the test
data were collected in north Georgia.

Models for predicting southern pine
beetle infestation growth and decline
are useful in the development of regional
SPB damage projection systems {Reed et
al. 1980}). Such systems assist planners
and policy makers in develcping regional
programs of pest management and in allo-
cating funds to carry out these programs.

Models of southern pine beetle spot
growth and inactivity are also important
to land managers in developing programs
of prevention as well as direct suppres-
sion. Silvicultural manipulation of
overstockad stands has been recommended
to minimize the occurrence of SPB infes-
tations (Hedden 1978b). The same prac-
tices should serve to reduce timber
logses from summer spot growth during
most years. When new spots are detected
in early summer, immediate control is
recommended for larger spots (100 or
more active trees) as excessive timber
losses may occur in even sparse stands.
in moderate-size spots (20 to 100 active
trees), high priority shounld be assigned
to spots in dense stands. Small spots
with less than 20 active trees should be
given lowest prioxity. These spots,
especially those without signs of fresh
attacks, will probably be inactive in a
few weeks with little or no additional
timber loss.
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LONG~TERM, REGIONAL PROJECTION OF

SOUTHERN PINE BEETLE DAMAGES

David D. Reed, Harold E. Burkhart, and William A. Leuschner!

Abstract.--We made long-term projec-
tions of damages caused by southern pine
beetle by incorporating an SPB-specific
mortality component into the Timber Re-
source Analyvsis System {TRAS). Regional
damages are simulated using variables
available from the stand table projection
used by TRAS Lo predict future forest
resources. Options are available for
examining varicus management strategles
for contrelling the scuthern pine beetle.

INTRODUCTION

In planning management activities
to control southern pine beetle (SPB}
{(Dendroctonus frontalis Zimm.} damages,
1t is necessary to project probable
long-term damages. Damages occurring
without any control efforts and damages
occurrang with wvarious control efforts
should be projected and compared. The
benefits gained by control =fforts are
the difference between damnage levels
occurring when the contrel ..easures axe
applied and those occurring if no contrel
is attempted. Control effort costs can
then be compared to projected benefits
of those efforts in an economic analysis
of control activities.

This discussion will be centered
upon methods to project SPB-caused
damages over long time pericds (25 or
more vears} for a multicounty area. The
program provides information to decision-
makers developing long-term, regicnal
pest management strategies rather than
projecting consequences of management
decisions for a particular spot at =a
particular time.

' The authors are, respectively,
Graduate Research Assistant, Professor
of Forest Biometrics, and Associate Pro-
fessor of Forest Economics, Virginia
Polytechnic Institute and State Univer-
sity, Blacksburg.
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SYSTEM CHARACTERISTICS

Any system designed to project
long-term damages wust also lncorporate
changing forest conditions over that
time period and account for the changes
in the forest that occur as a result of
both man's and the beetleis activity.
‘Taking into account the changing forest
is necessary because the forest charac-
teristics of a region can be considered
constant only if the object is to project
short-term damage levels and/or to ex-
amine the consequences of specific types
of control strategies to be applied to
existing situations. In the long term,
the conditions of the forests of a re-
gion are subject teo change and the
activity of the beetle can influence the
changes.

The Timber Resource Analysis System
{TRAS ), developed by the U.S. Forest Ser-
vice, prejects long-term timber supply
under varicous assumptions regarding
removal rates and management practices
{Larson and Goforth 1970, 1%974). 1In the
existing TRAS program, mortality rates
are specified by the user and applied to
each vear of the projection. This study
developed an SPB-specific mortality com-
ponent to adjust total mortality to re-
flect control efforts and insect behavior.

TRAS

TRAS is a FORTRAN language computer
program used by the Renewable Rasource
Evaluation Unit {formerly called Porest
Survey)} to make long-term timber inven-
tory projections, among other things. A
stand table projection method is used to
project changes in the forest structure
through time. In this method, the forests
on a large acreage are classified accord-
ing to stand and/or site characteristics
such as species compesition or site
class. The stand type classifications
are up to the user and may be as broad
or as narrow as desired. The projections
are then made separately for each stand

type.

To run the program for a stand
type, an estimate of the number of trees
for each diameter class {in 2-inch incre-
ments) is entered. This information is
available from the forest survey data
collected periodically in each State.




The user also specifies removal, mortal-
tty, and ngrowth rates for each size
class, as well as the volume per tree in
each closs. The program then calculates
the c¢hange 1n the stand structure by
applying these rates to each size class
and detfermining the net change in the
number of trees in the c¢lass in a year.
A new stand table 1s computed, and, if
desired, the process can be repeated.
Users can reguest output, which contains
the current 1nventory and the net growth,
removals, and mortality of the year by
2-inch diameter classes, at the end of
any year.

There are several optlons avallable
Lo the user regarding removal and ingrowth
rates that account for various types of
torest management. However, once these
initial rates and options have been
entered, they cannot be changed during
the projection period. Detailed infor-
mati1on on the program and the options
availehle can be found 1n Larson and
Gotforth {1970, 1974).

SOUTHERN PINE BEETLE MORTALITY

Originally, TRAS calculated annual
mortality 1n each Z-inch diameter class
by multiplying a user-supplied mortality
rate hy the number of live trees 1in the
clags. No effort was made to distinguash
moltality totals by cause of the mortal-
1ty. The methods discussed here estimate
the amount of mortality due to the SPB.
All other wortality 1w handled as before,
py multiplying the number of live trees
1n vach class by a mortality rate. This
mortality rate can be a total mortality
rate, % 1t i5 1n the original TRAS
pragram. In this case, the SPB mortality
18 valculated and subtracted from the
total mortality, to leave mortality due
to other causes. Another option 1s that
the mortality rate represents non-5SPB
mortality. 1If so, the total mortality
can be found by summing the SPB mortality
and non-SPB mortality.

Southern pine beetle mortality
estimation can be broken into two parts.
First, the number of spots that cccur in
the entire acreage included in a run is
estimated. Second, the growth of each
spot 13 simulated and the number of
trees killed in a year by the SPB is
found. Volume killed 1i1s then found
using the number of trees killed and a
local volume table supplied by the user.

Estimating the Number of Spotls

The number of spots occurring in
the forest or stand type of interest is
estimated by first finding the probability
of an outbreak occurring in the stand
type. There are two options in the

program invelving this probability. In
the first option, the user supplies a
single probability of stand attack for
the stand type of interest. This proba-
bility remains constant for the entire
projection peried, acting as an average
ocutbreak probability. In the second
option, the prohabllity of stand attack
15 found by using a model of the type
described by Daniels et al. {1979). The
outbreak probability 1s estimated by &
logistic eguation using stand, site,
and//or insect variables. This equation
takes the form

1

Xl + b2X2 +. ..t bkxk)

exp(bO + b

1

the estimated outbreak proba-
bility

the ith variable associated
with outbreak probability.

Daniels et al. (1979} developed
eguations for estimating outbreak prob-
abilities that contain only stand and
s1te variables such as age or basal
area. These variables change slowly;
thus, estimated outbreak probabilities
do not change much from year to year.
The number of spots occurring in a given
region can vary greatly from year to
year, however. So it appears that the
true outbreak probabilities depend on
more than stand or site wvariables.
Efforts are underway to find variables
that can account for the annual fluctu-
ations 1in outbreak probabilities, but
the efforts are restricted te using
variables from TRAS or which are easily
observed or predicted from year to year.
One alternative is to include a functien
of the number of spots occurring in each
of the previous 2 years as a predictor
variable for the outbreak probability in
the current year. If improved eguations
can be developed, they will be used when
the system is calibrated for east Texas.
Otherwise, the equations given by Daniels
et al. (1979) will be used.

Once the outbreak probability has
been determined for a stand type, the
number of spots occurring in a year is
estimated. This is accomplished by
first finding the number of stands in
the region and then stochastically test-
ing each stand to determine if an out-
break will occur. The number of stands
of a given type in the region is esti-
mated by dividing the acreage in the
stand type by the average size of a
stand of the given type. The acreages
of various stand types are available
from periodic Forest Survey data and
must be entered in TRAS whenever a pro-
jection is to be made. Data on average
stand sizes of different timber typas is
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now being collected by the Renewable
Resource Evaluation Unit of the U.S5.
Forest Service in its perieodic inventories
of the forests of the Southeast (Knight
15978},

After the probability of outhreak,
p, has been found and the number of
stands estimated, each stand must be
tested to determine if it contains an
outbreak in the current year of simula-
tion. To deo this, a uniform ({(0,1)
random variate is generated for each
stand 1n the stand type of interest. 1If
the uniform random variate is less than
the probability of cutbreak, an outbreak
1s Judged to occur in that stand. 1If
the random variate is greater than the
probability of cutbreak, an outbreak is
not nitiated and no mortality occurs in
the stand as a result of 5PB activity.

Simulating Spot Growth

If an outbreak is determined to
occur 1n a stand, the growth of the spot
15 simulated using a spot spread model
and a spot inactivity model {Hedden and
Reed 19B0}. Once a stand has been iden-
tifi1ed as being attacked, the time of
the year when the spot appears and the
initial spot size are generated. The
methods for deing this are identical to
those described by Reed et al. {(1%80).

Briefly, the spot inactivity func-
tion predicts the probability of a spot
becoming 1nactive within a 30-day period,
given the number of trees at the beginning
of the pericod. 1t is a logistic function
with the form

; 1
P * T ¥ exp(-1.02 ¥ 0.06 AT)

where

p = the estimated probability of a
spot becoming inactive within
the next 30 days

AT = the number of affected trees at
the beginning of the 30-day
period.

The spot spread model describes the
natural logavithm of the number of trees
ki1lled per day as a function of the
1nitial number of attacked trees, the
mean stand d.b.h., total stand BA, and
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the number of spots per thousand acres
of host type in the region in the year
of interest. This model has the form

In{TK/D) = ¢.7809% + 0.,96545 1nAT
~ 2.84669 lnDBH -0.78786 TBA/DBH?
+ 0.016914 TBA + 0.55764 POP

where

In(TK/D}

the natural logarithm of
trees killed per day

InAT the natural logarithm of
the initial number of

attacked trees

DBR = the mean stand d.b.h.
{inches}

TBA = the total BA of the stand
{££? /acre)

POP = the number of spots per
thousand acres of host
type for the year being
examined.

The variables needed for these
models are either generated or are avail-
able in the stand table, which is annu-
ally updated by TRAS. The initial
number of attacked trees is generated
for the first 30-day period. If the
spot exists for more than one period,
the number of attacked trees is updated
at the end of each 30-day pericd. This
new number of attacked trees is used in
the inactivity function and the spot
spread model in the following simulation
pericd. The mean stand d.b.h. and the
total BA are available from the stand
table carried by TRAS. The number of
spolts per thousand acres of host type
{POP)} presents a problem because in
TRAS, projections must be made by stand
type and cannot be made for all of the
stand types of the region simultaneously.
Thus, spots on contiguous, but different,
stand types are unknown. There is an
option in the program allowing the number
of spots per thousand acres of host type
in the region (POP), which includes the
spots in all stand types, to be either a
constant or estimated using the informa-
tion available in a stand type for each
vear. If POP is given as a constant, it
will represent an average value over the
years.

If POP is to be calculated each
vear, the user must specify the propor-
tion of the region's total number of
spots that occur in the stand type of
interest. This proportion is assumed to
remain constant over time and can be
estimated by simulating a large number
of spots using a set of spot incidence
equations as described earlier and the
forest characteristics of the area. The
number of spots occurring in the stand


http:exp(-1.04

type 1n M years of simulation can be
divided by the total number observed in
the # vears of simulation to estimate
the desired proportion, that :is:

P N, /N

1

average proportion cof the total
number of spols which occur in
stand type 1

the number of spots occurring
in stand type I ovelr & simu-
lated years

the total number of spots
cccurring in the region in
M simulated years.

The number of spots occurring 1in a
year 1n the stand type of interest is
multipiied by the reciprocal of this
proportion to estimate the regioun's
total number of spots. Dividing by the
total acreage in the regilon gives an
estimate of POP for use in the spot
spread model:

POF = n,-{P, * ACRES)

where

o= the number of spots 1n stand
Lype 2

the proportion of the total
number of spots which occur
1h stand type 1
ACRES thousands of acres of host
type in the region.

The number of trees kilied for a
year in the stand type s found by summing
the number of trees killed in each spot
aover all spots. This total number of
trees killed is then proportioned to all
diameter classes larger than 4 inches in
proportion to the number of living trees
in each class. The number of trees
killed 1n each diameter class 1is sub-
tracted from the nuwmber of living trees
1n the class. After other mortality and
removals have been subtracted and the
ingrowth added, the resulting stand
table 1s the inventory in the stand type
at the start of the next year.

Control Options

wWe 1ncorporated the artificial
termination of spot activity into the
system to represent ceontrol efforts.
This tTreatment consists simply of not
allowing a spot to expand for longer
than a specified number of simulation
per:ods. The specified number of pericds
until the spol is controlled represents

the maximum length of time that would
pass between detection and contrel of
the spot. A spot is considered controlled
if no more trees are killed in the spot
in the year. Spots terminating naturally
prior to the end of the control period
are allowed to terminate as 1f no control
efforts were underway. This gives a
conservative estimate of the control
effects since spots not naturally termi-
nating prior to the end of the control
period terminate on the last day of the
period. 1In practice, spots would be
controlled at various times within the
control period and not just on the last
day. This method of representing control
does not model any particular control
method, but rather it measures the impact
of any method which is 100 percent effec-
tive in not allowing the spct to expand
any longer. The effect of controlling a
spot within, say, 30 days after detection
can be compared to no control or control-
ling the spot within 60 or 90 days after
detection.

The maximum length cf time the spot
will be allowed to expand before it is
artificially terminated can be specified
for all spots in the simulation or just
those occurring at certain times of the
year. The user can reguest that control
efforts initiate with spots beginning in
any simulation period and cease with
spots beginning in any later period.
Thus, 1t 1is possible to examine the
controlling of only those spots occurring
before, say, June 1 and allowing other
spots to expand naturally. Alse, for
example, it is possible to control spotls
beginning between March 1 and August 1
and allow other spots to expand as they
will.

DISCUSSION

If the forests of a region consist
of several distinctive stand types, TRAS
must be run for each stand type toc make
long-term projections for the region.
This 1s true whether or not the SPB
mortality component is in effect. The
finer the distinctions made between
stand types, the more reliable the pro-
jections from the SPB mortality compenent
will be. However, the cost of acquiring
the data and running the program will
increase as the number of stand types
increases. The user must ultimately
decide how to divide up the region based
on data availability, precision require-
ment for estimation, and economic con-
sideration. Unfortunately, the more
reliable the projection, the greater the
data requirements and the greater the
cost.,




When the system has been calibrated
for o gspecific region and has been applied
to that region, there will undoubtedly
be portions of the system i1dentified
where improvement or refinement :s needed.
Until the gsystem s in practical use, it
18 difficult to identify the areas that
need modification. But once the system
15 1n operation and 1ts weaknesses are
1dentified, data can be collected, 1§
they ave not already available, For
model 1mprovement. Many of the models
in the SPB mortality component wevre
developed [rom date collected in only 2
cr 3 years of observations. Improved
estimates will undoubtedly result when
more extensive data becoma available.
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MODELS FOR SOUTHERN PINE BEETLE HOST DYNAMICS

Harold E. Burkhart

Abstract.--We developed stand mod-
ele tur loblolly pine that use individ-
ual trees ag the basic growth unit.
These models (one for planted stands,
the other for seeded stands) "grow" tree
Jdiameters and heirghts annually as a
tunction of btree size, site gquality,
competilion {rom neighbors, and a sto-
chastie component representing genetic
and wicresite variabilty. We then de-
termined i1ndividual tree mortality sto-
chastically through Bernouli trials.
subrout 1nes were added to each model to
yimulate the effects of selected silvi-
cultural practices. These models provide
a method for evaluating a wide range of
s1lvicultural treatments that might be
used to help control southern pine bee-
tle ($PBY population levels and have the
potential to be linked with SPB popula-
Lion models.

INTRODUCTION

stand models have been used exten-
sively for proguction forecasting and
evaluation of silvicultural alternatives.
More recently, there has been increasing
interest 1n the use of stand models when
assessing the impact of catastrophic
events such as southern pine beetle
{pendroctonys froatalis 2imm. ) infesta-
tions. Most stand models developed in
the past provide little detail regarding
atund structure and are limited to a
vaery small number of treatment alterna-
tives. Wwhen looking ahead at the wide
range of silvicultural treatments that
might be used to help control SPFB popu-
tation levels and the potential for
1inking stand models with SPB population
medels, we concluded that an approach
with more detaiied 1nformation about the
sire Jdistributions, growth, and mortality
et indivadual trees 1o stands would be
agpropt tate.  Consequently, we developed
individual tiee-based models for loblolly
pine (Frmus taeda L.) stands. A model

' The authors are, respectively,
Protesser and Graduate Research Assistant,
Dept. of Forestry, Virginia Polytechnic
Iinstitute and State Univ., Blacksburg.

and Richard #. Daniels'

was developed and tested for planted
stands (Daniels and Burkhavt 1975) first
and later extended to seeded stands
(Daniels et al. 197%b). The purpose of
this paper is to discuss the overall
structure and application of these two
loblolly pine stand medels. Details on
the derivation of components of the mod-
els, as well as complete FORTRAN source
listings, are contained in Daniels and
Burkhart {1975) and Daniels et al.
{197S8D).

PLANTED STAND MODEL

The plantaticn model, PTAEDA {Daniels
and Burkhart 1975), consists of two main
subsystems--one dealing with the genera-
tion of an initial precompetitive stand
and another with the growth and dynamics
of that stand. Management subroutines
were added to this framework to simulate
site preparation, fertilization, and
thinning.

Initial Stand Generation

A number of cptions are available
for creating rectangular spatial patterns
in PTAEDA. Users may specify the distance
between trees and between rows in a
conventional manner (e.J., & ft x 8 ft,

6 ft » 12 ft), allowiny the program to
compute the planted number of trees.

Alternatively, the number of trees may
be specified along with the ratio of

planting distance to row width (e.qg.,
3:4, 1:2). 1f this ratio is omitted,
sguare spacing is assumed.

From this information, a plot of
100 trees is generated with ten rows of
ten trees each. A fixed number of trees
was chosen rather than a fixed plot size
so that, in effect, plot size would
increase with decreasing density.

From this point, the iuvenile stand
is advanced to an age where intraspecific
competifion begins. Strub, Vasey, and
Burkhart (1975) found that over a wide
range of sites and planting densities,
the age at which average diameter in




plantations first differs from that of
open-grown trees 15 consistently 1 year
after Crown Competition Facter (CCF)
reaches 100. This relationship 1s used
to compute the end of the precompetitive
growth stage. CCF is predicted as a
function of surviving number of trees
per acre (TS), height of the dominant
stand {HD) (average height of dominant
and codominant Ltrees}, and age, using
the eguation develeoped by Strub et al.
{1975). This equation is evaluated each
year after age 5 until CCF 1s greater
than or egual to 100. HD 1s predicted
using the site index curves of Burkhart
et al. (1972), while TS is estimated
from the survival function of Smalley
and Bailey (1974}.

At this point the predicted Juvenile
mortality is assigned at random. Individ-
ual tree dimensions are then generated
for the residual stand.

Diameter at breast height (d.b.h.)}
is generated from a two-parameter Weibull
distribution with & cumulative distribu-
tion function as follows:

b
Fly) =1 -e ™ 0<ydw

The inversion technique was used for
generating random variates from this
distribution. Parameters a and b are
estimated from minimum and average d.b.h.
as follows (Strub and Burkhart 1974}:

Ln(T$/10)

b * {n DAVE - In DMIN
a e (Lt l/b)}b
DAVE
where
DMIN = minimum &.b.h. ({inches)
DAVE = average d.b.h. (inches)
TS = surviving number of trees

per acre.

DMIN and DAVE are predicted from stand
age, HD, and TS.

Height 15 generated for each tree
based on a prediction equation involving
d.b.h., HD, TS, and age. Crown length
15 then calculated as total height minus
clear bole length, where clear bole
length is a function of total height,
d.b.h., TS, and age.

After assigning dimensions to each
tree, the competition effect of neighbor-
ing trees is calculated as:

CIi =

I et

(B;/D; )/DIST, 4

3=1

158

where
D =d.b.h.

DIST

il

diztance between subject
tree I and jth competitor

CI. = Competition Index of the ith
Lree

n = the number of neighbors "in"
with a BAF10 sweep centered
at the ith tree

Growth and Dynamics of Stand

After generation of the precompeti-
tive stand, competition is evaluated and
trees are grown individually on an annual
basis. In general, growth in height and
diameter is assumed to follow some theo-
retical growth potential. An adjustment
or reduction factor is applied to this
potential increment based on a tree's
competitive status and wvigor, and a
random component is then added represent-
ing microsite and/or genetic variability.

Height Growth

The potential height increment for
each tree is the change in average height
of the dominant and codominant trees,
cbtained as the first difference with
respect te age of the following expres-
sion, transformed from the site index
equation in Burkhart et al. (1972):

up = s1 100(1/A - 1/25)
where
HD = average height of dominant stand
( feet)
51 = site index {feet) at base age
25 years

A stand age (years}

A tree may grow more less than this
potential, depending on its individual
attributes.

We believe that crown ratio is an
expression of a tree's photosynthetic
potential. So we used it in conjunction
with competition index in the adjustment
factor for height growth. The final
form ©f the height growth adjustment
Was

b -b,CI-b_CR
(bl + bQCR 3 e 4 > )



crown ratio
competition index

constants to be astimated
from data

An equation relating actual and
potential height increment by this factor
was fitted by nonlinear least sguares.
It can be seen that as competition in-
creases, the realization of potential
height growth decreases. Holding compe-
tition index constant, the adjyustment
factor has a maximum value when crown
rafio 1s roughly 0.25. 1t gradually
decreases with increasing crown ratio,
but decreases rapidly as crown ratioc
approaches zerc. It should be noted that
the height growth adjustment factor may
attain values * 1, so that, under favor-
able conditions, individual tree height
growth may be greater than the change in
average dominant stand height. A normally
distributed random component is added to
the final height growth determination.

Drameter Growth

The maximum d.b.h. attainable for
an individual tree of given height and
age was consldered to be egual to that
of loblolly pines grown in the open. We
developed an eguation describing this
relationship Erom open-grown tree data:

b, + b

o 1 H + b2 A

open-grown d.b.h. (inches)
total tree height (feet}
A = age from seed {[years}

The first difference of this egua-
ticn with respect te age was thought to
represent a maximum potential diameter
increment:

PDIN b, HIN + b

1 2
where

PDIN potential diameter increment
{inches)

HIN observed height ircrement
{ feet)

This potential diameter increment is ad-
justed by a reduction factor of the form

b., ~b,CI
(b, + b,CL 3¢ 4T

where CI represents competitive effects
and CL {crown length in feet) is a measure
of photosynthetic potential. The multi-
plier decreases with in¢reasing competition
and increases with increasing crown
length. An equation relating actual and
potential diameter growth by this factor
was developed using nonlinear Ileast
sguares. A normally distributed random
component is added to diameter growth
determinations.

The inclusion of measures of photo-
synthetic potential in the above models
plays a key role in determining thinning
response. Other investigators have
included only competitive effects in
such adjustment factors. However, when
a tree is released by removing neighbor=-
ing trees, its response will depend not
only on the reduction in competition for
resources but alse the potential it has
for using those resources. Both crown
length and crown ratic reflect this
potential.

Crown length is modified each vyear
as the difference between height incre-
ment and change 1in clear beole length.
Clear bole length is predicted annually
as a function of height, 4.b.h., age, and
number of trees per acre.

Mortality

We assumed the probability that a
tree remains alive in a given year to be
a function of its competitive stress and
individual vigor as measured by photo-
synthetic potential. Accordingly, we
developed an equation describing the prob-
ability using nonlinear least sguares
and wmethodology proposed by Hamilton
{1974) for fitting probabilities to dicho-
tomous (0,1) data. The probability of
survival eguation took the form

b
b, -b,CI *
PLIVE = blCR e
where PLIVE = probability that a tree re-
mains alive and CR and CI are as defined
previously.

PLIVE increases with increasing
crown ratio and decreases with increas-
ing competition. Wwhen crown ratio is 1
and -competition index is ¢, PLIVE takes
on its maximum value, by {1.08635}.
That this “probability" is > 1 is of no
practical concern in predicting PLIVE
under stand conditions.




In PTAEDA, survival probability 1is
calculated for each tree and uged in
Bernouly trials to determine annual mor-
tality stochastically. The calculated
FLIVE is compared to a uniferm randoem
variate between 0 and 1. 1f PLIVE 1g
less than this generated threshold, the
tree 1s considered to have died.

Management Routines

Atter PTAEDA was 1nitlally developed
for old-freld, unmanaged plantations, we
added management subroukbines to simulate
the cffects of site prepdaration, fertili-
zation, angd thinning.

Stte Preparakbtlon

The efficrency of a site preparation
wethod 1s modeled as the degree to which
a cutover si1te appreoaches old-field con-
ditions. we assumed that growth reduc-
tions on cutover land were due solely to
compeblng vegetation since changes in
slte quality caused by site preparation
practices could be described by initially
gpeclfying an appropriately adjusted
s1te 1ndex. Under these assumptions, we
developed a subroutine including a compe-
tition adjustment factor, which is multi-
plied times both competition index and
Lrees per acre to reflect the increased
number of stems on cutover land and an age
at whilch the stand will be released to old-
field cvonditions. The user must specify
the number of loblelly pine equivalent
competilors and the age at which the stand
will be released to old-field conditicens.

Fertilization

Response to fertilizer treatments
1s simulated by aincreasing the site
index. A site adjustment factor acts as
a multiplier on site index for fertilized
stands.

Of course, the true nature of ferti-
“izel response depends on many factors,
surh as the element applied, the applica-
tion rate, mode of application, time of
veay ot application, physiocgraphic prov-
ince, Jdrainage, and so1l texture, origin,
and tfertility. We did not have enough
data tv aggregate these effects and
their 1nteractions inte a reliable model
af tertilization response. Thus, 1t was
not possible to galibrate site adjustment
factors with actual fertilizer treatments.
Instead, three parameters were 1ncluded
which specify, respectively, the maximum
response in site gquality, the length of
time (from application}) 1n years to
attain this maximum response, and the
total length of time of the response.
Site index increases linearly from the
age of fertilization until maximum re-
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sponse 1s reached. From that time, the
site adjustment factor decreases linearly
until site quality, at the end of the
response period, 1s the same as the
original site quality prior to fertiliza-
tion. Linear functions were chosen as
initial approximations in the absence of
actual data. Users must specify values
for the maximum response, length of time
to attain this maximum, and total length
of time of the response.

Thinning

A user may thin by rows, from below,
or by a combination of these methods by
specifying the thinning type. Thinning
from below includes two options-~thinning
to an upper diameter limit, or to a
specified basal area. In either case, a
lower diameter limit may be specified,
below which trees will not be removed.
When a combination of thinuing types is
used, the row thinning occurs first and
the residual stand is then thinned from
below as specified.

Testing and Validating the Model

Validation of simulation models is
a difficult problem, involving many
practical, theoretical, and philosophical
complexities. The testing and validation
of PTAEDA was largely restricted to
empirical comparisons and analysis of
residuals with published and historical
data.

First, PTAEDA was used to generate
and grow stands over a wide range of
stand conditiens and silvicultural treat-
ments. These trials gave reasonable
results, suggesting that logical and
functional relationships were generally
in good order. However, we saw an illogi-
cal height response due to thinning in
these initial trials. Consequently. we
derived an expression for maximum height
growih from plot data and incorporated
it into the model. Subseguent trials
showed more realistic thinned stand vol-
umes. Further validation of the thinning
option was pursued by comparing PTAEDA-
generated thinning yields with those
published by Coile and Schumacher (1964)
and by Goebel, Warner, and VanLear (1974).
These comparisons indicated that the
refined thinning option works satisfac-
torily.

Yield predictions from PTAEDA were
originally evaluated with the plot data
of Burkhart et al. {(1972}. (NB: These
data were used in computation of some of
the components of PTAEDA and are thus not
a completely independent data set.} 1In
general, plot yields predicted by PTAEDA
were in close agreement with the observed
values. Subseguently, an evaluation has



been conducted with independent plot data
{(Daniels, Burkhart, and Strub 1979a).
This test indicated that PTAEDA provides
accurate estimates of merchantable cubic-
foot yield.

SEEDED STAND MODEL

The basic medeling philosophy and
Framework used by Danlels and Burkhart
(1975) for leoblolly pine plantation was
adopted in constructing model components
for seeded 1loblolly pine stands. in
this approach, stand development 1s
divided 1intc two stages. The first
stage 1nvolves the generatien of an
initial stand of trees abt the cnset of
competibtion. The second deals with the
anmual growth and development of that
stand by simulating the growth, mortality,
and competitive interaction of individual
trees. Added to this structure are
routines o simulate intensive management
practices, such as thinning and fertila-
zation.

in this discussion of the seeded
stand model {Seed-PTAEDA}, we will dis-
cuss only the aspects unigue to quanti-
fving components of seeded stands. Many
of the components are identical tc those
of the planted stand model and will not
be reiterated here.

Initial Stand Ceneration

The initial stand generation stage
involves the complete specification of
the stand spatial pattern and size distri-
butions, 1ncluding the assignment of
individual tree coordinate locations,
d.b.h., height, and crown length. Real-
i1stic specification of early stand struc-
ture 1s crucial to subseguent simulation
of stand dynamics. The aggregated spatial
patterns found in seeded stands are much
more complex to model than the simple
rectangular patterns of plantations.
Size distributions are also more varied.
Paniels and Burkhart (1975} employed a
prediction of the age at which competi-
tion begins to affect stand structure in
plantations, to determine the age to
generate tree sizes and to begin annual
growth computations. This appreach was
questioned for seeded stands due to the
higher degree of variability in tree
si1zes and spatial relationships in these
stands. These considerations prompted
intensive 1nvestigations into metheds
for realistically generating size and
spatial relationships in young seeded
stands.

Spatial Patterns

Daniels {1978) used point-teo-plant
distance methods and Pielou's {1969}
index of nonrandomness to quantify spatial
patterns in 40 even-aged lobloclly pine
stands of seed origin, ranging from S to
12 years old. His work indicated that
aggregated, or clumped, patterns were
prevalent in all seeding methods studied,
including natural {old-field}), seed
tree, broadcast, and aerial methods.
Further, nonrandomness index values were
not Found to be related to seeding method
or stand attributes such as age, site
index, or stand density.

Distance frequencies were further
described by Daniels {1978) using distri-
bution methods. By using sguared distance
as the variate, he derived a form of the
Pearson type XI distribution from the
aggregated distribution proposed by
Eberhardt {(1967). The Pearson type XI
distribution fit observed values well
and was used as a spatial model for
seeded stands. Using this distribution,
we developed a routine to generate seeded
stand spatial patterns, given stand
density and nonrandomness index values.

$ize Distributions

After generating the initial stand
spatial pattern and assigning tree coordi-
nates, tree sizes are assigned. We used
a two-parameter Weibull function, with
methods akin to those used in the planted
stand model, to model the diameter distri-
bution of the initial stand.

A fixed age of 10 was chosen for
generating the initial stand because of
the difficulties involved with determin-
ing an age when intraspecific competi-

tion begins. We think that competition
already has begun to affect growth at
age 10 in typical seeded stands. To
reflect this influence, initial diameters
are assigned as a function of competition
at age 10. For each tree in the stand,
d.b.h. 1is temporarily set equal to the
average diameter and the competition
index is evaluated to provide an index of
tree growing space. Actual diameters
are then generated, sorted largest to
smallest, and assigned to tree locations
sc that the largest 4.b.h. is associated
with the smallest competition value,
etc. Correlations between tree sizes
and spatial measures in young seeded
stands were shown by Daniels {1978} to
be negligible, but these methods should
ensure logical spatial-size relationships.

Total height (H) 1is assigned for
each tree using a prediction eguation
based on Jdiameter at breast height
{d.b.h.), height of dominants and codomi-
nants {HD}, survaving number of loblolly




pine trees per acre (TS}, and age (A).
Crown length is determined as total
height minus clear bole length (CBL)
where CBL is predicted as a function of
H, d.b.h., TS, and A.

Stand Growth and Development

Arter generation of the juvenile
stand, competition is evaluated and
trees are grown individually on an annual
basis. As before, growth in height and
diameter is assumed to follow some theo-
retical growth potential. An adjustment
of reduction factor is applied to this
potential increment based on a tree's
competitive status and vigor, and a
random component is then added represent-
ing microsite and/or genetic variability.

Height increment, diameter increment,
and mortality models in Seed-PTAEDA are
the same as those in the plantation
model.

Management Routines

Subroutines to simulate hardwood
control, fertilization, and thinning are
included in Seed-PTAEDA. These subrou=-
tines are similar in structure and oper-
ation to their counterparts in the plan-
tation model PTAEDA.

Initial Tests

we performed initial tests of the
seeded stand wmodel. These tests indicated
that the overall model structure appears
adequate for simula*ing seeded stands,
but complete calibration will require
further data on growth and survival of
individual trees. Data reguirements and
calibration procedures are discussed in
Daniels et al. {1979b).

APPLICATIONS

The two medels described offer
detailed information for analyzing growth
and dynamics of loblolly pine stands
over a wide range of regeneration and
cultural alternatives. These models may
be incorporated into projection systems
to estimate regional SPBR losses. By
projecting host dynamics, given estimates
of SPB incidence and severity for differ-
ent stand conditions, we could estimate
expected SPB losses. Because of the
flexibility of the groewth models for
simulating wvarious cultural regimes,
proposed silvicultural programs aimed at
reducing SPB losses can be evaluated
vis-a-vis current practices.
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Because these stand models incor-
porate the spatial patterns and dimensions
of individual trees, they may be useful
in the study of SPB populations and
5PB/host interactions at the tree and
stand level. SPB population and behavior
models that use intertree distances or
measures of tree stress and vigor could
be tested and linked with the PTAEDA
models, thereby incorporating host dy-
namics. Such a link would provide an
opportunity to study relationships be-
tween SPB population levels and the
future host dynamics for a wide range of
conditions.
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ATTACK:EMERGENCE RATIO AS

AN INDICATOR QOF AREA

SQUTHERN FPINE BEETLE POPULATION TRENDS AND EXPECTED

TIMBER MORTALITY IN THE PIEDMONT OF GEORGIA

George W. Ryan, William A. Carothers, Cordon E. Moore, and Helen Bhattacharyya'

Abstract.--The use of attack:emer-
gence (A:E} raties to predict southern
pine beetle (bendroctonus frontalis)
population trends and as a factor in a
model to predict related timber mertality
has proven effective in past studies on
individual spots. This study represents
an expansion of the methodology to pre-
dict insect population trends and ex-
pected timber mortality on areas of 826
acres. Data from 77 southern pine beetle
spots in 39 sample areas have been col-
lected and are currently being analy=zed.
This data from the Piedmont of Georgia
will be used to develop {(on 26 sample
areas) and validate {(on the 13 remaining
areas} a linear regression model that
predicts southern-pine-beetle-related
timber mortality from June through Octo-
ber. Population trends will be predicted
from A:E ratios and evaluated by using
aerial photography and ground sampling.

INTRCDUCTION

1t has become clear that forest
managers need to be able te predict
accurately the population trends and
expected timber mortality associated
with damaging forest insects. The
amounts of money budgeted for suppression
projects and determining contrel priori-
ties point up ocur sense of urgency on
this metter.

' The authors are, respectively,
Statistician, USDA Forest Service, South-
eastern Area, State and Private Forestry,
Atlanta, Ga.; Entomologist, USDA Forest
Service, Aerial Survey Team, Southeastern
Area, State and Private Forestry, Dora-
ville, Ga.; Entomologist, USDA Forest
Service, Southeastern Forest Experiment
Station, Research Triangle Fark, N.C.;
and Statistician, USDA Forest Service,
Southeastern Forest Experiment Station,
Research Triangle Park, N.C.
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In the past, the basis for southern
pine beetle (Dendroctonus froatalis
Zimm.) population trend predictions ran
the gamut from "gut feelings" of the
evaluator to elaborate and time-consuming
considerations of the many variables,
real and often imagined, that determine
the ebb and flow of the population. The
interactions of parasites and predators
on the SPB population, as well as climatic
influences and site-stand conditiens,
have been considered.

with the advent of the Expanded
Southern Pine Beetle Research and Appli-
cations Program (ESPBRAP), the develop-
ment cof predictive systems and models
accelerated. Many different, and at
times opposing, approaches have been
taken. The approach to the problem is
of little consequence as long as it is
based on factual evidence and the ulti=-
mate goal of consistently accurate pre=-
dictions 1s reached.

One such approach is the use of
ratio estimates. Researchers have in-
vestigated a number of ratios, including
emergence/attack, attack/emergence, emer-
gence/eqg, and a variety of similar com-
parisons, for use in predicting SPB
population trends. The main advantage
in uging this kind of predictive tool is
that the ratios are fairly easy to deter-
mine. To date the most promising appears
to be the ratio of attack to emergence
{Moore 1978 and Moore et al. 1979 unpub-
lished).

Mocre's methodology compares the
number of attacking adults to the brood
which subsequently emerge, 1.e., the
attack emergence {(A:E) ratio of a 3.1
dm? bark sample. A prediction of spot
growth or decline is then made based on
the calculated A:E ratio. (If necessary,
several secondary factors may be incor-
porated in conjunction with the A:E
ratio.) This methodology was used oper-~
ationally for 2 years on declining popu-
lations (Morris 1975 and 1976). The
results of a study of 22 SPB spots in
North Carolina indicate that predictions
made using the A:E ratio compared favor-
ably (average: 95 percent with the actual
trends) (Haln 1979 unpublished). We must
emphasize that until our study, only
declining populations in individual spots
served as samples on which predictions
and evaluations were made.



Because of the consistently accurate
predictions which have been made using
Moore's methodology, we initiated our
study to {1} determine if Moore'e method-
ology could be modified to successfully
predict SPB population trends on an
areawide basis, and (2} develop and
validate an area model to predict expected
timber mortality (SPB-related) during
the peried of June through October.

PROCEDURES
Spot Selection

The results of routine aerial detec-
tion surveys conducted by the USDA Forest
Service Aerial Survey Team (Carothers
13979 and Dull 1979) indicated an expanding
southern pine beetle population in the
Ceorgia Piedmont. In particular, the
Oconee National Forest, Hitchiti Experi-
mental Forest, and Piedmont National
Wildlife Refuge experienced an increase
in the numbers and sizes of spots.
Largely because of Federal ownership, we
sought and gained permission to conduct
our study on these areas.

True color aerial photography {9% x
9" format} at a scale of 1:8,000 was
obtained from flights conducted during
late May and early June of 1979. 1Initial
photo interpretation delineated areas of
dead and dying pines. A probability
proporticnal to sime (PPS) sampling
scheme was employed to select four spots
in each sample area of 826 acres (approxi-
mately the area covered by one aerial
photoe at a scale of 1:8,000).

A sampling scheme that one might be
tempted to use within each area is strati-
fied randem sampling, in which the strati-
fication 1s by level of intensity, or spot
size. However, stratification within an
area is not appropriate, because sampling
within an area cannot be sufficiently
intensive. The structure of our areas
negates the use of stratification, but
1t is still important to maintain the
area concept in the model. That is, the
model is supposed to be developed to
apply to geographic units (areas).

Singe the level of infestation is
proportional to spot size, PPS sampling
can be effectively used. This would be
tantamount, or at least analogous, to
stratifying by level of infestation.
Small spots show a greater tendency to
collapse than larger ones (Hedden and
Billings 1979). 'Therefore, it is appro-
priate to use a sampling scheme where
spots are selected with unequal proba-
bility.

The purpose of an unegual probability
sampling scheme is an increase in the
precision of the estimate. A simple ran-

dom sample of spots within areas could be
used, but the precision of the resulting
estimators would in all likelihood be
inferior to stratified random sampling.
And as remarked above, stratification is
not feasible within an area.

Since ratio estimates are going to
be used for many of the estimates, the
increase in precision by use of PPS
sampling compared with any equal proba-
bility sampling or stratified sampling
may be considerable {Cochran 1977).

We selected four spots in each area
in the event that some agent cther than
southern pine beetle (Ips, fire} was
responsible for the pine mortality or
the spot was inactive. Only two spots
per area were actually sampled. Our
initial geal was to sample 90 spots in
45 areas. Due to constraints of time
and the land managers, only 77 spots in
39 areas were sampled {in one area only
one spot was sampled).

Data Collection Y

Ground crews visited spots within
each sample area in the priority desig-
nated by the PPS sampling scheme, using
aerial photos as maps. The crews rr-ter-
mined the cause of the pine morca’? = inq
each spot. If SPB was the c.use, -
crews determined the number of actire
trees (those ¢ rtaining SPB brood or
attacking fults by chipping and exam-
ining the: - .rk at breast height. Each
active tre. was marked with paint and
tallied. All vacated trees (those from
which all SPB brood had emerged and which
contained no attacking adults) were also
tallied. BAn estimate of number of freshly
attacked (containing only attacking
adults) was recorded.

The crews measured total basal area
and pine BA 6 m in front of the advancing
head of the spot. If the workers found
more than one active head, they took
basal area measurements in front of
each.

One bark sample (3.1 dm%) was re-
moved from two to five recently vacated
pines {no SPB brecod remaining, but with
larval galleries intact) at breast height.
Five samples per spot is optimum, but in
many cases fewer than five were collected.
Each bark sample was tagged for identifi-
cation, placed in a plastic bag, and
transported to our temporary headguarters.




Field A:E ratios were determined by
counting the total number of holes on
the cutside of the bark, subtracting the
sum of attack holes and air holes from
the total, and applying the number of
attack holes to this number of emergence
holes:

No. attack holes
Total ne. holes - (no. attack holes
+ no. air holes)

AE =

Laboratory A:E ratiocs were determined
by X-raying each sample and determining
the number of attacks, air holes, emerg-
ences, living brood still in the sample,
dead brood, and the cause of death if
knewn (parasite, predator, or disease):

No. attacks
No. SPB emerged + no. healthy SPB
brood in sample

A:E =

The field and laboratory A:E ratics
will be compared, but trend predictiocns
will be made only from laboratory A:E
ratios.

Further photo interpretation was
~rressary to determine the total number
of infested trees per sample area (based
on crown color), acres of susceptible
host type (> 25 percent pine compesition)
per area, and acres of infested pine per
area. This data will be considered as
inputs in the development of the model
tce predict expected timber mortality.

In October, we began the second
phase of the study. Again, aerial photog-
raphers surveyed the Oconee National
Forest, Piedmont National wWildlife Refuge,
and Hitchiti Experimental Forest. These
photos are currently being interpreted
to determine the subsequent tree mortality
since the first flight in June. This
data will be used to determine the accu-
racy of our predictions of trend and to
evaluate the timber mortality model.

iypon completion of the second photog-

raphy mission, the field crews revisited
76 of the sample spots {one spot could
not be relocated). In each spot the
number of additional pines killed by SPB
since the first ground sampling was
recorded. Volume measurements were
collected on 10 representative trees in
each spot in the event that we might
need to determine mortality on a volume
rather than a tree basis.
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STATISTICAL ANALYSIS
Model
Definition of HModel

The model being developed concerns
the prediction of N,/N,; that is, the
ratio of subsecquunt %oriality {additional
trees killed)} between the time of predic-
tions and time of evaluation to the
number of infested trees at the time of
prediction. The model is in the form

NZ/Nl = bO + blxl + b2X2
* byXy + byXy ¥ bgXg
where N, and N, have been previously de-
fined afid the Endependent variables are
defined for each area as follows:
X, = mean E:A ratio,

X

2 Pg {1 - pS] As’ where

Pg ratio of the number of
acres of infested land
in the area to the number
of acres of susceptible
host type in the area,

As = gize (in acres) of the
area,

Xy = number of spots/100 acres of
susceptible host type,

X4 = mean basal area,

X. = mean number of fresh attacks;

and where b,, b, ..., b5 are the regres-
sion coeffilients.

Rationale for Using N,/N,, as Dependent
Variable in the Model

The ratio was used {(instead of mean
per unit)} because ratio estimators are
superior to mean per-element estimators
if the two variables making up the ratio
are highly correlated. In stratified
random sampling, the mean per element
may be of poor precision if the means
per unit vary little from spot to spot.
A ratio estimator in which N, is the
auxiliary variate will have gfbater pre=-
cision. Alse, the use of a ratio esti-
mator in which the denominator is pro-
portional to spot size will accomplish,
in part, stratification by level of
intensity of infestation.

Note that the units of measurement
of both N, and N, are trees; therefore,
the ratiolis diméhsionless {similar to a
coefficient of correlation). The quan-
tity, although computed from spot data,
applies to the total area by virtue of
being divided by N,. Hence, no inflating
or "blowup" factor is needed.



Method of Computing A:E Ratic for Spot

The average of the A:E ratios for
the sampled trees in each spot is used
as the A:E ratio for the spot. This
amounts to use of a separate ratio esti-
mator instead of & combined estimator,
which would have been the ratio of cover-
all attack to overall emergence. Even
though combined ratio estimators may be
appropriate statistically, since the
sample size within each spot is not
large enough to apply separate ratio
astimators, the separate estimator is
valid for biological reasons. The number
of trees per spot being sampled may not
be large encugh to apply the variance
formulas for separate ratio estimators.
Thig does not mean ihe separate estimator
cannot be used. The small sample size
may prevent any hypothesis testing con-
cerning the A:E ratio, but the main
interest lies in the estimation of NZ/Nl’
not A:E ratio.

The mean A:E ratio for the area is
the average of the A:E ratios of the two
spots sampled.

Estimating Number of Freshly attacked
Trees

Since freshly attacked trees are
not directly detectable on aerial photog-
raphy, ground data from the two spots
sampled per area is used to estimate the
number of fresh attacks. We are doing
this by means of photo interpretation
factors being developed using the data
from the ground checks. A factor is
computed for each area and applied to
the total number of infested trees in
the entire area to cobtain an adjusted
number to be used in the model develop-

ment. This is done for both Nl and N2.

variable Selection and Model Validation

I1f some terms do not contribute
significantly to the model's effective-
nesg, as determined by appropriate sta-
tistical analyses, they will be deleted.
Transformations will be considered depend-
ing on the nature of the data. Hopefully,
the simplest but most effective equation
for predicting expected timber mortality
will be revealed.

In order to validate the model, the
39 study areas have been divided into
three blocks of 13 areas each, HNE, NW,
and SW. The model will be developed
using two ©of the blocks and tested by
use of the third. That is, the model
will be validated on the areas of the
third block by comparing the values of
N./N, it gives wit™ the actual values
mgas red.

The model will be predictive in the
sense that it may be used in a new area
of the Georgia Piedmont with the constants
developed. By using the third block of
land for model validation, we will test
the hypothesis that the model can be
used in nhew areas.

Applicability and Extension of Model

After the evaluation period, the
results of the study will be analyzed
and reported. We will assess the practi-
cality of using the A:E ratio as a guide-
line for S$PB management decisions. If
the results indicate that use of the A:E
ratio 1s accurate for areawide prediction
of expected timber mortality in the
Georglia Piedmoat, this technigue should
be tested in other geographic areas.

An extension of the design to a
larger block of land (e.g., 100,000
acres) could be handled by means of a
two~stage sampling procedure 1in which
the primary units (first stage) would be
the "areas™ as discussed previously,
except that only a portion of all the
areas in the block would be selected.
The areas would be chosen by some unegual
propability scheme with probabilities
proportional to percent host type {i.e.,
analogous to stratified random sampling}.
The model development here would be
applied to the sampled areas, and an
estimate of Nz/Nl computed for the large
block.
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EMERGENCE : ATTACK RATIO!

AS A PREDICTOR OF SOUTHERN-

PINE-BEETLE-CAUSED TREE MORTALITY

Gordon E. Moore, Gerard D. Hertel, and Helen T. Bhattacharyya®

Abstrack.-~Several predictive models
based on E:A ratlo are developed to
estimate the 4-month tree mortality in
indivaidual spots. A least-sguares fit
based on E:A raetio alone resulted in the
eguation N = -3.81 1 1.%40Q with R¥ =
0.7 and g¥ - l4.82.

INTRODUCT LON

Forest managers and pest control
foresters have attempited to predict the
trend of southern pine beetle (SPB},
Pepndroctonus frontalis Zimmermann, 1in-
festation 1n the past with limited suc-
CEsSS. Yet, understanding the dynamics
of spot growth 1s wvital 1n determining
where suppression efforts should bLe
applied. Continued SPB-caused losses of
growing stock have been attributed to
several fFactors. Hedden (1978) wmpli-
cates increasing basal area of pine per
acre 1n east Texas, while Belanger,
Jegood, and Hatchell (1979} pinpoint
correlation with slow radial grewth and
high percentage of live crown. Several
studles that led to pest population
dynamics or prediction models have been
funded by the Expanded Southern Pine

! The name of the ratio has been
changed from attack:emergence to emer-
gence:altack because the new term better
expresses the number actuelly used.

= The authors are, respectively,
Regearch Entomologist, USDA Forest Ser-
vice, Southeastern Forest Experiment
Stakion, Research Triangle Park, N.C.;
Research Coordinator, USDA Expanded
Southern Pine Beetle Research and Appli-
cations Program, Pineville, La.; and
Mathematical Statistician, USDA TForest
Service, Southeastern Forest Experiment
~Station, Research Triangle Park, N.C.

4 Moore, G. E., G. D. Hertel, and
B. T. Bhattacharyya. 1979 Unpublished.
Sguthern pine beetle attack:emergence
ratio and stand factors for predicting
spot trend. 25 p. Final report, Ex-
panded Scuthern Pine Beetle Research and
Applications Program.

Beetle Research and Applications Program.
These were based on within-tree and
within-stand sampling models such as
those of Coulson et al. (1976) and Foltz
et al. (1977}.

Spot growtih or decline has been re-
lated to the vigor of the beetle popula-
ti1on as expressed by a trend prediction
model using the emergence:attack ratio
{Morris 1975, 1976; Moore 1978; and
Moore, Hertel, and Bhattacharyya®) and
to the number of trees and basal area of
pine in the stand (Hedden and Billings
1979; Twardus, Hertel, and Ryan 1978).
This study was carried out to examine
further the usefulness of a continuous
model using the E:A ratio in predicting
tree mortality in individual beetle
spots over a 4-month period.

MATERIALS AND METHODS
Study Locations

In June 1977, 14 spots were located
in the Piedmont (3 in North Carolina, 11
at the Chickamauga and Chattanocoga Na-
tional Military Park near Oglethorpe,
Georgia). The original design was to
select the same number of spots of low
{< 5}, medium {5 to 10}, and high {> 10)
E:A ratio in each location. However,
this was not feasible as the SPB popu-
lation was beginning to decline.

Sampling Procedure

In each spot where samples Were
collected, our field crews performed the
following tasks:

{1}y The infested trees and recently
vacated trees were counted.

{2) Up to five recently vacated
trees near the expanding head of the in-
festation were sampled. Recently vacated
trees {those with few to no brood in the
bark at breast height, but unspoiled by
borers) were chosen because bark samples
from these trees give a complete record
of the SPB activity over the course of
the infestation. Two 310-cm? bark samples
were cut from each sampled tree at heights
of 2.0 and 5.5 m. Bark samples were
then packaged, and returned to the labor-
atory to make radiographs, from which




the number of attacks and emerged beetles
plus the few live beetles in the bark
were counted.

{3) Four months later, in October
1977, we again went to the same spots
and counted the number of trees infested
by SPB since June.

RESULTS
Preliminary Analysis

& t test was performed comparing
the E:A ratios at 2.0 m and the E:a
ratios at 5.5 m. It was found that
there was no significant difference at
0.05 level between counts at these two
heights.

Regression Equation
Based on E:A Ratio

It was our belief that the number
of new trees infested by southern pine
beetle in a spot between June and October
should, to great extent, depend on the
Yvigor® of the S$PB population. A measure
of the wvigor of the population is the
E:A ratio, the ratio of the number of
5PB emerged and the number of SPB attacks
on & typical, recently vacated tree,.
The simplest model we tried to fit was

N=a+ bd {1}
where
N = number of trees at the spot in-
fested between June and October,
and
© = the E:A ratio.

Using the data from Table 1, the least
sguares fit resulted in the eguation

-

N = -3.81 + 1.540

with R?2 = 0.77 and s? the residual error
sguare. The predicted values and 95
percent confidence intervals are given
in the last two columns of table 1.

Although the wvalue R? = 0.77 was
guite high, we felt the fit may be im-
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Table 1.--Summary of data and resuits from SPB
study at Chickamauga and Chattanooga
National Military Park

Spot Q Ny N N ey
Cl 5.1 20 4 4.02 0-13
C4 6.8 12 & 5.63 0-18
C-’7 8.3 16 11 B.93 0-18
C8 11.5 3 21 13.84 4-23
C9 9.7 17 13 11.08 2-20
ClG 14.7 14 21 18.76 8-29
Cll 1.7 20 7 8.01 G6-17
C12 i6.0 14 13 20.75 16-31
C13 3.9 4 ] 2.17 0-12
Cl4 3.2 22 1 1.10 0-11
C15 3.6 22 0 1.7 0-11
§ = E:A ratio
Nl = number of infested and newly vacated trees
in June
N = number of trees infested between June and
October
N = predicted value of N using model {1}

N = -3.81 + 1.54Q

N1 Q- Q2
95% CI = N * tﬁgl + 11 + 5(Q - Q2 where t =
t(0.975, 9df) = 2.26, s% = 14,82

proved by taking into account N., the
number of SPB-infested and recéntly
vacated trees in June, and by exploring
a possible better linear relationship
between log(N) and log({Q} than between N

and Q. Some other models we tried to
fit were
log(N}) = a + b leg{Q). {2}
log(N/N,) = a + b 1log(Q) (3)
log(N) = a + b log{Q)
=c 1og(N1), (4}

resulting in R® values of 0.87, 0.81,
and 0.90, respectively. It should be
noted, however, that in making the loga-
rithmic transformation two observations,
where N = 0, were deleted,.



The logarithmic models appear to Twardus, D. B., G. D. Hertel, and G. W.

give the best fit, although it is evident Ryan. 1978.
from the R? wvalues that all four models infestation,
may serve as excellent predictors. 1977. 13 p.

Serv,, Rep.

The results of this study clearly and Disease
demonstrated E:A ratic to be a goed
indicater of short-term spot trend.
However, we are fully aware these results
were obtained from the data of one con-
tiguous region, and more data are needed
to validate our findings.
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SUMMARY REMARKS AND EVALUATION

Jerry L. Stimac and Robert W. Campbell!

We accepted the responsibility of
evaluating and summarizing this symposium
because we believe that outside reviewers
have greater freedom to be objective and
because we believe objectivity to be a
prereguisite to formation of constructive
criticism. Our purpose 1s neither to pat
backs nor to point the finger. Rather
our job is to evaluate the $PB-related
models that have been developed and pre-
sented and to suggest some further ap-
proaches that might be taken.

We will start by making some comments
on the models and modeling approaches pre-
sented. These comments will be followed
by a comparison of SPB modeling to similar
work in another forest insect program. We
will then share some ideas on the rela-
tionship between medeling activities and
acceptance and use of these models by
forest managers. We conclude with com-
ments on the usefulness of this symposium.

COMMENTS ON MODELS PRESENTED

In ESPBRAP, three levels of modeling
activities appear to be directed toward
spot performance. These range from simple
empirical representations (descriptive
regression models) to detailed represen-
tation of biological processes ({mecha-
nistic or process models). A fourth type
of modeling activity is directed at the
transition from endemic to epidemic popu-
lation status and is intended to have
ultimate application at each of several
levels of spatial resolution (tree, spot,
and staend locality and large reqgion). All
four cateqories of modeling activity
appear to have an important role in the
ESFBRAF overall. Likewise, each model
has potential utility in forest manage-
ment..

Descriptive Models

Descriptive models such as those pre-
sented by Reed and Hedden will be the eas-
test and fastest to apply in forest prac-

* The authors are, respectively,
Assistant Professeor, Dept. of Entomology
and Nematology, University of Florida; and
Regearch Entomologist, U.S. Forest Ser-
vice, Corvallis, Oregon.
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tice. These regression models use infor-
mation available from forest surveys to
make short-term projections of spot spread
and damage resulting from spot groewth, but
their empirical nature limits their abili-
ty to make robust projections in space and
time. Descriptive regression models usu-
ally have coefficient values that are es-
timated from data sets collected over a
narrow range of environmental variation.
These models will be difficult to vali-
date; they must be examined over a wide
range of environmental conditions to see
if values of empirically determined
coefficients remain constant. Models
based on bieclogical processes, rather
than statistical description of a partic-
ular data set are generally more appropri-
ate for making predictions over a wide
range of environmental conditions.
However, descriptive regressien models

do offer a logical first step in improv-
ing the decisionmaking capability of
forest managers.

Arkansas Model

The Arkansas model prescuted by
Hines, Taha, and Stephen is a determin-
istic simulation model, driven only by
temperature. SPB development is dynamic
with respect to temperature, but neither
development nor mortality is dynamic
with respect to feedback from host trees
or natural enemies of SPB. Stand compo-
sition parametrically influences SPB
mortality rates, but the stand is actually
considered as a "super tree" that is
colonized by a pool of SPB. The utility
of the Arkansas model lies in the fact
that the model is user-oriented and can
make short-term (60- to 90-day) predic-
tions of timber losses in terms of dollars.
Although a user may not understand the
details of how this model works, =all
forest managers will be able to relate
to the projected dollars lost.

Before forest managers can use the
Arkansas model, they must satisfy infor-
mation reguirements for model initiali-
zation (see Hines, Taha, and Stephen
1380, table 3). Presently, the model re-
quires a measurement of d.b.h. of each
infested tree plus other tree and stand
data. The necessary d.b.h. measurements
will prebably not be available from forest
inventory survey data. If they are not,
provisions must be made to obtain them.




Inventory survey procedures could be sup-
plemented with additicnal sampling pro-
cedures that would be used within SPB-
infested spots. A possible alternative
would be bto provide additional structure
te the Arkansas model so that information
available from forest inventory surveys
could be translated into d.b.h. measure-
ments needed to run the model.

The model regquires values for six SPB
stage-specific mortality rates, which are
difficult to estimate. Forest Service per-
sonnel or other model users will not have
to make these estimates as they have been
preset Lo time-dependent parameters
based on previous SPB population sampling
data. Although the values may not now be
applicable Seouthwide, 1if researchers
choose to sebt the values to conservatively
low levels, the Arkansas model can provide
liberal estimates of tiwmber losses from
SPB.

Such conservative values will sacrifice
precision of the predictim and will
sometimes suggest a need to apply controls
in sibtuations where none are really
needed. Prior to implementation, the
Arkansas model should be validated over
a wide area, covering various stands
with a vrange of Ltree species mixes.
Perhaps running the Arkansas meodel for
spots 1n Texas and Ceorgia could provide
necessary validation.

TAMBEETLE Model

The TAMBEETLE model presented by
Feldman, Curry, and Coulson is a detailed,
process-oriented model. As a result,
this model is best suited for longer
range projections and potentially for
evaluation of spot control tactics (es-
pecirally if a more extensive tree and
stand model is added to current struc-
ture). However, the present form of TAM-
BEETLE is a research model that prebably
could not be used by a forest manager be-
cause of the amount and detail of required
information. For example, the predominant
SPB lif= stage at breast height is an ini-
tial condatien that must be specified even
for the simplified option. The detailed
option, for which the model has been
validated, vequires disc sample counts of
S5PB or selected trees. The data require-
ments Ffor TAMBEETLE execution are strin-
gent, but for some applications the po-
tential robustness of this wmeodel appears
to outweigh the inconvenience of these re-
gulirements. I forest managers want to
evaluate potential spot control strate-
gies, TAMBEETLE (with some additional
model structure) appears to be the best
candidate. TAMBEETLE considers the ef-
fects of tree guality and spatial disper-
s10n of trees within a stand. Thus, TAM-
BEETLE alsc provides a method for consid-
ering the effects of host tree feedback on
rates of SPB development and mortality.

Endemic-Epidemic Transition Model

The conceptual model presented by
Gold iz different from the other models
in that it is not oriented only at the
spot dynamics of SPB and host trees.
Rather, the Gold model is aimed at de-
scribing the transition of SFB popula-
tions from endemic to epidemic levels
for a stand, locality, or even larger
regions. The key to understanding S$PB
outbreaks and resulting damage may be in
discovering the "trigger" that releases
SPB populations. Gold's approach, al-
though only conceptual at this time,
offers encouraging promise for gaining
an understanding of the essence of SPB
problems. But until this conceptual
model is developed into a mathematical
representation, applications cannot be
realized.

MODELING EFFORTS ON
FOREST INSECT PROBLEMS

Recently, the CANUSA (West) program
held a modeling workshop on the western
spruce budworm. This intensive, week-
long aroup effort by about 30 researchers,
modelers, pest and forest managers, and
Facilitators was a major step toward a
principal objective of the budworm pro-
gram: to develop a comprehensive budworm/
forest growth model. The medel is criti-
cally needed for two reasons. First, it
will ultimately provide forest and pest

managers with the likely short- and
long-range conseguences of both untreated
budworm populations and any management

tactics--direct and indirect, single or
combined--they may wish to consider.
puring the remaining life of the formal
program, the model will also be used by
program management to redirect and focus
available program resources in the most
promising, productive, and critical
areas. For both reasons, the model is
being structured to facilitate incorpora-
tion of the anticipated modifications
that will maintain it to reflect as
close to state-of-the-art knowledge as
possible.

we know relatively little about the
western spruce budworm--particularly
when we compare that Knowledge base with
the menumental body of information now
available on the life system of a critter
like the southern pine beetle. Conse-
guently, our first approximation model
was rife with quesses. In any case, the
facilitators managed to have a coupled
model up and running by the last day of
the workshop.




By all accounts, virtually every
participant in this workshop considered
the effort a gratifying and encouraging
success. We'll come back to this work-
shop after sharing some thoughts on the
uses forest managers will, or could,
make of SPB-related models.

MODELING ACTIVITIES

Frankly, we are greatly concerned
at the apparent lack of meaningful dia-
logue between modelers and managers. Wwe
haven't been able to get a firm handle
on just what decision-support system is
expected to emerge from the models you
have described. Consequently, we have
felt frustrated in our role here. Bluntly
put, we have concluded that there is no
clear, mutual understanding of how forest
and pest managers will use these models.
In our judgment, your next order of
business should be the development of a
comprehensive decision-support package.
wWe are also concerned that the likelihood
of ultimate operational implementation
of this package will be greatly reduced
unless users are included as more active
participants in this development.

In a landmark book titled Adaptive
Environmental Assessment and Management,
Holling and his coileagues (1978) describe
an approach through which the essential
attributes of the scientific method can
be extended from individual or small
groups of investigators to a much larger,
heterogeneous group including researchers,
decisionmakers, land managers, and others.
The development of a process model of
whatever system may be in question lies
at the heart of this approach: and hold-
ing a series of intensive modeling work-
shops, such as the one mentioned earlier
for the spruce budworm, is crucial to
model development. In our judgment, the
approach described in Holling's book is a
blueprint for developing the comprehensive
decision-support system you need for the
southern pine beetle.

MODELING APPROACHES
IN THE ESPBRAP

To our knowledge, the ESPBRAP is
the only project in which numerous differ-
ent modeling approaches have been pursued
simultanecusly. In any large program
with a great diversity of problems to be
solved, numercous models may be needed to
address different categories of guestions.
Therefore, it is necessary to diversify
modeling efforts to address a range of
user needs. ESPBRAP's administration
and scientists are to be highly commended
for providing models that are potentially
sufficient to address this range. As a
result, models developed in the Program
can offer forest managers greater divers-
ity of short- and long-range applications.
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in this Program, close interaction
between modelers and experimentalists
has obviously been the rule, not the
Scientists inveolved in the
modeling efforts deserve to be congratu-
lated for working together to generate
products that may not be equaled by any
other programs for many years. However,
to assure justly deserved recognition
for their efforts, we hope researchers
will play an active role 1n working with

exception.

applications

personnel to provide a

vehicle for transfering technology to
After all, who understands
new technology better than those who

end users.

develop it?

USEFULNESS OF THE SYMPOSIUM

Just before this session started,
Fred Stephen wondered if we would share
some thoughts on the usefulness of this
That's easy. The program is
more than the simple sum of a series of
unrelated studies precisely because you
are sharing and synthesizing your knowl-
edge. Without worksheps like this, that
sort of intergroup activity just wouldn't

symposium.

happen.

You've done a fantastic job, we
agree, in exploring the wonderful world
of the southern pine beetle. We salute
you, one and all. The job isn't guite
over, but you're very close to seeing
your efforts put into practice.
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