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THE SOUTHERN PINE BEETLE 


POPULATION l"IODELING SYMPOSIUM--


AN INTRODUCTION AND OVERVIEW 


Fred M. Stephen and Robert N. Coulson! 


The impetus for this symposium came 
from a result of conversations initiated 
in meetings of the Expanded Southern 
Pine Beetle Research and Applications 
Program Technology Transfer Team con
cerned with population sampling and pre
dictive modeling. This team has three 
pr imary charges: (1) to identi fy the 
accomplishments realized from the ESPBRAP 
in population sampling and predictive 
modeling; (2) to inform technical spe
cialists, foresters, and forest managers 
that SPB population trends and associ
ated damage can be reliably estimated 
using the new technology; and (3) to 
participate in developing a means for 
marketing thiS technology 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 decisionmaking 
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 is the research scientist. 
Since mathematical modeling is a tech
nique 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 define the particular system being 
investigated. Therefore, there is good 
reason to examine periodically the 
assumptions, the logic, and the tech
niques being used in development, vali 
dation, and implementation of models. 
Our 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 s}~thesis of the SPB 
population and damage prediction models 
that have been formulated to date. 

The importance to research scien
tists of examining intermediate results 

1 Tbe authors are, respectively, 
Associate Professor, Dept.. of Entomology, 
University of Arkansas, Fayetteville; and 
Professor, Dept. of Entomology, Texas 
A. & M. University, College station. 

is clear from an i terati \"e approach tq 
model building proposed by Hamilton et 
al. (1969). 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 old 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 organization 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
porate. We found it difficult to delin
eate clearly the spectrum of pape:o:s. 
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 
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concerned primarily with hazard ratings, 
silvicultural system" 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 Applications 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 6 months) 
pr~diction of beetle population growth 
and related damage in discrete spots; 
(2) models also of a short-term, pre
dictive na-ture but directed toward multi
spot infestations over a wide area; (3) 
those models that focus on a more long
term (1 to 5 years) projection of damage 
over a wide areaj and (4) areawide 
models that predict impact on a long
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 
their 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 also 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 session 
are those models 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
terns Research Division (Industrial Engi
neering) and Entomology 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 output; 
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 
importance 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 life system. Included here are 
those models often considered esoteric 
by ultimate users (i. e., fores'try prac
titioners). These very models, 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 
construction 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 maj or SPB predator, 
Thanasimus dubius, is provided from 
studies conducted in Mississippi. 
Finally in this session, North Carolina 
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 models concerned with damage 
prediction via models not based primarily 
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 1-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 s('ssion 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. 
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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 t:he 
predictive models we are about to dis
cuss in this symposium. 
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MODEL FOR PREDICTING 


SOUTHERN PINE BEETLE POPULATION 


GROWTH AND TREE MORTALITY 


Gail S. Hines, Hamdy A. Taha, and Fred M. Stephen1 

Abstract. --The concept of systems 
dynamics is applied to popUlations of 
the southern pine beetle, Dendroctonus 
frontalis zinun., in presenting a de'ter
ministic model to predict timber l03ses. 
The model can be used by forest practi 
tioners 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 simulation 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 biology of the 
southern pine beetle, Dendroctonus fron
talis Zinunermann, 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 require 
intensive sampling to obtain direct mea
surements of the various SPB life stages 
as they exist Wl. thin 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 

The authors are , respectively, 
Assistant Professor, Dept. of Industrial 
Engineering and Dept. of Forestry, Auburn 
University, Auburn, Ala. i 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 function of time. These concepts 
may be applied to biological systems 
(e. g., Paulik and Greenough 1966) and 
are applicable for modeling insect popu
lations based on the assumption that the 
life cycle of a holometabolous insect 
and its interactions with its host, para
sites, and predators are analogous to a 
production process (Berryman 1974). 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 population 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 
i ties for passages of insec'ts to a suc
ceeding level determined by weather con
ditions. Many biological factors, 
including the population density of 
natural enemies, host variety resistance, 
and migratl.on, are not incl'Uded. 

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 subsequent 
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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can come from two sources. If no previous 
beetle activity has occurred in the imme
diate vicinity, the arriving adults must 
immigrate from an external SOUlce popula
tion. But 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 beetles 
(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 various rates 
(bottlenecks) and variables (circles) 
that control the magnitUde of changes in 
each 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 values of levels, rates, and 
variables. The irregular closed curves 
represent popUlation sources, or sinks, 
which are external to the system being 
modeled. 

The model is expressed in terms of 

rates of change in the form 


dYi +1 =f(X, Y )
i 

~ 

where Y, is the vector of state vari 
ables d~scribing 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 subsequent generation . 
The vector 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. 

Sink 

Figure l.--Graphic representation of the 
basic flow paths within the SPB model. 
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Production Rates 

since temperature is the primary 
determinant of maturation and reproduc
tion, the model possesses a subsystem 
that simulates environmental conditions. 
Information reported by the environmental 
subsystem is used to modify the produc
tion rates. This environmental subsystem 
produces a profile of hourly temperature 
reatings 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 
h1gh 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 maximum 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 wi thin 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 (G1lbert et al. 1976) but altered 
proportionately, based on Gagne's experi
mental laboratory data and our field 
observations on total time required for 
within-tree development. Table 1 lists 
the temperature-dependent developmental 
rates and gives a description of the 
developmental processes that each rate 
controls. The egg production rate (BER), 
which is not a developmental rate but 
regula.tes the number of eggs deposited 
per female per time unit.. is also temper
ature dependent. At approximately 81.5° 
F, BER will cause production of 28 eggs 
per female over a 4-day per10d. The 
rate controlling the rearrival on newly 
colonized hosts of the emerging and re
er.lerging 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). 
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Figure 3.--SPB egg development rate per 
day as a function of temperature (0 F). 

-
Table l.--Temperature-dependent production rates 

Process 	 Controlling rate 

Successful attack rate 	 BSAR 

Gallery construction, 

oviposition, and parent 

adult reemergence rate BPAR 


Egg development rate 	 BEDR 

1st instar through pupa BLPDR 

Brood adult to emergence BBADR 

Mortality Rates 

A variety of physical and biological 
fac-tors 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 equatiulls 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 collected at test plots in 
southwest Arkansas suggE.()t 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 SPB 
stages. The rates regulating the mortal
i ty of the attacking and emerging seg
ments of the population area are altered 
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Table 2.--Variables affecting mortBlity 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 model initialization 

Date infestation was observed 


Length of simulation 


Site and stand conditions 


Geographical location 

Pine and hardwood basal areas 

Host species composition 

Infested tree data 


Growth I'ate 


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 stan6, 
and the density of the attacking 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 equated to 0111.=, 
has the effect of allowing a convergence 
of attacking beetles (i.e., mass attack) 
in numbers sufficient to overcome t.:he 
resistance of the host. Once this t.hresh
old of resistance has been reached, the 
attack comr,lences 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 equations. The 
balance equation for change in the level 
of arriving adults in a given time inter
val is 

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

Equation ( 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 nurr~ers 
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 continuous variation in time. 

Similarly, changes during an update 
interval in the remaining levels are 
regulated by the following equations: 

d{BPA} = (l-BAAMR) x BAA x BSAR 
(2 )

dt - BPA x BPAR 

d{BE} = (l-BPAl'IR) x BPA x BER (3 )
dt - BE x BEDR 

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

d(BBA} = (l-BLPMR x BLP x BLPDR 
(5 )dt - BBA x BBADR 

d(BEA} = (l-BPAMR) x BPA x BPAR 
dt + (l-BBAMR) x BBA x BBADR 

- BEA x BRR ( 6 ) 
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Distribution of SPB by life stage in trees 
examined at breast height 

1/8 BAA 1/8 BPA liB BBA 
13 EGGS 1/3 UP 

1/4 BPA 114 EGGS 

1/4 EGG 1/4 UP 113 LIP 1/3 BBA 3/4 BEA 

1/4 BPA 1/4 EGGS 
1/3 EGGS 1/3 LIP 

1/8 BAA 1/8 BPA 1/8 BBA 
J \ 

ATTKI NO ATTK/EGG EGG LIP BROOD 
EGG 

Figure 4.--Hypothetical distribution of 
SPB by life stage in trees examined at 
breast height. 

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

INITIALIZATION 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 require 
intensive sampling to obtain. direct meas
urements 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 al~oca~ion method gra~h
ically illustrated ln flgure 4, an estl
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 
trees (stephen and Taha 1979a). A more 
accurate estimate of infested bark area 
can be made by recording for each in
fested tr.ee in the spot its height at 
base and top of infestation plus the 
circumference at breast height and at 
top of infestation (Stephen and Taha 
1979b) . 

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 modify the mortality 
rates of selected life stages. Additional 
data required for initialization of the 
model include 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 d.b.h. class is used to deter
mine volumetric timber losses. 

ACCURACY OF SIMULATION 

To determine the validity 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 location. 

A comparison of field observations 
and simulated predictions from infesta
tions in south 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 4 (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 (194, 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-August (226, 1976) 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 contained 433 infested 
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Figure 5.--Comparison of simulated infes
tation growth v. observed numbers of 
infested and dead trees in Plot 4, 
1976. 
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Figure 6.--Comparison of simulated infes

tation growth v. observed numbers of 

infested and dead trees in Plot 5, 

1976. 
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Figure 7.--Comparison of simulated infes
tation growth v. observed numbers of 
infested and dead trees in Plot 6,1976. 
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Figure 8.--Comparison of simulated infes
tation growth v. observed numbers of 
infested and dead trees in Plot 7, 
1976. 
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Figure 9.--Comparison of simulated infes
tation growth v. observed numbers of 
infested and dead trees in Plot 8, 
1976. 
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Figure 10.--Comparison of simulated infes

tation growth v. observed numbers of 

infested trees in Plot 3 I 1978. 
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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 kIn away that was being salvaged. 
This in~igration was unaccounted for in 
the simulation. 

other examples of the accuracy of 
prediction are illustrated in figures G 
through 10. We correctly predicted the 
decline of the small plot, number 5 
(fig. 6), but did not correctly predict 
that Plot 6 would also decline (fig. 7). 
Predictions of beetle population and 
spot growth for plots 7 and 8 were quite 
clos. to what was observed (figs. 8 and 
9), except that the simulated growth of 
plot 7 exceeded tlle 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 much 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 of 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 afford 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 required. 

Assuming the d.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, absolute co.tTespondence 
between predicted and observed results 
is no~ completely necessary. The vali 
dation tests show that the model simu
lated the behavior of observed SPB popu
lations reasonably well, as evidenced by 
a comparison of the numbers of observed 
and predicted dead trees in a limited 
number of test plots. Further validation 
of the model under a considerably wider 
range of geographic conditions and SPB 
popUlation levels will be necessary be
fore the model 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 MotamedP 


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 their 
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 p~ocedure 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
~cs. 

INTROCUCTION 

The population dynamics model devel
oped by Hines, Taha, and Stephen (1980) 
is designed to predict the fut11re status 
of southern pine beetle infestations .. 
The overall organization of the model is 
a represellta+ion 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 
magni tude of changes in each level 
through time. A flow chart of the model 
is given ~n figure I, with the levels 
depicted by rectangles and the rates by 
bottlenecks. 

Implementation of the model requires 
two types of d", ~a: (1) values of the 
rates, and (2) initial status of the SPB
~nfested spot. The values of the rates 
are considered as part of the model con
struct~on, while the init~al conditions 
normally apply to the infested spot under 
study. As a result, all the rates must 

The authors are, respectively J 

Professor I Dept. of Industrial Engineer
~ngt Associate ProfessQr, Dept. of Ento
mology; and Graduate Research Assistant, 
Dept. of Industrial Engineering, Uni
verslty of Arkansas, Fayettevllle. 

be accurately estimated befo.re the model 
can be successfully implemented. 

Ideally, the rates should be deter
mined based on the results of analyses 
of experimental data. However, due to 
the complex nature of the interactions 
of the beetle and its environment, it is 
quite difficult to secure experimental 
data for the estimation of certaln rate 
functions. Table 1 summarizes the 13 
rates of the SPB model and describes each 
rate and it-s 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 biological 
characteristics. Trial-and-error simu
lations also 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 values 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 initial 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 can clearly see 
that although successful attack rate 
(BSAR) was also varied 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 methods of determination 

Temperature-dependent production rates 

BSAR: Successful attack rate--indirectly estimated as a function of the egg development rate. 

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

BER: Egg production rate--determined via search procedures and model simulation. 

BEDR: Egg development rate--determined by laboratory rearing under different constant temp
erature regimes. I 

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

BBADR: Brood adult deve I opment rate--determi ned by laboratory reari ng under different constant 
temperature regimes.! 

Mortality rates 

BAAMR: Attacking adult mortality rate--based on a combination of intuition and trial-and-error 
experimentation. 

BPAMR: Parent adult mortality rate--based on parent adult reemergence data of Cooper and Stephen 
1976. 

BEMR: Egg mortality rate--based on egg sample dissection data. 

BlPMR: Larva-pupa mortality rate--based on analysis of X-ray sampling data. 

BBAMR: Brood adult mortality rate--estimated from X-ray and laboratory emergence data. 

BE.AMR: Reemerged and brood adult inflight mortality rate--based on intuition, trial-and-error 
experimentation, and unpublished data.! 

BRR: Adult beetle rearrival rate--based on intuition and trial-and-error experimentation. 

1 Data from J. A. Gagne. Texas A. &M. University. 


2 Unpublished data from P. E. Pulley and R. N. Coulson. Texas A. &M. University. 
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RANKING PROCEDURE BY 
SENSITIVITY ANALYSIS 

Sensitivity analysis in insect popu
lation modeling is a well-established 
technique (Gilbert and Hughes 1971; 
Gilbert and Gutierrez 1973; Miller, 
Wiedhaas, and Hall 1973; Miller 1974). 
Miller (1974, 1975) appears to be the 
first to use sensi tivity analysis to 
establish the relative importance of the 
different parameters or rates for models 
simulating a mosquito population. The 
present work extends the general ideas 
of Miller for the purpose 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 of 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 

pet) = 	number of dead trees after 
t days of infestation growth 

r· = rate i of the SPB model,1 i = I, 2, 13.••• I 

We then wr1te pet) as a mathematical func
tion of ri and t as follows: 

pet) = 	f (r
1

, r 
2

, ... , r 13 ; t) 

In the normal sense, a sensitivity 

coefficient c.(t) of pet) with respect


1·. bto t h e 	 rate ri 1S g1ven y 

c. (t) = 6 pet) 

1 6 ri 


since, in general, the output measure 

pet) is normally defined at discrete 

points, determining c.(t) by taking 

partial derivatives is impossible. As 

a result, we may use the approximation 


c. (t) = 6. pet) 
1 r::, r· 

1 

where 6. pet) is the change in pet) re
sulting from changing the rate r. by 
~ r .. The approximation assumes11inearity 
and1is thus correct for very small r::, rio 

For the purpose of ranking the rates 
r., i = 1, 2/ ... , 13 of the model, the 
dtrect use of the sensitivity coeffi 
cients c,(t) is not suitable because 
there is1no basis for effecting the com
parison. What we really need is a co
eff1c1ent that will measure change in 

pet) (=6 pet»~ resulting from changing 
the rate r by a given percentage. We 
formalize the concept as follows. Let 

r9 = best initial estimate of the 
1 rate r., which is determined 

either1experimentally or 
intuitively. 

u. = fractional change in rute r. 
1 relative to its initial valUe 

ri' a .::. < 1.u i 
Thus, to study the effect of changes in 
r on pet), we consider in the rangei r i 


ri (l-Ui ) < .::. ri (l+u i ),
r i 
which means that is changed around itsr iinitial value by tne percentage ± 100 ui' 
In this case, we have 

= r::, 	 pet)c. (t) = r::, pet)
1 r::, r. 2 u. r9 

1 1 1 

Notice 	that c.(t) is computed under the 
assumption th~t r = r k for all k ~ i.k 

In order for c.(t) to be used for 
comparing the effect of the different 
rates on the output pet), it must be 
modified so that its value becomes inde
pendent of the specific value of rO 
This can be achieved by defining ai~ew 
factor diet) as 

d;(t) = cl.(t) rO - r::, pet) 
.L 	 i - 2 u. 

1 

The factor d.(t) measures the changes in 
the output or the model (number of dead 
trees) 	as a result of changing r. by 
± 100 u. around its initial valu~ r9. 
As a reSult, the larger the value or 
d.(t), 	the more sensitive is the model 
to changes in r·. In other words, we 
can now rank r.7 i = I, 2, ... , 13 in 
order of the v~lues of d.(t).

1 

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 

simulation period t have on the relative 

values of diet)? 


To answer the first question, we 
must remember that the definition of 
d.(t) assumes linearity in the rate of 
cnange 0 f p (t) wi th respect to r.. Since 
the shape of pet) changes with r~, by1specifying different u. for each r. we 
are in 	a better positiOn to satisfY the 
condition of linearity by choosing 
suitable u. for each i. 

1 

,As for the effect of the simulation 
period t on the values of d. (t), it is ob
vious that the length of t Qould not be 
important if pet) varies linearly w:i.th 
t for all values of r.. Unfortunately 
this is not the case/las illustrated by 
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f1gures 2 and 3. As a result, we need 
to modify the definit10n of d.(t) to 
IIdampen" the effect of nonlin~arity. 

The modification is achieved as follows. 


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

d. (t) = 6. P(t) 
1 2 u i 

1S based on measuring the change 6. P(t) 
in the number of trees at the end of the 
simulated period t. 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 the1values of P(t) at 
t with the change in the mean values of 
P(t) over the period (0, t). Given 

P(t) = 	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 

a (t) "" /:, P(t) 
1 2 u i 

For convenience, we shall refer to the 
rank1ng process based on d.(t) as the 
absolute value method, while that based 
on d.(t) as the average value method. 
Figute 	4 demonstrates the two methods 
graphically. 

~P(t) 
Ave. value at rj = r?(1 - Ui) 

t 

The ranking procedure can now be 

summarized as follows: 


1. Fix all the rates r., i = I, 2, 
... , 13, at their best initi~l values. 

2. with the rates taken one at a 
time, change rate i b~ u., 0 < u. < I, 
and compute d.(t) or d.\~)1for a pTede
terrnined simulation peTiod 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 d.(t) or d.(t).

1 1 

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

Absolute value Average value 

u 6. P(91) d(91) 6. P(91) d(91) 

±lO% 325 1625 9243 46218 

±20% 700 1750 18671 46678 

±30% 1160 1933 29941 49903 

±40% 1825 2281 44752 55940 
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We notice from figure 2 that the 
values of d(t) and aCt) will vary with 
the specific choice of t due to the non
linearity of P(t). We further notice 
that the effect of nonlinearity will be 
less pronounced with the average value 
me~hod~ which points to the advantage of 
us:mg d( t) rather than d(t). Another 
point we notice in figure 2 is that the 
values of d(t) and aCt) 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 coefficients d(t) and aCt). 

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 value of 
this rate as used in the model is esti 
mated via intui tion, 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, th~t 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 
b':lsed on the data from only one plot, it 
wl11 be necessary to repeat the same 
~verage values of the factors d.(t) and 
diet) obtained from all plots. 1 

CONCLUSION 

In this preliminary study we pre
sented a sensitivity analysis procedure 
for determining the degree of importance 
of the dlfferent rates of the southern 
pine beetle model. Work is continuing 
on refining the ranking procedure. Also, 
we are considering the possibility of 

Table 	2. --Rank; ng of the rates by the absolute 
and average values methods 

Rank Absolute value method Average value method 

Rate ; diet) Rate diet) 

1 BEAMR 2083 BEAMR 51981 

2 BLPMR 964 BAAMR 27866 

3 BAAMR 903 BLPMR 27152 

4 BPAR 826 BBAMR 22199 

5 BEDR 623 BEMR 20655 

6 BPAMR 609 BEDR 18656 

7 BEMR 601 BPAMR 15929 

8 BBAMR 581 BLPDR 15535 

9 BER 538 BPAR 1466.3 

10 BLPDR 528 BER 11542 

11 BBADR 120 BBADR 4502 

12 BRR 22 BRR 192 

13 BSAR 11 BSAR 133 

compensating for the lack of accuracy in 
the, estimation of rates by expressing 
t~elr,val~es in terms of a probability 
dlstrlbutlon. 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 
be conducted to determine if simultaneous 
variation of the parameters in question 
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 variation 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 performed in the 
near future. 

The influence of other variables in 
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 also 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 ma thema tical description (t f 
Dendroctonus frontalis infestation dy
namics is of extreme importance for the 
determination of optima~ 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 of TAMBEETLE is to predict 
the number of trees killed and the popu
lation growth (or decline) of SPB within 
an established spot. The model is based 
on an assembled set of sCl.entific hypoth
eses formulated from both laboratory and 
field experimental research. TAMBEETLE 
is structured So as to benefit both sci
entifi c and field personnel. Scientific 
users Lormally require accurate estimates 
of the initial beetle populations derived 
from extensive field sampling; forest 
managers frequently need to obtain pre
dlctions 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 
methodology initially separates the system 
into component parts. The individual 
components are analyzed, when possible, 
based 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 infestatl.on growth. 
The incorporation of complex biological 
models describing the components increases 
the ability of the system model to reflect 
infestation responses to environmental 
changes accurately. Most of the complexity 
1S internal to the submodels and is not 

The authors are, respectively, 
Associate Professor and Professor, 
Dept. of Indllstrial Engineering i and 
Professor, Dept. of Entomology, Texas 
A. & M. University. College Station. 

"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 model emphasized. A detailed de
scription of the mathematical structure 
is given in Feldman, Curry, and Coulson 
(1980). 

USE OF THE INFESTATION MODEL 

The southern pine beetle infesta
tion model has a wide range of potential 
applications. They range from the. highly 
theoretical 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 ongoing biological 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 ini tial conditions precisely. 
The second input option involves more 
detailed quantitative sampling procedures. 
Table 1 summarizes the input parameters 
needed for the two options. 
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Table l.--Input parameters illustrating different requirements depending on need 

STANDARD INPUT 

Temperatures Mean bark thickness 

Mean and variance of tree d.b.h. Mean radial growth last 5 years 

Mean and variance of tree height to bottom of crown 

SIMPLIFIED OPTION 

Number of infested trees 

D.b.h. of each infested tree 

Predominant SPB life stage at breast height 

The most immediately practical appli
cation of TAMBEETLE is to use it in pre
dicting the growth of ongoing infefita
tions. A forest manager may be faced 
with a limited budget for the control of 
SPB and a large number of infested regions 
needing control. Many decisions might 
be obvious; that lS, based on previous 
experience some infestations could quickly 
by classified as no-risk regions and 
other regions might obviously be in need 
of immediate control. However, there 
may also be several similar regions and 
a lack of available resources to 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 benefit. 

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
ta tion 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 experlmental expense. In this fash
lon, field programs need not be instituted 
for control 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-

DETA! LED OPTION 

Number of infested trees 

D.b.h. of each infested tree 

Height of infested bole 

Bark thickness of each infested tree 

Disc sample coun~s of SPB on selected trees 

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

STRUCTURE OF THE INFESTATION MODEL 

The mathematical model of southern 
pine beetle infestation dynamics that is 
incorporated into TAMBEETLE is divided 
into four maj or components: immature 
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 "physiological" 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 biological 
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 low 
temperature enzyme denaturation, was 
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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 
plne beetles, it is appropriate to mo~el 
the immature developmental process uSlng 
only mean values. utilizing the exp~ri
mental data of Gagne et al., we obta:tned a 
probability densi t~· function for ind~ v~d
ual developmental times. The probablilty 
density function is on the physiological 
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 ti~ing be 
known but the effects of mortallty must 
be included. The general characteristics 
of wi thin-tree mortality are described 
by Coulson et al. (1977). utilizing th~ 
poikilotherm rate function for the physl
ological scale, ",'e found ,that th,e func
tional form for the fractl0n of lmmatures 
surviving to a given age is un exponential 
decay function with an asymptote equ,al 
to the (temperature-dependent) fractlon 
of ultimate survival, The functional 
form for egg to brood adult survival, 
based on constant-temperature laboratory 
data calibrated to mimic field survival
ship, is well approxim~ted ?y ~he den?ity 
function of a normal dlstrlbut10n, w1th 
mean of 22° C and standard deviation of 
8° C factored up so 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 calibrated 
from Plot 21 data (Coulson et aI, 1979a) 
(fig. 1). The bimodal nature of the 
mode 1 resp0nse is due to the use of an 
avet'age survival fractlon, while tl;e 
experimental data has three trees w1th 
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Figure 1. --Model and field comparisons 
for spot 21 for daily emergence for , 
all trees in the spot. Model was call
brated to agree with mean timing and 
average survival. 

unusually high numbers and survival frac
tions contributing to emergence around 
day 200. Figure 2 displays selected 
trees (14-15) and (36-38) from Plot ~1. 
These and other selected tree comparlsons 
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 emergence model 
is accomplished by comparisons with 1977 
field Plots 20 and 22 (Coulson et al. 
1979a). The magnitude for Plot 20 is 
very good with timing being sligl;t~y 
fast (fig. 3). For Plot 22 the tlm~ng 
is very good, whereas the model survlval 
magnitudes are slightly high (fig. 4). 

oviposition 

Wagner et a1. (1980) developed a 
detailed mathematical description of 
oviposition based on an extensive labora
tory experimental program. The metl;od
ology presented by ,Wagner ~t al. wlth 
revised parameters 1S used 1n TAMBEE,TLE 
and incorporates four factors that 1n
fluence ovipostion: temperature, beetle 
densi ty, female size, and female ~ype: 
It was observed that females emerglng ln 
February oviposited more eggs than bee
tles emerging later in the year., Thus, 
a variable called "type" was def1ned to 
quantify this apparent seasonality factor. 

The procedure used is to separate 
oviposition into two components that 
independently predict total egg produc
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Figure 2.--Model versus field data daily 
emergence for selected trees within 
spot 21. 
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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
ductive profile." Although size had no 
apparent effect on the profile, temper
a.ture 1 dens i ty 1 and type did. For a 
flxed type, the influence of temperature 
dnd density on daily proportional repro
duction is described by a single profile 
using normalizin'_' constants to define a 
physiological time scaie (see Curry et 
al. 1978a, p. 405, and 1978b, Section 
5). Because both temperature and density 
for d fixed type affected the time scale, 
two normalizing rate functions were used. 
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Figure 4.--Model and field data compari
sons for emergence in Plot 22. 
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Figure 5.--Model and field data compari
sons for Plot 21 for total eggs laid 
in the spot by day. Model cumulative 
total calibrated to match field total. 

Validation 

The total number of eggs by day for 
Plot 21 is compared with the model results 
in figure 5. The total nUmber 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 egg 
production for Plots 20 and 22 were pre
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dicted. These are compared with the 
field data in figures 6 and 7. Again, 
this constitutes a validation of the 
reproduction model as no model 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 
Plot 21. 

Reemergence 

The laboratory studies of Gagne 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. 

Validation 

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 adj ustment 
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 Plots 
20 and 22 (1977). These comparisons 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 I 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 into the spot during that 
day. The number of beetles in the flying 

24 

/1 
I ' 

II ' I 
I 
I 
I 

model 

I Held dat .. 
I 

1110,noo 

DATI:: 

Figure 6.--Model and field data compari
sons for Plot 20 for total eggs 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. 

pool are reduced to 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 comparisons 
between the model and the field data. 
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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 at-trac
tiveness term associated with each tree 
that is an indicator of the tree's phero
mOne production. As each beetle success
fully initiates gallery I a quantity of 
chemical releasing compounds is 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 
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Figure 10.--Model and field comparisons 
for total reemergence by day for Plot 
20. 
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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 quantity 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. 

240 

25 



The total attractiveness for the 
infestation is the sum of the attractive
ness of all trees. This sum then deter
mines the proportion of emigration from 
the infestation. As this total attrac
tiveness decreases to zero, 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
pro~ches the fraction surviving between
tree mortality. 

Southern pine beetles are allocated 
to individual trees from the remaining 
flying population as a function of the 
tree's attractiveness. This allocation 
is made to each tree in direct proportion 
to the tree'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, wi th thi s 
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 volatiles 
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 life of the attack. The 
number of beetles attackL1g 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 nonattacked neigh
boring tree increase3, the proportion of 
beetles attacking the neighbor decreases. 
Attacks cease when this distance becomes 
too large. This phenomenon is conceptu
alized as a pheromone 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 wi thin the patch. The ease of 
infestation spreading to another patch 
depends on the area of the plume and the 
distance between patches. 

The area of a specified pheromone 
concentration level can be determined 
utilizing results on pheromone 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 1968, Johnson anr. 
Coster 1978). 

The allocation of southern pine 
beetles to neighboring trees depends not 
only on their presence within the phero
mone plume, but also on their distance 
from the attractive tree. Johnson and 
Coster (1978) indicate that as the dis
tance increases, the decrease in attacks 
follows a logarithmic 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 12. 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 maj or unknown parameter was tree 
su;.ceptibility. Susceptibility is de
filled here as the number of attacking 
SPB needed to consider a tree an acti.ve 
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. When daily accuracy in 
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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 quantification 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 ove:.:: a broad 
range of geographic regions . 
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In summary, the TAMBEETLE model of 
southern pine beetle infestatl.on has 
been developed and preliminary calibrationl 
validation of the model has been completed 
for 1977 east Texas data2 • An ANSI stand
ard FORTRAN package is under development 
for ease of distribution and should be 
executable at most computer lnstallations. 
This FORTRAN code of TAMBEETLE is designed 
for use by the noncomputer speclalist 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 of 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 our ability 
to forecast reemergence and emergence. 

A two-component model can describe 
reemergence and emergence as functions 
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 empirical 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 
entomologists havetraditionally held 
that temperature plays a key role in 
bark-beetle population dynamics (Rudinsky 
1962, Coulson 1979). Yet bark beetles 

1 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, Biosystems Research Division; 
Professor of Entomology, Dept. of Ento
mology; and Postdoctoral Fellow, Dept. 
of Entomology, Texas A. & M. University, 
College station. 

Peter J.H. Sharpe, 

and Terence L. Wagner2 

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 controlled 
conditions. Second, modeling 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 is no single, 
comprehensive data set on the effects .of 
temperature on southern pine beetle re
emergence and emergence. But there are 
numerous field and laboratory 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 
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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 required 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) f('und that eggs 

hatched in 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 adult 
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 also 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 Georgia 
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

istlc ranges to compare to laboratory 

resul ts. 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 ins tars 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 required 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° development times increased to 51 
days (range 46 to 56 days). In general, 
temperatures between 21° and 27° favored 
reproduction and development, 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 6 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
i ty 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 simila.r conditions to be 
optimal. 

Some laboratory work on temperature 
thresholds and extremes has also been 
done. Palmer and Coster (1978) observed 
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 (1976) 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 
on 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. Second, 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 
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frequency distributions for the processes, 
and these frequency distributions are 
important in modeling reemergence and 
emergence. 

MATERIALS AND MCTHODS 

The aims of the experimental work 
were to develop techniques 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 bolts 
of loblolly pine, Pinus taeda L., using 
the gelatin cap technique described by 
Wagner et al. (1980). 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 Jonstant temperature cham
ber. Each lard can was checked at 24-hour 
intervals and reemerging beetles were 
collected, sexed, counted, and recorded. 

Egg Development 

Fresh bolts of P. taeda 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 around the entire section. 
This process produced islands of intact 
bark that we call tlwafers. II Each lob
lolly 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 laboratory for 48 hours. 

Beetles readily paired off and 
attacked the sections .a.long 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 micro forceps 
and arranged on moist filter paper in 
petri dishes. Eggs were separated by a 
plexiglass template that was cut to fit 
snugly within the petri dish and drilled 
tc accommodate 50 eggs. The petri dishes 
were then placed in a 14 x 28 x 8-cm 
plastic container, and the container was 
placed in a. constant temperature chamber. 

Eggs were observed daily. About 24 hours 
before they hatch, larVae are visible 
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 counted and recorded. 

Larval, Pupal, and 
Callow Adult Development 

We 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 loblolly 
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 removed. 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 technique, it 

was possible to rear it from la·te 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 1st- 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. Larvae apparently developed 
normally from 1st to 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 egg development times at 25° 
was 3.57. Thus, an approximation of the 
larval response to 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 to adult emergence. 
These values compared favorably with 
reports in the literature. 
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RESULTS AND DISCUSSION 

Responses of Reemergence 
And Emergence to Temperature 

Both reemergence and emergence re
sponded to temperature, and they did so 
ln a pattern that has often been observed 
for other processes (fig. 1). The mean 
values for reemergence are strlctly 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
ta.lned in the laboratory are in good 
agreement with reports from field stud
ies (Thatcher and Pickard 1964, 1967; 
Franklin 1970; Coulson et al. 1978). 
Still, there were some surprising results. 
First, parent beetles reemerged at 10°, 
although this temperature is below the 
threshold for flrght (Franklln 1970, 
whrte and Franklin 1976, Krnn 1978). 
Second, the maxrmum reemergence rate 
occurred at 25°, a relatively cool temp
erature durrng 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 
variabili ty 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 quite sensitive to temperatures 
in the 21° to 27° range. Second, fastest 
emergence took place at 30°, whereas 
Bremer (1967) found that emergence rates 
greatly decreased at 29° or above. In 
Bremer's 29° experiment, larval develop
ment :rates decreased. Temperature may 
have caused this decrease, but blue-stain 
fungl could also have been involved 
(Barras 1970). The extreme susceptibility 
of larvae to temperature does not square 
with our observations on the response of 
eggs, pupae, and callow adults to temper
ature. 

Models of Developmental Rates 

As Functions of Temperature 


Many sClentists have studied the 
response of development to temperature 
and proposed mathematical models to de
scribe this response. WiggleswDrth (1972) 
and Watt (1968) have ably reviewed the 
most important models. Watt made two 
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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 biological 
temperature range. After thorough evalu
ation of three models, Watt concluded 
that an absolute reaction rate model, 
based on the work of Eyring, came closest 
both to having a theoretical basis and 
describing the data adequately. 

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 criticisms voiced 
by Watt (1968). First, it has a theoret
ical basis, as it is derived from abso
lute reaction rate kinetics. Second, 
the model describes data on SPB ree,aer
gence and emergence (fig. 2). I t has 
the form: 

(1) 

where Rn is the development rate at tem
peraturti: T I R is the universal gas con
stant, and q" llSr,' llHL, llS , llRu, and 
~H are thermody~amicconstkntsLbf the 
pr~cess being studied. The subscripts 

33 



.10 

•••••
A 

••.05 ~ 

.04 •••• 
-
I 

.. 
.•• ••.03 

. • 
t~ .02 

en 
• • 

~ •W 

~ 
a:: • 

.01 

.006 • 
10 15 20 25 30 35 

TEMP., °c 
Figure 2.--The fits (smalls dots) of the 

developmental rate model to rates of 
reemergence (triangles) and emergence 
(circles). 

33.3' 
.2 

1111,,11.4 
32.5" 

.2 
.1111i1114 

>- 30.0· 
u z .2w 

,111111§ .4 25.0·a: u.. .2 

.~ 4 11111. 
20.0"j 

.2Wa: 11111114 
15.0" 

.2 
.1.111114 

12.5" 
2 

.1. 

5 10 15 20 25 30 35 40 45 5055 60 65 

DAY AFTER ATTACK 

Figure 3.--Representative reemergence 
distributions for various constant 
temperature experiments. 

Land 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 is 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 6Sr, and 
6H gets large (i.e., more and more of 
th~ rate-controlling enzyme is inactive), 
so development slows. Similarly, as 
temperatures become too hot, the term 
with 6SH and 6~ becomes large and devel
opment slows. 

Although 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 6S and 6H 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 Distribution 
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 development 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 Carlo 

techniques and to generate pseudorandom 

numbers for the development time of each 

organism (Kowal 1971, Hardman 1976). 

The other way is to use a probability 
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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 biological time. 

We first used the concepts developed 
by Sharpe et al. (1977). These authors 
hypothesized that the skew in development 
times is a con~equence of a symmetric 
distribution of development rates, i.e. 
the rate-controlling enzyme. A conse
quence 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
a ting tempera ture environments .. 

Sharpe et al. (1977) described the 

distribution of rates with the quadratic 

and normal probability density functions. 

In practice, the two distributions are 

quite similar and difficult to differen


x2tiate using Kolmogorov-Smirnov or 
tests. Thus, the distributions of re
emergence and emergence rates were com
pared with the normal distribution using 
the Kolmogorov-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 another 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
pera tures 1 t contracts. An empirical 
test of this hypothesis can be made as 
follows. First, define t1, t10, t20, 
.• .• 	 t90, and t100 as the times \oJhen I, 
10, 20, _... 90, 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 frequency distribution. Now 
define the ratios RI = t1/t, R2 = t10/t, 
R3 = 	t20/t, .... , RIO = t90/t, and R1I = 
tlOo/E. 

Table 	l.--Coefficients of variation for the 
average shape ratios (RI-RII) of distri 
butions of reemergence and emergence at 
constant temperatures (n =19 reemergence 
distributions; n = 7 emergence distri 
buti ons). 

Ratio Reemergence Emergence 

4.5Rl 	 12.9 

3.6R2 	 6.4 

R3 6.0 	 3.9 

R4 4.0 	 3.4 

R5 	 3.5 2.2 

R6 	 3.3 1.4 

R7 	 2.B 1.5 

RB 	 3.2 1.7 

R9 4.6 	 3.0 

RIO 6.6 	 3.0 

Rll 12.7 	 3.1 

If the hypothesis of a multiplicative 
effect of temperature holds, then RI, 
R2, .... , Rl1 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 RI, R2, 
R1l of laboratory reemergence and emer
gence distributions. The coefficients 
of variation 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, .... , R11 
for reemergence from 20 naturally infested 
trees, and for emergence from 18 naturally 
infested trees. Figures 4 and 5 show 
that the R's (shape ratios) of laboratory 
and field reemergence and emergence dis
tributions 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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These shape ratios may be inter
preted as follows. Suppose w'~ obtain 
a mean for a frequency distribution of 
reemergence and then divide all reemer
gence times in that distribution by the 
mean. This forces the distribution to 
have a mean of 1.0. The shape ratios 
are the proportion of the average reemer
gence time (1.0) when 1 percent (R1), 
10 percent (R2), .... , 100 percent (Rll) 
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 
(0.67 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 Cri tl.que of Models of Development 

As a Function of Temperature 


Interest in the effects of tempera
tUre on insects stems, in part, from a 
need to know when biological 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 multivol tine and develops without 
a dlapause, at least in the South. still, 
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give the standard cumulative emergence 
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independent of temperature. Average 
shape ratios for 18 naturally infested 
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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 quickly 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. 

other models describe development 
as a function of day-degrees. We also 
see several pitfalls in using day-degrees. 
First, day-degrees implicitly assume a 
linear 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 serlous error 
(stinner et al. 1974). Figure 1 shows 
that, for much of the year in east Texas, 
the SPB is 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 homeostatic and do not change instan
taneously. Second, the responses of 
insects in the lab and field are assumed 
to be identical. But constant temperature 
thresholds are probably not equal to 
development thresholds at fluc:tuating 
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 are 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 summer of 1978 near Cleve
land, Tex., about 60 mi from the airport. 
Representative results for four trees 
attacked on the same day will be pre
sented. 

Figure 6 shows the model prediction 
for reemergence and the patterns of re
emergence for the four trees. There was 
substantial variation in 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 termination 
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

turethresholds 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 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, development was al 
lowed to continue up to 33°, the constant 
temperature threshold 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 also 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 t\-lO processes re
spond to temperature in patterns similar 
to those observed for other insects. A 
model, based on absolute reaction rate 
theory, can adequately describe the rates 
of reemergence and emergence as a function 
of temperature. 
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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 ratios) 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 approximations 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 l 


Terence L. Wagner, Richard M. Feldman, 


James A. Gagne, and Robert N. Coulson2 


Abstract.--Models were developed 
that described the combined effects of 
constant temperature, density (pairs per 
dm2 ), 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 adequately de
scribed field data, but prediction of 
total eggs underestimated egg niche 
counts from the field. Weibull and 
gamma functions provided good 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 laboratory data. 

INTRODUCTION 

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

1 This paper is TAES 15840. 

2 The authors are, respectively, 
Postdoctoral Fellow, Dept. of Entomology; 
Associate Professor, Dept. of Industrial 
Engineering, Biosystems Research Division; 
Graduate Research Assistant and Professor, 
Dept. of Entomology, Texas A. & M. Uni
versity, College station. 

into a model describing infestation 
growth (Feldman et al. 1980). 

Many components of the life system 
of the southern pine beetle have already 
been thoroughly studied, but reproduction 
is one 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 (Clarkeet 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 dm2 ), 

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 mating pair. 
These models answered the question "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 following techniques permitted 

nondes"tructive daily observations on 

many mating pairs. 


A straight loblolly pine (Pinus 
taeda L.), 2S to 30 cm d.b.h., was 
felled and cut into 60-cm bolts. All 
trees except one used at 100 C were taken 
from the same O.S-ha plot. Bolts were 
cut into 7.5 x 11.0 x 1.S-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 I-percent aqueous HgC1 2 
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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 5° C until the next day, after 
which beet.J.es were introduced. 

Newly emerged D. 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 I-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 
19 hours were counted and discarded. 
Males were then introduced using gel 
caps. Males not tunnelling after 5 hours 
were counted and discarded, and radio
graphs were taken (Coulson et a1. 1975). 
Radiographs were taken every 24 hours 
thereafter, and reemerged adults were 
collected, sexed, and counted. 

Dur1ng the experiment, slabs were 
held at a constant temperature 1n one 
of two plastic boxes f 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 \vas 
monitored hourly. The lower box contained 
an air pump and an open dish of B SO 
solution prepared tb maintain 75 p~ce~t 
relative humidity (Solomon 1951). Air 
moved between the boxes in 3-mm tubing. 

After all beetles had reemerged, 
slabs 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 
phloem with a scalpel. Daily gallery 
was identified 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 pairs were considered successful 
whether they laid eggs or not. Occa
sionally beetles left the .slabs on which 
they were introduced and initiated gal
leries the same day on other slabs. These 
pairs were also considered successful. 

TOTAL GALLERY AND EGGS 

Four factors influenced total gal

lery and eggs per mating pair: tempera

ture t, 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 matin~ 

pairs per slab adjusted to 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, TG, 
was 

T =ffl(t)hl(S, 1) for TG < 20/d, and 

G l(20/d) + [fl(t)hl(s, i) - 20/d]91(d, ZI) 

for TG > 20/d (1) 

where Z = f (t)h (.s, i) and f 1 , h" and 
g, repr~sent~d th~ temperature, size-type, 
and 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 functiona.1 
forms. The term 9 (d, Z. ) gave the re
duction in total 9a\lery~ue to density. 
The interactive term Z] i.o 9,. indicates 
that a.s temperature ancr sJ..ze-"1:ype became 
more favorable to gallery construction, 
the effects of density increased. Thus 
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Table 1.--Pertinent information related to nine laboratory experiments on gallery construction and 
oviposition of Q. frontalis 

Month Female 
Exp. of size 
# emergence (wt x width) 

E-1 Sept. 0.873 

E-2 Feb. 1.202 

E-3 Feb. 1.378 

E-4 Feb. 1.343 

[-5 June 1. 057 

E-6 Feb. 1. 387 

E-7 June 1. 254 

E-8 May 0.877 

E-9 May 0.909 

the function T was not separable, imply
ing that the t~ta1 effects of temperature, 
size-type, or density could not be ex
pressed solely as a function of one 
variable. The function g1 was such that 
g1 (0, Zl) = l. 

Total oviposition per female, TE, 
was 

(2) 

where g (0, Z ) = 1. Note that gallery 
construttion 1inf1uenced oviposition 
through the variable Z in g2' indicating 
a dependency of ovipo~ition 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 other slabs. 
At least two slabs held at a fixed 
temperature, size·-type, and density 
allowed the establishment of confidence 
intervals (Cr) around the experimental 
mean. Parameter values for each function 
in equations (1) and (2) were selected 
by maximizing the number of predicted 
values w~thin a 9S percent cr. 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 
Tc; and :r:E fitted 39 of 41 mean va.lues 
wIthin trre 95 percent cr. 

Starting Total Success 
Temp. densities mati ng. prs. intra. 
(Oe) (prs/slab) intra. (%) 

10 4 108 

15 4 108 63.9 

20 4 108 82.4 

20 6 162 61. 7 

20 1 &6 189 82.0 

25 6 162 69.8 

25 1 &6 189 85.2 

25 4 108 87.0 

30 4 108 57.4 

Total = 1242 X= 72.9 

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 150 C than at other 
temperatures, while least gallery was 
produced at 300 C. Gallery lengths 
were similar at 100, 20°, and 25 0 C. 
The unimodel response to temperature 
was described by a discrete function, f1 
from equation (1), given as 

t 100 

16.1 9.6 8.8 5.9 (3) 

A discrete function was used because the 
exact temperature of maximum gallery pro
ductionwas 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 100 C. 
The temperature function for total eggs, 
f2 from equation (2), was 

t 100 

28.6 19.0 16.2 8.3 (4) 
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r~gure 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 sizes 1.387 and 
0.873, respectively. 

Figures 2A and B illustra.te the 
effects of temperature on total gallery 
and eggs per mating pair, respectively, 
at twv extremes in reproductive capacity. 
By examinlng equation (4), one mi.ght be
lieve that fewer eggs were depos~ted at 
30<) than a.t 100 C, while in fact just 
the Opposlte was found, as shown in fig
ur~ ZB. Th~s apparent inconsistency was 
due to the interaction of gallery con
struction on oviposition through the 
term 21 in g2' More gallery per mating 
pair was proauced at 100 than at 30° C 
(bg. 2A), indicating that the density 
and temperature functions in equation 
(2) interacted in such a way that fewer 
total eggs were predicted at lOC! than at 
30° C. 

Effects of Female Size-Type 

Beetles emerging in February pro
duced more gallery and deposited mO.re 
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 0 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). More 
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 reproductive capacity. 
Although we were unable to identify all 
the agents responsible for the seasonal 
variation in gallery construction and 
oviposition, we were able to quantify 
their combined e.ffects. 

A linear function described the 
effects of female size on total gallery 
and eggs per mating pair, with larger 
beetles having greater reproductive capa
city. The reproductive capacity of Feb
ruary beetles (type i = 1) was greater 
than non-February beetles (type i = 0). 
The size-type function for total gallery, 
h1 from equation (1), was 

h1(s, i) =	1.585 + 1.5; + 0.4 (5) 

for 0.87 < 5 < 1.4 and ;=0, 1 

The size-type function for total 
eggs, from equation (2), wash Z 

h2(s, ;) = 	1.585 + 2.4; - 0.47 (6) 

for 0.87 ~ 	5 ~ 1.4 and ;=0, 1. 

Figures 3A and B illustrate the 
effects of female size-type on total 
gallery and eggs per mat~ng pair, re, 
spectively, for extremes ~n reproduct~ve 
capacity. We were unable to detect any 
difference in the effect of size on total 
gallery v. eggs i thus, the predicted 
slopes for the size component of equations 
(5) and (6) were the .same. We did detect 
a difference in the effect of type on 
total 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° C 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 
equations (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 (eggs) and density 7. 

Effects of Density 

coulson et al. (1976) first proposed 
resource utilization 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 uS1ng the 1.59 eggs per centi
meter gallery length. constant described by 
Fol tz et al. (1976). We hoped to confirm 
U1eir results J and at the same time expand 
our understand10g of the beetle's response 
to density. As it turned out, the bee
tle's response to density was more complex 
than its response to temperature, size, 
or type. The following biological inlor
mat10n was used to develop the density 
function. 
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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 noo
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 I 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. 

We also 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 
150 C 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 observed gallery per pair (x ± 95 per
per mating pair from equation (1) at cent CI). Open circles represent mean 
di fferent densities for each of nine gallery for densities having only one 
experiments. Closed circles represent slab. 

function proposed by Coulson et ali (1976) The density function for total eggs, 
was modi fed as follows: (1) The first g2 from equation (2), was 
20 cm of gallery per dm2 were excluded 
from exponential decay, i.e., this section 9 (d Z) =[1.0 for dZl < 20, and (8)
of gallery was held free of density 2 '1 0.25 + 0.75exp(-O.011(dZ -20))effects. (2) The slope of the decay l 
curve was steeper for conditions favor for dZl ~ 20. 
ing gallery constructio•. , such as at 15° 
C and February beetles, while the slope It can be seen by solving equations 
was flatter for conditions suppressing (7) and (8) that density had a greater 
gallery construction, ,such as at the effect on eggs than gallery. Eggs were 
temperature extremes and non-February affected more than gallery because the 
beetles. (3) The decay curve had an proportion of egg-bearing to total gal
asymptote above zero. lery decreased with increasing density. 

The density function for total gal
lery, gl from equa~ion (I), was Evaluation of Models 

For Total Gallery and Eggs 
9 (d, l ) =}l.O for dZ l <: 20, and (7)

1 Models describing total galler~ and1 LO.33 + 0.67exp{-0.011(dI1-20)} eggs were evaluated by (1) comparlng 
for dZ l :. 20, predicted values from equations (1) and 

(2) with observed values, and (2) com
where ZI = f1(t)h1(S, i). paring predicted values with data col
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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. Note that each model 
fitted 39 of 41 mean values within a 95 
percent CI. These figures also illus
tra te the three modifications of the 
Coulson et al. (1976) decay function 
mentioned in the preceding section. 

Further evaluation of equation (1) 
was accomplished by determining peak 
gallery length and number of beetles per 
dm2 for each of 113 trees sampled in 
east Texas between 1972 and 1974. Gal
lery lengths were classed and averaged 
by density to the ,nearest beetle per 
dm2 , and compared with model values (fig. 
7). These comparisons show that gallery 
lengths per pair were similar at all 
densities except those below two pairs 
per dm2 • At these low densities t pre
dicted values underestimated the field 
data. 

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 equation (2) for total eggs; 
however, less field data on actual egg 
niche counts were available. Data from 
15 trees sampled in east Texas during 
1973 and 1977 were classed and averaged 
as before, and compared to model 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. 
Consequently, the effect of the edges on 
reducing total gallery and eggs would be 
greater at the lower densities. Further

46 



40 	 • Field data 

o 	 Predicted volues, 
where35 ••• 

s = overage (1.14) 

= non- Feb. (0) 

30 t = 25°C (8.8) 
:E 
u 

25
0:: 

~ 20 0 1 ...... .-. 
>
0:: o ~...\o 
w 15 .-.-1 

\0 0 •-1 
•••, 0/'<t .-., Ii-•.•<.9 10

• 
5 

2 3 4 5 6 7 8 9 

BEETLE PAIRS/OM 2 

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 (closed circles). 

more, the initial and terminal egg-free 
sections of gallery were not affected by 
densi ty. 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 cumulatlve proportion 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 temperature and density on daily frac
tlonal reproduction was described by a 
slngle 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). 
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Figure 8.--Prediction of total eggs per 
pair from equation (2) at di fferent 
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 cumulati~ frac
tional ~allery up to normalized time y. 
For a given temperature and density, 
chronological time x was transformed to 
normalized time y by multiplying the 
chronological time by normalizing con
stants, thus 

(9) 

where rand r were the temperature
and denh ty-nortnalizing functions, re
spectively. 

Separate functions P2' r 2 , and r2 were likewise formulated .fbr Ule oviposi
tional process, so that 

(10) 
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Effects of constant Temperatures 

Cumulative gallery proflles for 
different temperatures but similar densi
ties were superimposed by adjusting their 
time scales (x axis). The constants 
used to normalize the profiles increased 
with increasing temperature from 10° to 
25° C, but thereafter decreased slightly 
to 30° c. This relationship was described 
by the discrete function r 1 from equation 
(9), where 

t 

0.532 1. 00 1. 342 1.305 
(11) 

The 20Q C constant was set as the standard, 
i.e., 1.0, thereby allowing easy assessment 
of the relative effects of temperature 
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. Consequently I 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 process, 
and flatter at the end. This result 
was most pronounced at four mating 
pairs per dm2 • 

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 from equation (10), asr2 

0.559 1. 00 1. 508 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 

cumulative gallery profiles. However, 

unllke what we observed for temperature, 

single profiles could not be obtained 

for both types. That is, beetles emerg

ing in February (i : 1) responded differ

ently than those emerging at other times 
(i = 0). This re~ationship was described 
b.y the function r 1 from equation (9), 
glven as 

d 1 2 3 4 5 6 7 

0.800 0.833 0.935 1.00 1.053 1.176 1.250 
(13) 

for February beetles, and 

d 1 2 3 4 5 6 7 

0.926 0.952 1.00 1.00 1.031 1.031 1.031 
(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 inf] uenced process 
time for the cumulative oviposition pro
files, but to a. greater degree than ob
served for gallery. The normaJ""izing 
constants given by the function fromr 2equation (10) were 

d 1 2 3 4 5 6 7 

0.741 0.833 0.980 1.00 1.111 1.212 1.299 
(15) 

for February beetles, and 

d 1 2 3 4 5 6 7 

0.870 0.909 0.980 1.00 1.053 1.111 1.176 
(16) 

for non-February beetles. Based on the 
normalizing constants, process times for 
beetles emerging in February were ca. 43 
percent longer at density 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 equation 
(9), only a cumulative distribution func
tion describing the normalized profile 
for each type was needed to determine 
time-dependent gallery construction. A 
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Flgure 9. --A comparison of predicted 
cumulative gallery curves from two 
independent Welbull functions. The 
solid line represents the profile given 
by equation (18). while the dashed 
llne represents the profile given by Y 
= l-expl-15.04xl.65j from Fargo et al. 
(1978) for field data. Average daily 
temperature during the field study was 
26.8 0 C (determined from a nearby 
weather station), and average attack 
density was 9 beetles/dm2 . 

Welbull function provided a good descrip
tlon of the normalized gallery profiles, 
with equations for February (i = 1) and 
non-February (i = 0) beetles, respec
tively, given as 

PIC1, y) = l-exp{-(y/5.19)1.6 j for y > o. (17) 

and 
(18)plCO, y) = l-exp{-(y/4.27)1.8 j for y > O. 

Fargo et al. (1978) also used a 
Weibull function to describe cumulative 
gallery per dm2 occurring in six trees 
in east Texas during the summer of 1975. 
We used thelr weibull function to evaluate 
equation (18) by comparing the predicted 
curves for each function, as given in 
flgure 9. This figure shows the simi
larity of the two profiles and indicates 
that the model developed from laboratory 
data provides a good description of pro
portlonal cumulative gallery observed in 
the field. 

Like gallery, size had no apparent 
effect on the cumulative oviposition 
proflles, but type did. A gamma function 
provlded a good descriptlon of the ovi
posltion profiles, such that the equations 
for February and non-February beetles, 
respectively. were 

P2(l, y) =0.034j~ x 4.2exp{-X/0.98jdx for y>O,
(19) 
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Figure 10.--The normalized (A) gallery 
and (B) egg profiles for February and 
non-February beetles. 

and 

PZeo, y) = 0.04J~x8exp{-X/0.44}dX for y>O. (ZO) 

The normalized profiles described 
by equations (17) to (20) were flatter 
for February than non-February beetles 
(figs. lOA 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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lines represent observed oviposition 
(± 95 percent CI), and solid lines 
represent predicted oviposition from 
eguation (22). 
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held at a constant temperature and den
sity was 

(21) 

where T was total gallery per mating 
pair fr9m equation (1), Yl was normal
ized time corresponding to chronological 
time x from equation (9), and p (i, Y1) 
was the normalized gallery profi\e fora 
type i female from equations (17) and 
(18). 

In a similar manner, cumulative 
eggs deposited in the first x days, E ( x ) I 

for type i female held at a constant 
temperature and density was 

(22) 

where T was total eggs per female from 
equatiotf (2), Y 2 was normalized time 
corresponding to chronological time x 
from equation (10), and p~(i, Y2) was the 
normalized oviposition profile for a 
type i female from equations (19) and 
(20) . 

Figures 11 and 12 illustrate how 

well equations (21) and (22) described 

daily cumulative gallery construction 

and oviposition, respectively. 


CONCLUSIONS 

Our results, interpreted in the 
context of information on population 
dynamics, suggest different seasonal 
reproductive strategies by the southern 
pine beetle. During winter months popu
lation numbers are low. Population 
centers are found in isolated 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 
reproduction. Females remain active for 
greater periods of time, and deposit 
more of their total complement of eggs 
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 favorable during 
the spring. Newly attacked trees are 
colonized rapidly by more adults in the 
popula tion. Thereafter, a continuous 
supply of adults is needed for infesta
tion growth, since beetles must overcome 
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 

I. Pine Tree .Z\natomy and Fungus Growth Pattern 

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

Abstract.--The fungus Ceratocgstis 
minor is introduced in the inner bark of 
plnes by the southern pine beetle. via 
the woodrays, the fungi spread in a 
three-dimensional pattern ln the t.angen
tlal, radial, and longitudinal directions 
l~ the ratio 1:2:7 to 1:4:15 respectively. 

water blockage ln infested stems is 
due to asplration when fungal hyphae 
penetrate the tracheids through the 
pits, and due to the presence of resin 
globules released by destruction of the 
epi thelial 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 
serles of three papers dealing with 
bark beetle dynamics in re'ation to host 
habi tat and the enviroill\L'nt, and two of 
these studies are completed. The first, 
entitled IIpine Tree Anatomy and Fungus 
Growth Pattern,lI serves as an lntroduc
tion and explains why and how the fungus 
blocks water flow in the tree, leading 
to the tree drying. The second study / 
the IIpine Tree Drying Model/II 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 t.hird studY will deal with 
the correlation of the degree of tree 
drying to the extent of brood develop
ment and beetle emergence time. Taken 
together, these studies serve to input 
to any mechanistic spot dynamics model, 
determine timber salvage tactics, und 
project the history (age) of the infesta
tion. 

The authors are, respectively, 
Senior Research Scientist, Senior Research 
Scientist, and Associate Professor, Bio
systems Research Division, Dept. of In
dustrial Engineering, Texas A. & M. Uni
versity, College station. 

INTRODUCTION 

The blue-stalning fungus Ceratocystis 
minor (Hedge) Hunt 15 introduced lnto 
the lnner bark of pines by the southern 
lJine beetle, Dendroctonus frontalis Zimm. 
(Craighead 1928, Calrd 1935, Bramble and 
Holst 1940, Dixon and Osgood 1961, Frank
lin 1970). Functionally similar blue
stalning 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 1928, Nelson and Beal 1929, 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, and 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 
possibly 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. Tangential 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 delayed by 
nearly 30 days. Removal of blue-stain 
fungus Ceratocgstis ips from Ips bark 
beetles in pine bolts was also found to 
be detrimental (Yearian 1967). 
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Bdrrcl.S (1973) pOl.nts out that such 
d decrecl.se 1n beetle reproduct10n and 
delilY ln development would be helpful in 
efforts to decrease SPB-caused economlC 
losses If a practlcal method could be 
devlsed to manlpulate thls phenomenon. 
Be::ndes the lnunedldte effect on progeny 
SU,l'V1Vdl, the delay In brood development 
would allow more tlme for detection dnd 
salvage of Infested trees. 

MANlf'ULATIC'N OF MOISTURE 
AS A POTENT IAL CONTROL r>IEASIJRE 

Rt~C'pnt evtdence tends to support 
the hypothpBlB ..1f Nelson (1':134) thdt the 
tunqus brIngs about d reduct10n In the 
wdter ('ontpnt. of the Infested tree. 
MOIsture has been suggested as a mdJor 
host-teldted mortdllty factor 1n beetle 
populatlC'n dynclmIcs (Thatcher 1960) I as 
the cause of poor and erratlc success In 
reanng the beetle In the laboratory 
(Clark dnd Osgood 19b4), and as a mecha
nIsm In the effect of cacodyllc acid on 
bI'ood development. (Willlamson 1970). 
Stud1es of the Influence of phloem mOIS
ture ()ll brood development by Gdumer and 
Gard (lCJo"), Webb and Frankhn (1978L 
and Wagner et al. (1979) suggest that 
h1gh phloem m01sture 1S assocIated with 
the formation of long larval ml.nes, 
lnstedd of feed1ng chambers. This phe
nomenon, ln turn, led to lower survIval 
of early larvae. Conversely, the emer
gence of survlvors was positIvely corre
lated wlth phloem moisture, suggesting 
that hlgh moisture was beneficial to late 
larvae and pupae ln the bark. Since ade
quate m01sutre appears to be important 
for pupal survival, the blue-stain fungus 
may have a complex role of reducl.ng 
m01sture ln the early larval perl.od 
whlle IncreaSIng the bark moisture con
tent 1n the la.te larval and pupal period. 

The Importance of mOIsture is l.mplied 
In the varIOUS wlthln-tree control mea
sures tested over the past 80 years or 
so. These control measures l.nclude top
plng (Ca1rd 1935, Webb and Franklin 1978); 
cut-and-top, cut-and-Ieave (Thatcher 1960); 
and cacodylIC aCId treatment (\o;illiamson 
19-(0). Successful :Implementation of these 
control techniques has been llmlted by 
our Inadequate understandlng of the 
internal processes that were affected 
dnd how these processes were :Influenced 
b~' the ptevaIllng phYSIcal envlronment. 

Alol1g somewhat the same Ilne of 
thought. Webb and Franklln (1978) suggest 
that phloem mOlsture may be an lmportant 
factor determln1ng the expanslon or 
decllne of bark beetle infestations. 
These lnvestigators call for the study 
of the relationshIp of phloem moisture 
to various site and stand characteristlcs 

as well as an analysls of the relation
ship among m01sture, beetles, and micro
organ1sms ln the infested tree. 

It 1S important to recognlze the 
dvnam1c nature of the water relatlons of 
the stem of an lnfested tree. These 
relatlons are the result of complex 
blological and physical InteractIon of 
fungus, host tree and beetl es . Thi SI 

lnteractlon IS a h1dden process: lt is 
VISIble only by des1ccatlon of the folI
age. loss of bark from the tree, or rela
tive reductlon In YIeld of emerg1ng beetle 
brood. A computer model IS therefore 
practIcally the only means by which to 
follow water reldtionshlps as a fUnctIon 
of the biologIcal and physical dnving 
forces. 

Knowledge of the tree drY1ng period 
from beetle attack to vlslble foliage 
deSIccat10n (or tree fade, as it is 
often termed) may be of interest ln the 
lnterpretation of aerlal reconnaissance 
informat10n. such knowledge could be 
used to remove some of the bias 1nherent 
in observations of fade frequency or 
rate of spot growth. During cool, moist 
conditions, spots will go virturally un
noted, whereas during hot, dry conditions, 
old and new infestations will suddenly 
become v1s1ble, which can be extremely 
misleading both for the forester and the 
applications entomologlst. Scheduling 
of salvage operations thus becomes depend
ent upon climatic conditions rather than 
apparent infestation frequency. Knowledge 
of the tree-drying 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 sequence of theo
retical studies oriented toward the 
assessment of various practical control 
methods based upon the manipUlation of 
stem water relations of infested trees. 
Th1S paper describes the dynamics of 
fungal penetration of the xylem 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 symblotic relationship between 
the beetle and the fungi involves altera
tion of the resin environment as well as 
mOIsture. Barras (1970) points out that 
once the beetle overcomes the inital 
force of the oleoresin exudation pressure, 
lt lS the growth of the fungi through 
the resin ducts thqt reduces or stops 
the tree I s subsequent production of 
oleoresin. Thus beetle development can 
proceed without the resinous flooding of 
egg and larval galleries. 
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Figure 1. --A and B: the path of watr~,: 
flow in a normal 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 Vite 1961). 

The beetle In 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 dlst.'lnCe tengentially along the 
stem. Nelson (1934) found that when 
successful InoculatIon on all sides was 
not aChieved, leaving a continuous band 
of sapwood uninfested, the tree continued 
to live (fig. 1). This band probably 
1S a result of the lack of tengential 
ray and resin ducts, necessitating beetle 
inoculat1on at all positions around the 
cIrcumference of the tree at the cambium
wood interface (fig. 2A). 

In addition it appears that the 
beetle gallery is necessary to provide 
the fungi access to aIr at the surface 
of the xylem. Lagerberg, Lundberg, and 
MelIn (1927) found that C. minor could 
grow in wood if a slightly dry surface 
existed, with access to air. 

The hyphae of blue-sta1n 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 in 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 compounds). 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 ~m, compared to 3 
to 5 ~m in other tissues). 

The spread of the fungus through 
these tissues requires that the hyphae 
dissolve and digest the cross walls 
(Scheffer and Lindgren 1940). They 
noted that "rays so affected commonly 
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 (Winch 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 no 
cytoplasmic contents, and the blue-stain
ing fungi, especially c. minor, do not 
appreciably digest the tracheid cell walls. 
As a result these branches obtain little 
or no nutritive value and are probably 
fed by transport of nutrients from the 
main feeding branches in the ray-resin 
duct tissues. This scenario is reflected 
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Figure 2A.--Schematic drawing of typical 
southern p~ne wood. Of lmportance are 
the vert~cal resin ducts (2 and 9-9a), 
WhlCh are lined with thin-walled epi
thellal cells (E), and the radial or 
horizontal ducts (x and 4), also lined 
w~th epithelial cells (L and 3). The 
radlal ducts are components of the 

ln the small dlameter (i.e., 3 ~m v. 10 
to 15 ~m ln epithelial tissue) and rapid 
longltudinal growth of hyphal branches 
ln the tracheids. Contlnued fungal 
spread ln the wood results from branching 
of these hyphae, especially in the vicin
lty of the p~ts that connect the tra
chelds. Slnce there are pits connecting 
to ray tracheids, the hyphae can .reenter 
nutrltlve parenchyma tissues after having 
elongated rapidly through the tracheids. 

While the greatest biomass of fungus 
may arlse ln the ray-resin duct tissues, 
the rate of fungal spread may be most 
rapld 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 wlde, offer least mechanical 
reslstance in the vertical direction. 
Radlal spread is second fastest because 
most Plts are oriented radially (i.e., 
through the tangential walls of radially 
adJacent tracheids). Finally, the slowest 
rate of spread is tangential Slnce there 
are fewer plts in that direction (fig. 
2A) . 

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 6-6a). Note the 
connection (Y) of vertical and hori
zontal ducts. (From Howard and Manwil
ler 1969.) 

Figure 2B.--Enlarged example of a radial 
resin duct. (From Howard and .Manwiller 
1969. ) 

3 
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Flgure 3.--Top:Tangential section through 
a vertlcal resin duct, where lt lnter
sectswlth a ray and horizontal (radial) 
resin duct. Bottom: Cross section 
(looking downward) of vertical resin 
ducts f where one of them intersects 
some ray parenchyma cells. In both 
cases the stlppled cells are alive and 
contaln cytoplasm, whlCh is the primary 
food source for the fungi. 

The comb1ned propertles of the wood 
tlsslles, then, explain the experimentally 
observed rates of penetration in the 
tangentlal f radlal, and longitUdinal 
dH'("C't lons, WhlCh vary from 1: 2: 7 to 
1:4:1S respectively. As pointed out by 
Scheffer and Lindgren (1940), there is 
less Vdrlatlon in these ratios among 
specles of funglthan mlght be expected. 
They; lke\Ylse conclude that the anatomical
mechan1cal propertles of the wood are 
the controillng factor. Indeed lt might 
be possible to predict these ratlos from 
the hydraulJ.c conductlvi ty of the wood 
1n the three dlrections, 

, r 

'""..4 j ;r Cross wallsf 

Pit area 

3 

4 Pit area 

Figure 4. --Top: Diagram of ray cells 
including thlck walled parenchyma (1) 
and ray tracheids (3). Bottom: Re
lationship between ray parenchyma 
cells and vertical tracheid (4). Note 
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 Nelson (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 block the flow of water or 
dye Solutlons (Caird 1935). We also 



point out that the reSln aClds are known 
to crystallIze on contact wl1:h moisture, 
and the flne mesh structure of 01 t mem
brane!;., make an excellent surface for the 
furmatlon of mJ.cI"ocrystals. 

In additIon to blockage by substances 
ltl the VICInIty of damaged reSIn ducts, 
It IS clear from publIshed photographs 
(e.g., Lagerberq et al. 19Z"l, Scheffer 
,md l.lndgren 194\.1) that hyphal penetra
tIon ot t)a~h~lds pldyu a maJor role In 
tht' reduct Ion ,)1" watpr conductIon. 
Spe~ltl~dlly, the water In each tracheld 
lU under tenslon load (sometlmes referred 
to ,H.i 1I:.;uct lon fOITe") dnd IS thus aspIr
d.t(.~d when <1 fungal hypha penetrates 
thn)ugh d PIt and allows alr at atmos
pherlc pressure to enter. Generally alr 
Hi prevented from enterIng the adJacent 
trachClds because the pressure dlfferen
tl~l ("duses closure of the prts by the 
torus (a small plug normally suspended 
.lWd¥ from the pl t aperture by a thln 
t lbraus membrane) (fig. 4). 

Once bulk wdter IS aspirated from a 
gIven trdcheld, the hypha grows rapidly 
through the lumen. Branches from this 
hypha tend to penetrate the plugged pits 
1nto adjacent trachelds, caUSIng addi
tIonal aspiration of water from these 
elements. All tracheary elements so 
aspIrated are lost as conductors of 
water through the xylem. The rapId rate 
of fungal spread through t:he tracheids 
probc1bly contributes most to the block
age of water flow. 

Combrning the two effects of the 
fungr on water conduction--aspiration 
and blockage by reSIn residues--it can 
be concluded that any three-dImensional 
area of xylem occupied by the fungus is 
no longer capable of conducting water. 
However, It should be noted that the 
xylem IS a complex, three-dimensional 
network. A characteristic of such net
works is 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 various portlons of t:he 
xylem of llvlng prne trees have been cut 
(see flg. 1). 

ThUS, to stop or reduce the flow of 
water enough to cause fading or death of 
d tree, it is probably necessary that 
the sapwood be blocked by a nearly con
t1m10u5, CIrcumferentIal band of fungus. 
Such ~:t band would resul t when the wedge
~haped patches of fungus, introduced at 
varlOUS level!; and posi tions around the 
bole, spread suffiCIently to overlap 
(flg. 5). In early sprIng, when water 
demand IS low, it 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 S.--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 SYMBIOSIS 

II. Pine Tree Dry~ng Model 

Youhanna Fares, Charles E. Magnuson, 

Abstract. --A Fungus Growth Tree 
DrYIng Environment model ~s formulated. 
The model calculates the rate of drying 
of the fungus-infested pine tree as a 
function of envirorunental and tree physio
logIcal varIables. The rate of drying 
determines the degree of brood develop
ment, WhlCh in turn deternnnes the time 
of beetle emergence. The model also can 
determlnethe age of the ~nfestat~on for 
control and forest management. 

INTRODUCTION 

The southern pine beetle, Dendroc
tonus frontalis .Zimm" from here on 
denoted SPB, is a particularly destruc
tlve lnsect in the p~ne forests of the 
South. Three factors--the constant 
presence of blue-stain fung~ in trees 
sllccessfully attacked by the SPB; the 
fact that blue-sta~n is found ~n the 
water-conducting tissues of the xylem, 
whereas the beetles are ch~efly confined 
to the phloem and cambium regions; and 
the extremely rapid death of infested 
trees, apparently due to water defi
ciency--have focused attention on the 
poss~ble role of these staining fungi in 
the death of trees (Nelson and Beal 
1~29, Nelson 1934). 

The development of the southern 
pine beetle in loblolly pines (Pinus 
taeda 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 
(1973) found that the number of progeny 
and the time of emergence is highly 
dependent on fungal development. 

1 Drs. Fares, Magnuson, t,'1d Sharpe 
are, respectively, Senior Research Scien
tIst, Senior Research Scientist, and 
ASSOCIate Professor, Biosystems Research 
Dlv~sion, Dept. of Industrial Engineering, 
TexaS A. & M. University, College station, 
Tex. Dr. Doraiswamy is senior scientist, 
Lockheed JSC, HOllston, 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 it 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. 1 f moisture content is maintair:ed 
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 beetles taken 
from unstained galleries, and by the 
phenomenon of specificity found independ
ently by Nelson and Beal (1929) and 
Rumbold (1931). So 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 
wi tIl 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 p.art of the bole. 
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Calrd (1935) and Vit~ (1959) used 
dye solutl0ns to study conduction and 
dlstrlbutlon of moisture in healthy and 
l,nfested plnes. The changes occurring 
when the beetles infest the healthy tree 
are marked. The outer rings fall 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-colored 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 t the transpiration stream 
lS carried in rings which are closer and 
closer to the c~nter of the tree. Re
searchers found that in the later stages 
of the disease no dye reaches the top, 
oWlng to the stoppage of conduction at 
midstem. (The pat'tern of fungus growth 
and mechanism of water blockage is ex
plalned in detail in Part I of this 
series, entltled "Pine Tree Anatomy and 
Fungus Growth Pattern".) The moisture 
content of the diseased tree soon 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 does not 
continue lndefini tely 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 subsequent decay the tree 
may become moist again. 

Bramble and 80ls t (1940) studied 
water conduction 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 Nelson 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 
of the beetles. Thus the presence of 
the fungi may be ascribed to direct 
inoculatlon by beetles. 

Role of Ceratocystis Minor 

In the first stage of infestation 
(1 to 7 days after attack), initial 
lnVdSlon 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 
follage begins to turn yellow, some 
fungi reach the heartwood of the stems 4 
to 5 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. 

It is during the period of 1 to 14 
days after attack that complete primary 
infection of the sapwood takes place and 
stoppage of conduction is first noticed. 
The fungl 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 sterns inoculated wjth C. 
minor became unable to conduct dye through 
the sapwood to the crown within a 2-month 
period. 

As has been pointed out by Nelson 
(1934), the death of inoculated trees 
occurred only when successful inocula
tion was secured on all sides of the 
tree. If a continuous band of sapwood 
remained uninfested, the tree continued 
to live (see vit~ 1959, his fig. 4). In 
general, C. minor is 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 to 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 value, and (2) 
more importantly the SPB brood develop
ment, the number of progeny I 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 model for tree drying 
following infestation by the southern 
pine beetle has been formuldted. The 
concepts of the model are based on the 
following assumptions: 

(1) The tree is assumed to be 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 
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the fungus C. mInor, which gradually 
rpducesthe effective water-conductlng 
system of the tree as the fungi grow 
toward the center of the bole. 

(3) As the ratlo of the effective 
conductlng area to the origlnal conduct
ing area of the healthy tree decreases 
over time, a threshold is reached beyond 
WhlCh the sapwood dries to a lethal 
level (see fig. 1). 

(4) Although the drying process is 
a time-dependent change within the tree, 
the water balance of the tree as a whole 
1S In a steady state Wl th the environ
ment. We can then apply the equation of 
conservation and continuity of mass: 

The Rate of water loss from 
the tree crown + Rate of water 
uptake of the tree from the 
soil + Rate of change of water 
content of the tree = zero. (1) 

Components of the Model 

As can be seen from these basic 
assumpt10ns of the model, the concepts 
and approach are s:~ple. However, be
cause of interdependencles of the vari 
ables Involved In the formulation, we 
must def1ne 'the various terms and their 
Interdependencies. These relationships 
are g1ven in tables 1 and 2. 

The Rate of Water Loss From Tree Crown 

The rate of water loss from tree 

crown, dM/dt, 1S proportional to the 

d1fference in leaf (needle) water vapor 

densl ty, PT.' and that of the ambient 

alI'. p , at: the given ambient tempera

ture, 1 , and to the effective evapora

tlve arga of the leaves, S. Also, dM/dt 

15 inversely proportional to the leaf 

reslstance to water vapor ctiffusion, RL · 
The rate of water loss from the tree 

crown IS then given by 


1. e., 

dM (PL-P ) 5a (2) 

dE 
~ 

RL 

where M IS the mass of water lost from 
the crown in grams, and 

-1 see em 

Figure 1. --Schematic representation of 
the tree drying ,model. 

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

since p (T) is usually taken to be the 
saturat~d w\ter vapor density of air, 
P ' at Tal equation (3) becomes sa 

dM _ P (Ta)-P (Ta)sa a (4 ) 
dt - RL (~L' N )s

s is usually related to the tree's 
d.b.h. by means of a simple polynomial. 
Kinerson 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 = 8.0201 - 0.397x + 0.199x2 + 0.004x3 

where x is the d.b.h. in centimeters and 
S I the needle surface area in square 
centimeters. 
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-----------------------------------------------------------------------------

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

-3Saturated water vapor density of air ;n gm em D Effective diffusion coeffici~~t of 
water in the leaf in cm2 sec 

Soil water potential in bars 
Number of stoma12 per unit area of 

leaf water potential in bars leaf surface cm 

Infested tree (bole) water potential in ban, DBH 	 Tree diameter at breast height in em 

Noninfested tree (bole) water potential in bars The thickness of the unstirred air 
layer on the leaf surface + the 

Infested tree percent moisture content thickness of leaf layer across 
which water diffuses in units of c~ 

Noninfested tree percent moisture content 
Leaf r~listance to water diffusion 

Ambient air temperat~re in degrees Kelvin sec cm 

lree (bole) temperature in degrees Kelvin 	 Infest:d tree (g~le) water resis
tance 1n sec cm-3 p Ambient air water vapor density in gm cm
a Tree cross section in cm2 


lE'af water' vapor density in gm cm -3 

Fungus-infested area (bole) 


Total water content of tree bole in gm (nonconducting area) in cm2 


Effective evaporative surface area in cm2 	 Tree height in cm 

Fungus growth rate in cm sec -1 Conducting surface area (bole) in 
cm2 

Radiu~ of tungal front in em 
r Healthy tree radius in cm 

F 	 Number of fungus wedges (related to the 

number of attacking b~~tles or beetle t time 

attack den~ity) in cm • 


~ydr'aul if2water1condYztivity of the tree 

1n gm cm sec bar 


Table 2.--Dependent and independent variables in the tree drying model. 

Dependent variables 	 Independent variables 

p feTal or f (water vapor press. G ::: e ) 	 Taa '" 	 f fO t' fP ' at Ta)wv r ::: f(Tt' t) Lw (taken as constant) 
;: 	 f Gf •f(T ) 	(usually taken as saturatedf\ 

wat~r vapor density at T ) i.e .• W
t 

::: f(e,r) 'I's
0 (Ta» a
as R ;:; f('!' f' A Lw) D
f c' 
~T 

t 
f (T a ) 	 RL -- f('V

L
, 'P 

5 
) 

Af ;: fCG )f
Ii' f f{t1f) 


;::
Ae ::: f(G f ) (Ac A - A ] T c'!' f(tl )
nl nt 

5 ::: f(DBH, N )s
'\It ftf\. '\Is) 
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RL is strongly dependent on the 
leaf w<ater, potentlal \ilL' the stomatcll 
frequency N , and so11 water potential 
'I'. The la'~ter term lS approxlmated with 
clsconstant for a glven stand slte and sOlI 
water cond1t1on. The functl0nal relation
ShlP between RL and ~L and N 1S obtalned 
from the work of Der-ITchele sand Sharpe 
(1973 and 1974). These authors derived 
a deta1led model of guard cell motion 
and made a parametric analysls of the 
anatomy and physlology of the stomata. 
The rela tlonship between RL and ljIr. and 
N 1S g1ven here, in simpll~led fOYm, in 
t~rms of needle stomatal parameters: 

R 	 :;K+_A_'_ 
L BfCI~L 

where 

K 
n 


410 0 Ns 


A "' (48 E I Ho)/(L~ 0 N )s

B = Hl(L l -L2) ~G -HoL~s 

where 

- semicircumference of stomatal 
pore 

H .. tll1ckness of guard cell o 

- the moment of inertia about the 
neutra,l axis of the guard cell 

E - 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 

L ~ 	 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 tree from the soil is propo¥t.ional 
to the water potential gradient, to the 
conductlng cross-section area of the 
tree, A , and to the hydraulic conductivi
ty of €he tree bole, ~, such that 

(5) 
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PUlLENT XYl~M MOISTURE CONTENT 

Figurp 2.--The change of xylem moisture 
content of the pine tree with water 
potential after infestation. (+) repre
sents data points, and the solid line 
is the fitted model. 

which may be written as 

dW. () A I, (5' )d~n = 6~ 8AV C IN 

For a given site over the short 
period during which the tree is drying, 
~ is considered constant. ~ and mois
ttlre content, 8, are strong11 related. 
In whole cells or tissue segments the 
various forces retaining water interact 
continuously to produce 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 ti8sue 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 decaying 
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 t)IL to water content e r is as suggested 
by SIayter . Therefore, VIE.. 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), 

-b8 
~L "" 	 a e f (6) 

65 



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

The conducting area of the tree 
stem, A , is that portion of the stem 
cross s~ction that has its xylem intact, 
i.e., not yet infested with the fungus. 
This area decreses with time from infesta
tion of the tree and can be expressed as 
the difference between AT and Af , i.e., 

A = A - A (7)
c T f 

However, Af is a function 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, 
MUnch 1908, and McCallum 1922). A is 
also a strong function of fungus glowth 
rate G , which in turn is dependent on 
bole t~mperature Tt , and moisture content 
after infestation u and time from inocuf
1ation t (Gaumer and Gara 1967, MUnch 
1908, Nelson 1934, and Rumbold 1931). 
That is, 

(8) 

and 

EFFECT OF TEMPERATURE 
ON FUNGUS RATE OF GROWTH 

I t has long been recognized that 
organism growth and development as a 
function of temperature follows the 
Arrhenius hypothesis and Eyring equation 
in the midtemperature region (see, for 
example, Precht et al., [1973], Laudien 
(1973], and Sizer [1943]). Recently 
Sharpe and DeMichele (1977) developed a 
stocha~tic 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 C. 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: 

f.c kT 

-h (10)=--~--------------------------

where k, h, R are the Boltzmann constant, 
planck's constant+ and the gas constant, 
respectively. tlSA is entropy of activa
tion, e is rela~lve concentration, and 
tlS repfesents the difference in entropy 
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Figure 3.--The poikilotherm behavior of 
C. minor growth rate as a function 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, tlH represents 
the difference in enthalpy o~ activation 
between these two states. tlS and tlRu 
represent the difference of eNtropy arta 
enthalpy of activation between high
tempera::ure and ~idtem../?erature states, 
respectlvely. tlSA, tlHA, ~SL' tlHL , tlSH, 
and tlRu are thennodynamlc const:ants 
charac~ristic of the organism control 
enzyme system, which is assumed to control 
development. Analysis of the data from 
Bramble and Holst (1940) and L':'ndgren 
(1942) on the relation of temperat',lre 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 on 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-moisture 
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 $ and G developed above. 

L 
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Table 3.--~lain components and constants in the tree drying model. 

1. 

Component 

Fungus area growth 

rate Gf as a func

tion of water 

potential 'P L, i. e., 

GrC~\ ) 

Relationship 

A 

B 

B' 

Constant 

::: 22.24 mm 2 d-1 

= 0.171 bar-1 

= BR(R ::: gas constant) 

2. Xylem (or leaf 

water potential) 

as a function of 

'\' (e )
L f 

::: a e - be f a = 

b = 

39.93 bar 

0.02242 

moisture content 

of infested tree, 

3. 'L as a function of 

time from day of 

infestation, i.e .. 

'I' L(t) 

~'(t)=a'L 
+ b' t m a' 

b' 

m 

= 9.601 bar 

= 10"5 bar 

= 3.332 

4. Xylem moisture con

tent Sf C·I.) as a 

function of time 

from day of infes

tation. 

Sf(t) ::: k 
a" e 

+ blOt + c"t2 k 

a" 

b" 

c" 

= 80.48 

::: -0.106 

= 0.026 d-1 

::: -0.002 d- 2 

5. Fungus area growth 

rate Gf , as a func

tion of time !, from 

day of infestation, 

Cit---
~ + yt 

Ci = 1.028 mm 2 

~ ::: 8.332 d 

y = 1.165 

d-1 

-Continued 
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= 

Tab 1e 3. -- Continued 

Component Relationship 	 Constant 

6. G as a function of 	 k, h, R are the Boltzmann's
f constant, Planck's constant 

temperature I, i.e., and the gas constant re
(~SL - ~HL/T)/R (~SH - ~HH/T)/R spectively

Gf(T) 	 1 + e +e 

i . e. , 

~S~ 	 : entropy of activation 

= 25.59 cal/mole oK 

~H+ = enthalpy of activa
tion 

= 12770 cal/mole 

=	difference in entropy 
of activation between 
low and midtempera
ture states 

= 	-155.5 cal/mole oK 

= 	difference in entropy 
of activation between 
high and midtempera
tl1"~ states 
31~.1 cal/mole oK 

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/mole 

= Relative f§ncentra
tion = 10 

d2 k-1= 	(w) _ . (e il) d . 
c 

Ca) mm 2 d- 1 CA) 

mm2 d-1. C2rrrh)mm2 

= mm4 d-1 
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LIndgren studIed the development of 
~'. f,l111lera In small 1noculated blocks 
of PlllU~~ ec-hlnata sapwood malnta.Lned for 
10 dtlYs dt dIfferent moisture contents 
dt 2~u C. HIS results indIcate that 
below 24 percent moisture content of 
blocks (oven-dry basIs), there was no 
surfdce or InterIor growth of the fungus. 
At mOlsture contents between 24 and 2S 
percent, hyalIne fIlaments were well 
dlstllbuted through the wood rays and 
trcwhelds. Above 27 percent, the blocks 
cont<llned matul'e, brown hyphae and were 
usually VIsibly stdlned by the end of 10 
days of Incubation. 

Colley and RumOo 1.d's (lQ30) studies 
dre In agreement WIth Llndgren (1942), 
that a mOIsture content In the regIon of 
24 percent IS the lower limit for stdIn
Ing of wood caused by C. pillfera. Such 
a llm1 t 1£ conSIdered reasonable even 
t.hough mInImum mOlstun~ contents for 
staIn development undoubtedly vary to 
some extent for dIfferent olganIsms and 
fat woods with dIfferent fIber-saturat10n 
pointi; . 

snell (1929) reported that for 
southern p1ne SdP of sp. gr. 0.44, the 
upper bmi t of mOlsture content for 
optImum grO\"th of blue-stallung fungi is 
1(10 percent. whIle InhIbl t10n takes 
place at 14:' to l~O percent of moisture. 
For southern yellow pine, of sp. gr. 
0.70, the lImits are SO percent and 75 
to 80 rercent, respect1vely. 

On the baSIS of Kidd's data using 
C. mDlll ta, the area growth rate of the 
fungus as a functIon of water potentIal 
1S gIven by 

-B'"G (~) = A e Y (11)
f 

Taking the logari ~~hm of (10), we obtain 

lnGf=lnA-B\~ (12) 

Substi t.utIng for 'j'from equation (6) t we 
get 

(13) 

(14) 

where 

c = a B. 

Data for the longItudinal penetra
tlcn of Trichoderma llgnorum into sapwood 
ot P. taeda (Spradling 1936) show an 
optImum growth .tate around 100 percent 
m01stule. Development data (less defined 
than penetratJ.on or growth rate) of C. 
Pl; Ifera in small inoculated blocks of 
F. e,~hlnata sapwood at different moisture 
contents Indicate that after the estab
lIshment of the spores the growth rate 
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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 moisture 
content (Lindgren 1942). The longitUdinal 
penetration of T. lignorum in P. taeda 
averaged 4.41 rom a day over a .moisture 
content range of 77 to 118.4 percent 
(oven-dry basis). In the final formula
tion of the model equation, all the 
components will be expressed either in 
terms of water potential or moisture 
content, which are related via equation 
(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 

Of Physiological Time 


For a given set of conditions (e.g., 
temperature T , moisture content 8,tand/or water potential ~)t the rate of 
growth of several fungi was studied 
(Lindgren 1942, Kidd et al. 1977, and 
Snell 1929). 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 
of physiological time, i.e., G = f(t).f 

The changes in the growth-temperature 
relations with time have been reported 
for several groups of fungi (Scheffer 
and Lindgren 1940). If 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 
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of 21 fungi studied, the optlmum tempera
ture for growth on agar shifted to lower 
points with increase of inocul a tion 
periods. This change suggested that the 
optimum temperature for decay of \-lOod 
over long periods might be lower than 
those indicated by the agar tests of 
short duration. 

Lindgren (1942) noted that for one 
of three fungi studied there was a slight 
reductlon in growth on agar and decay of 
wood wi'thtlme at the higher temperatures. 
In h1S 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 
\vood with increase in time of lncubation. 
The rapid development of most stainlng 
fungi 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
ti,.)n of staining fungi into wood has 
been limited largely to general lndica
tions yielded by studies affecting stain 
development. MUnch (1907, 1908) re
ported an average longitudinal growth 
of C. minor of 5 to 10 mm/day. Lagerberg 
et al. (1927) present some general fig
ures that lndicate daily radlal rates of 
penetration on the magnitude of 2 to 2.5 
mm for C. minor, under favorable or semi
favorable growth conditions. Greatly 
reduced rates of penetration were indi
cated dS moi sture, oxygen r and other 
conditlons affecting growth become less 
fdvorable. 

Bramble and Holst (1940) indicate 
tha.t durlng the growing season, 14 days 
after initial a.ttack, when the foliage 
begins to turn yellow, C. 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 surround
lng the beetle tunnels and from under
lying sapwood to a depth of 1 nun (one or 
two growth rings) yielded C. minor, 
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 not preclude the possibility that a 
certain sllght drop in mositure may be 
necessary for penetration into the outer 
rlngs. The ability of fungi to penetrate 
lnto the sapwood shortly after initial 
entrance by beetles is perhaps a signifi 
cant feature in connection with their 
effect on the attacked tree. 

Lindgren t s (1942) experiments on 
the penetration of C. pillfera into wood 
blocks as a function of time under con
trolled conditions of temperature and 
relative humidity represent one of the 
rare quantitative studies of this type. 
The average moisture contents of the 
blocks after several incubntion perlods, 
based on six specimens in each case, 
were 104, 98, 106, lOS, 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 
longi tudinal daily penetration of the 
fungus. On the basis of his data, a 
ratio 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 of the stem I s cross-section 
area covered daily by the fungus (i.e., 
tangential penetratiOl. x radial , it 
shows a behavior (see fig. 5) that can 
be described by an analytical expression 
of the type 

where a r ~ and yare constants to be 

determined. 


We can now write a final expression 

for A as a function of temperature T, 

time tt, and xylem water potential'l', 

assuming A to be constant during the 

short perild while the tree is drying: 


f: kT cA = A - w-
c T h 

-84' at• Ae • P2 . 2rrrHF (16) 
~ + yt 

2rrrHF is dimensionless, H being the 
length of the tree bole first .attacked 
by the beetle; therefore, the propor~~on
ality constant w has units time area . 
If we consider 2rrrHF a constant, then we 
car. lump all coefficients into n WhlCh 
will have units of area time. The expres
sion becomes 

(17) 

-84' 1P • e
2 P + yt 

where n = w •. A . a . 2rrrHF. 

We note here that for long times, equation 
(15) reduces to a constant. That is, as t 
becomes large, 

G (t) =_0'_ ::: 2: =constant 

f J! + y Y 


t 


70 



Equation (17) can be rewritten as follows 

t; kT 

A:A-n-c

c T h 

-SljI 1 e 
~ + yt 

1 
Ii + yt (1S) 

If we deflne 

L kTt 
(19)

If! -:: .'lS; + R 1n (T) 

dnd 

B' ;;: RB 

then equation (18) 

($ - ,Bt 

A c:- A - Ile 
c T 

becomes 

- ~H
+IT)/R (20)

1A 
~ + yt 

One may be interested in the frac
tlon of the stem cross section that 1.S 
covered with the fungus over a certain 
period of time, which is given by 

(21) 

The flna1 expression for dWin/dt should 
then be 

($ - B'1jI - 6H+/T)R 
- De A 

or 

($ - B' 4' - tlH+ IT) R 
L ('I' - 'I') (A - De A w L S T 

(22) 

It should be noted that ljI is a 
functlon of water content e and time t. 
The relationship between 4' and e is 
9'1 'len in equation (6). However, the 
variation of 'I' with the physiological 
time of fungus growth is believed to be 
dependent on the fungus species and its 
water requ1.rement 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 
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Figure 5.--C. pilife[a growth rate as a 
function of time. (+) represents data 
points from Lindgren (1942), and the 
solid line is the fitted mOdel. 
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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 4' can be represented by 
the expression 

btm'I' = a + (23) 

where the constant a is the water poten
tial of the noninfested tree and hand m 
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 
equation (23) and give the values of a, 
b, and m. Figure 6 shows a plot of 1jI v. 
time of their data. 
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For purposes of computatIon, the 
dependence of , on 0 and t, II.e .• , ~ 

f(~/t)1 may be expressed In the follow
Ing fashIon uSIng equations (6) and (22) 

bt ffi'(.,t) 7 keCO Ca + ) 

e. , 
(24 ) 

And If we defIne ak ~. k' and bk ~. k" t 

then 

However, equatIons (17) and/or (21) can 
be expressed dIrectly In terms of mOIsture 
content If the growth rate of the fungus 
as a function of tIme IS known as well 
as the variation of WOlsture contnet 
wIth time. 

As mentIoned earller when thef 

fungus is Introduced In the attacked 
tIssue there is a 10 to 15 percent re
duction in xylem mOIsture content over a 
short perIod of tlme. After thIS InitIal 
perIod the xylem moisture content de
creases very slowly. The rapId drop of 
moisture content In the InitIal period 
of infestatIon seems to prOVIde the 
fungus WIth the proper medium for growth. 
At a later time after lnfestatlon the 
moisture content may Increase. This 
phenomenon is probably of little bearIng 
on the tree drYIng In relatIonshIp to 
the brood SInce the brood would have 
emerged. However, the Increase IS of 
grei.lt Importance in relation to the 
tImber value. Gaumer and Cara (1967) 
reported SImIlar observations on the 
phloem water content of infested boles. 
ThIS type of behavior 1S described by an 
expreSSIon of the form 

a"+b"t+c"t2 (26)
(1 (t) = ke 

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, 
1 t lS norma lly eas i er to measure 'i' in 
the field than 8, and equations (17) and 
(21) can be d1rectly utilized. 

Rate of Change 

Of the Tree Water Content 


d\vdt 1S dependent on the tree 

volulne'C'VT ;, ATLT , the,specific water 

loss otChe tree, dflfdt (1.e" the 

weIght of water loss per unit weight of 

tIssue per unlt time after Infestation). 

:L tIS also dependent on the speci fie 

wdter content of the tree II (i. e. f
I 

wdter content Indss/unit volume of tissue). 
Therefore, we have 

(27) 

Figure 7.--The change of xylem moisture 
content with time after beetle attack. 
(+) repr"esents data points from Wagner 
et a!. (1979), and the solid line is 
the f1tted model. 

On differentlating equation (26), we 
obtain 

de a"+b"t+c"t2 = k(b"+2c"t) edt 

or 

de - (b"e+2c"tO) (28)dt -

Therefore, 

dWc = 
dt p V (bile + 2c"te) (29)

T 

or 

dWc _ + a"+b"t+c"t2 +2c+t eull+bllt+Cllt2)
Cit - p VT(b e 

(30) 

where 

b + =kb" and c + = kc". 

Not much is known about de /dt 
after infestatlon; however, some i~sight 
of the change in 8 with time was ob
tained from the dat~ collected by Wagner 
et al. (1979). These data were also used 
in the validation of equation (27). 

The Final EXpression of the Hodel 

From equation (1) we Wrlte the 
general expression as 

dWc dW in dM (31)
at = dt - dt 
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From (31) we can wrIte the equIvalent 
exprem:.; lon 

dOt I dW. dM 
~ _ l In _}

dt VT pdt - dt (32) 

makIng use of equatIon (27). Note that 
equatIon (31) gIves the change of total 
water of the tree wIth tIme, whIle equa
tIon (32) gIves the change in the moisture 
content of xylem wIth tIme after Infes
tatIon. From equatIons (28) and (29) 
one can obtaIn an Independent expression 
for' dO 'dt and dW /dt, respectIvely, as a 
funct lon of B a~d t only, When the 
express ions for all the Interdepend
enCIes ,ue substltuted In equations {31} 
dnd (32), t hey become 

dWc 


dt 


ll'sa (Ta) -ra(Tall(S + C'L)S (33) 
A + BK + CK'I\ 

and 

1 (34) 
rvT 

respectIvely. Each term In equation 
(33) dnd the constants obtained from 
model component validatIon are gIven in 
table 2 together with an expression for 
the model component valIdated. 

EquatIon (33) and/or (34) relate 

the l'ate of drying to (1) environmental 

eondl tions, and (2) the changes in the 

phYSIologIcal properties of the tree, 

resul t,lng from pIne bark beetles and the 

effects of fungus growth withIn the tree 

bole. 


On Integrating equations (33) and 

(34), one simply obtaIns expressions of 

the f0rm 


(35 ) 

and 

(36) 

ret'p.~ctively. If Gf' T, and 'I' al'e known, 

measured, or calculated from model compo

nents, then experimental measurement of 

~f dt ~ny time enables one to calculate 

+' the tlme from beet_le attack. This 
serves as a datIng technIque in relation 
to tImber salvage and qives vital Infor
m,'ttion on lnfestation age. When t, the 
tlme from Infestation, 1S known together 
WI th lJ' and the dai ly temperature range 
ove.r a perIod of tIme, t. it 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 
mechan1stic spot dynamICS model. (We 
w111 address the degree of drying in 
relation to brood development in a future 
communIcation. ) 

Although the model components have 
been validated, the overall model has 
not yet been validated due to lack of 
data that deal with all the variables 
Incorporated in the model. 

CONCLUSION 

Tr_.1 ~ po.":::L has presented a model 
descr :bing the quantItative interaction 
of the p~ne tree, the blue-stain fungus, 
and the environment. We identified the 
physiological factors of the tree, their 
relationships to the environment, and 
'their influence on the fungus growth 
rate and 1ncorporated them in the model 
formulation. The interdependencies--tree 
physiology, tree environment, and fungal 
growth--have been analyzed and quanti 
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 ItS 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 1 


Abstract.--In thls paper we present 
d simple generIc model for the dIsperSIon 
of pheromones in a forested ecosystem. 
We also describe methods for the calcu
latlon of varIous concentratIon-related 
parameters and dISCUSS the influence of 
different micrometeorological condltions 
OIl 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 DendI'oct nus beetles, 
aggregration behavior correlates with 
meteorological condition resulting from 
InverSlon profIles. FInally, we propose 
a technology transfer scheme for the 
utILIzation of the model in forest man
agement. 

INTRODUCTION 

Recently t the olfactory response 
systems of Insects have received a great 
deal of attention (Kaiss1ing 1971). 
Although we now know a great deal about 
the chemIstry and electrophysiology of 
pheromone receptors, we have a lot to 
learn about how these pheromones are 
transmi tted between organisms. vi te, 
Gara, and von Scheller (1964) demonstra
ted the importance of pheromones in 
regulating flight, population aggregation, 
and attack behavioL of the southern pine 
beetle (SPB). Vite's team found that 
insect activity and response to likely 
pheromone sources was strongly affected 
by seasonal weather conditions. Many of 
Vite's observations can be explained in 
termS of the meteorological conditions 
characterizing either lapse or inversion 
profiles wi thin the forest. With the 
prospect of behavioral chemical control 

The duthors are, respectively, 
Sen lor Research Scientist, Associate 
professor, and Senior Research scientist, 
B10systems Research Division, Dept. of 
Industrlal Engineering, Texas A. & M. 
Unlversity, College Station. The wor.k 
herein reported was funded in part by a 
USDA-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, it is imperative that the micro
meteorology of olfactory communication 
be understood and quantitatively de
scribed. We simply will not be able to 
assess the potential value of behavioral 
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 pheromone dispersion 
in a forested area in general and in 
particular with regard to the aggregation 
and flight patterns of the southern pine 
beetle (D. frontalis Zimm.) and mountain 
pine beetle (D. ponderosae Hopk.). The 
model, however, is generic and should 
also be applicable to other insect eco
systems. 

The general approach has been to 
draw upon meteorological models already 
developed and currently in use in pollu
tion studies. It is obvious that Fickian 
diffusion--even for large rates of phero
mone emmission and low sensory thresh
olds--cannot provide a mechanism for the 
range of olfactory communication distances 
observed. For olfactory communication 
to have more than a very limited range, 
it must rely upon the turbulence of the 
wind. In any perceptible wind, a turbu
lent diffusivity I often called eddy 
diffusivity, overwhelms the diffusion 
properties of a given medium, with the 
resultant 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 approaches 
to describing the role of Earth's lower 
atmosphere in redistributing and diluting 
the concentration of emmitted particles. 
The first, based on Fickian diffusion, 
was developed by Roberts (1923) and 
extended to a general three-dimensional 
case independently by Richardson (1926) 
and Schmidt (1925). In Sutton's (1953) 
varIation on this approach, C and C 
are diffusion constants deterffiined by 
the wind profile and n is a third, arbi
trary constant. Sutton's formulation 
was utilized by Bossert and Wilson (1963). 
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But more recently, fleld studIes by the 
U. S. Army ElectronIc Conunand, ECOM-3 
(1970). on the dispersion of aIr tracers 
into dnd wi thin forested areas have 
shown that sutton's equation is generally 
unreliable for predicting special concen
tration patterns. Only with nIght time 
releases in an open clearing did the 
Sutton equation, modifIed for deposition, 
provide reasonable estimates. 

The al ternative approach 1 s the 
statistical theory of fluid turbulence, 
WhICh began with the Investigation of 
turbulent dIffusion by Taylor (1921). 
This approach is widely applied In many 
areas ranging from oceanography to cos
mology. In the statIstical approach, 
one stUdies the historles of motion of 
IndiVIdual fluid particles, trYIng to 
determIne from these the statistical 
properties necessary to descrlbe the 
undE'rlYlng dispersal process. 

The most widely accepted distribu
tlon for describIng particulate disper
SIon In space is the probabili ty den~ i.ty 
functIon, I.e., the Gaussian function 
(Batchelor 1949, 1950; Barad and Haugen 
1959). The underlying principle is that 
the Gaussian fUnction provides a general 
description of the disperSIon of the 
three-dImensIonal plume of the average 
pheromone concentratIon because of the 
E'sspntlally random nature of dispersion. 
LIn and ReId (1963) point out that for 
very small dispersal times, the spatial 
distnbution of partIcles should take 
the same torm as the WInd-fluctuation 
dIstrIbutIon SInce the partIcle trajec
tOIles COInCIde wIth the instantaneous 
WI ndspeed vector. In the atmosphere 
this apprOXImates a Gaussian dIstribution 
(C.D.) faIrly closely. The advantage of 
the G.D. Is Its simplicity. Only two 
dIspersion parameters are reguired--cr 
and IT --and most field studies are cuJ?'
rent17 reported In terms of these param
eters of plume spread. 

There are f1ve underlying assumptions 
1n the application of an atmospheric 
Gaussian distrIbution model to pheromone 
dlsperslon. 

(1) Pheromone release is from a 

contInuous pOlnt source. 


(2) A continuous plume is composed 
of an lnflnlte number of puffs released 
sequentIally with a vanishingly small 
time Interval between puffs. Inltially 
edch puff moves In the wind direction at 
the moment of release (this simplifies 
the cdlculations). 

( 3 ) The expected concentration 
dIstributIon perpendlcula.r to the axis 
of the plume resembles a normal or 
Gausslan dIstrlbution around the center
hne. 

~ ., ' ..H,~,,>\ 

x~ .-4~· J ..~ 

Figure 1.--The thresho11 volume of sex 
attractants from a s~ngle female gypsy 
moth at various wind velocities (Bossert 
and wilson 1963). 

(4) The rate at which the center
line concentration decreases varies with 
the atmospheric stabi 1 i ty, i . e., wi th 
the magnitude and scale of turbulence. 
It 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 is 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 Gaussian distribution 
function, the linear dimensions of the 
plume perpendicular to plume axis can be 
given in terms of the standa.rd 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,y,z) 
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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l:HOn. The x. aXIS extends horIzontally 
In the dlrectlon of the wind, the y axis 
IS located in the horIzontal plane perpen
dIcular to the x axis. and the z axis 
extends vertlcally. The plume travels 
along or parallel to the x aXlS. This 
coordInate system and orlgin location 
wIll be used throughout thIS analYSIS. 

The GaUSSIan model descrIbes the 
dIspersal of gases, vapors, or aerosols 
where the molecule or particle Slze IS 
less than 20p. It therefore Includes 
dlmost all known gaseous pheromones, 
WhICh generally have molecular weIghts 
in the range of 100 to 300 daltons. The 
concentratIon C of pheromone molecules 
at dny gIven pOint x,y,z, resultIng from 
d contInuous ernmu;sion at effectIve 
height H. IS gIven by: 

C {x,V,z; H} 

where 

u ~ 	 the mean WInd speed in the dis
persal regIon, 

Q 	 the effective average rate of 
pheromone emission in molecules 

-1sec. , 

H - the effective height of emission 
In m with 0 (x) and 0 (x) being 
the lateralYand verti~al diffu
sivlties of plume concentration 
In meters, respectively. 

d = 	a reflection coefficient that 
varies from 0 to 1. 

When tt .. 0, this means complete absorp
tIon of pheromones at the ground level, 
and 	u ~ 1 means total reflectlon. Also 
ImplICIt in the analysis is the obvious 
Candl-tlon that the wIndspeed u and asso
CIated turbulence is gre-3ter than the 
Ficklan diffusion of pheromone in the x 
dIrectIon. C will have units of mole
cules m-a . 

For co~centrations calculated at 

ground level (z ;:: 0), equation (1) sim

pllfIes to: 


Q(lta). [,C{X,y,n, H} " tT exp;-~2nIT (x) (x) u (~2J
y ~ l 2] l

• exp (~ (lJ ~x») 	 (2)
L l , 

where the concentration ).s to be calculated 
along the centerhne of the plu.me (y=O). 

PHE.ROMONE PLUMES 

&. 
. 

". . 
jo;,U" .' 

:-
-

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

z 

y 

Figure 3. --Coordinate system showing 
Gaussian distribution in the horizonal 
and vertical. h = source height, H = 
effective plume centerline. 
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PUl t.hel' slmpllflcdtlon Yleldt; 

; 2~ 
H

(X,U.lI; H) '1(X) , i 
J ")(3) 

For u ground-level source I ~:uch as 
attempted In the analysls of Bosselt and 
Wllmm (1<,)63) where H " 0, the plume can 
be descrlbed by the relatlonshlp 

• I. Q(l+u)C(x.D,D,l) - 2 ()'.(')n,T x .1 X U (4 )
Y z 

In many pollut10n studies. the emis
SIOIl Hource Itself has a ,;lgn1flcant 
velocity 1n the vertical dltect10n. caus
Ing d lIse ~H ln the plume above the 
dctlldl emISSIon helght H. TIns phenome
non can be Ignored In the current analy
ses as emlSSlon from biologlcal organIsms 
IS unlikely to have enough veloclty to 
affect the locatIon of the centerlIne of 
the plume. Throughout thls paper, 11 In 
equation (1) 1S set equal to 1. That 
lB. there IS total reflectIon at ground 
level. 

FOREST DISPERSAL COEFFICIENTS 

Many of the econonllcally important 
Insect pests utilIZIng gaseous pheromone 
communIcatIon systems reside 111 crop or 
forest habl tc;1ts _ Some forest-dwelling 
pests that USe pheromone communicatl.on 
for aggregil tlon and host-tree attack 
1nclud~ the southern plne beetle, moun
taln pIne beetle, and western pine bee
tle (D. brevlcomls Lec.). 

studIes on plume dispersal in dense 
vegetat10n canoples are scarce and their 
results often claSSIfied or unpublIshed. 
The results presented In this paper 
depend to a large extent upon the conclu
Slons of four maJor studies which were 
made avaIlable to us. 2 

From these stUdies, we have drawn 

the followlng conclusions. 


(1) Vegetation density has a strong 
Influence on the dispersal characteristics 
within a forest. Al though the windspeed 
wlthln a forest is not strongly coupled 
to that outSIde the forest, the presence 
of generators of turbulence (tree trunks, 
branches. leaves. etc.) substantially 

~ These studies were undertaken by 

the U. S. Army Dugway proving Grounds 

(TRC-343) In a woodlot complex (1969); 

Litton systems, Inc., In a deCIduous 

forest for desert Test Center, report 

number 3004 (1969); the U.S. Army Elec

trolllC Command, ECOM-68-68-1 (1969); and 

Melpal (1969) in jungle canopy. 
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Increases the lateral diffusiv1ty of the 
forest enVIronment. Thus, the dlspersal 
coeffICIents WIthIn the forest (rr and 
11 z) for any g1yen wlndspeed profi Y'e dre 
dl fferent than would be expected for 
slmilar condltlons of open terrain. 

(2) All' temperatures above and 
wlthln the forest were found to be domi
natlng factors. Common forest daytIme 
condltlons result In an inverSIon regime 
WIthIn the stem zone and lapse condltlon 
wlthln the upper portlon of the canopy. 

Fot" the blologlcal reader J these 
lattel'terms need some clariflcation. 
The turbulent structure of the atmosphere 
was classifled by Pasqulll (1961) into 
stablli ty classes. These classes are 
deflned ln terms of lncoming solar radI
ation during the day, or eguivalent 
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 
Pasguill's stability classes) are often 
made, For example, see tables 2, 3, and 
4. A lapse condition describes an 
unstable micrometeorological regime with 
a negative upward air temperature gradi
ent. An inversion condition is a stable 
micrometeorological regime where the air 
temperature gradient is negligible or 
reversed downward. Pasquill (1961) 
devised a method for estimating cr and 
a v, downwind distance for the vdrious 
stability classes. These schemes are 
unfortur.ately based on data collected 
over open terrain and are therefore not 
reliable for regions covered with vegeta
tion. 

Dispersal experiments conducted by 
Melpar, Inc. (1969) , in rain forest 
canopies found that lateral dispersion 
was enhanced while transport was greatly 
reduced for equivalent 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 
observed in this study being at ground 
level. 

with 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 inverslon beneath the dense can
opy. The aerosol below the dense vege
ta tlon tended to be trapped until it 
flowed, by a thermal chimney, rapidly 
out of the raln forest. A thermal chim
ney can occur where less dense vegetation 
or small canopy openings allow solar 
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Table 	1.--Relation of turbulence types to weather condilions (after Pasquill 1961). 

A Extremely unstable conditions o = Neutral conditions l F =Moderately stable conditions 

8 - Moderately un~tablp conditions F = Slightly stable conditions G = Extremely stable conditions 

C Slightly unstable conditions 

Nightime conditions )Uddce 
windc,peed Daytime insolation Thin overcast ( 3/8 

tfJ1/~(;'c ) Strong Moderate Sllght or > 4/8 c1oudi ness 2 cloudiness 

2 A A-B B 

2 A-B B C E F 

4 B 8-C C 0 E 

6 C C-D 0 0 0 

·6 C 0 0 	 0 0 

1 Applicable to heavy overcast, day or night. 

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

== 

Table 	2.--lnsoJation as a function of solar 
altitude (after Turner 1964). 

Solar' altitude 	 Insolation 
(a) Insolation class number 

600 ., a strong 	 4 

35° . 	a 60° moderate 3 

15° , 	 a <. 35° slight 2 

a 15° weak 	 1 

= 

energy to penetrate to the forest floor 
and heat the ground and adj acent air, 
which becomes buoyant and rises through 
the canopy opening. Deposition, by 
contrast, was highly dependent on turbu
lence and'...as increased when an inversion 
trapped the released material below the 
crown, <HdIng the downwllld transport 
process. 

A raIn forest represents the oppo
~Hte extreme to that of open terrain. 
i"lost vegetatIon systems do not have the 
vegetatIon densi ty of a rain forest; 
therefore, their dispersal character
IstIC will be somewhere between the above 
extremes. 
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Tablp 	4.--'>tabiJity cI3'>", d~ d functhHI ,11 v(>rli 

Cd I t emlH:'l'<llurp prOf i 1P. 1 

Temperature change 
:,tJbilily Pa,>qui II with hpighl 
cJd",>itication category 0(". lOU m 

Extremely un'>table A -1. 9 

Moderately un~t<lblp B -1. Y to -1.8 

Sliqht Iy unslahle c -1.7 to -1.(> 

Npull'd I 	 o -1. 5 Lo -0.6 

-r.L 3 to 1.4 

1.5 to 4.C 

fxtremp1y .,Lablp G 4.0 

I from Blue Hill~ Station units 1 and 2, 

Environmental Report Vol. Ill. 1973. 


It is obvious that u and 0 are 
the most important palame.e'ers of £plume 
dlspersal in a forest. Cramer, Record, 
and Vaughan (19S8) have conclud0; l~2t 
the diffusivity of wind ln the horlzuntal 
directlon, hence II , contains implicit 
lnformation on sitJ roughness and other 
factors that determlne diffusion. Simi
larly ,T contains lmpllcit lnformation 
on wlnd£proflle and slte roughness. The 
results of the declduous forest dlsper
!:Hon experiments by Ll tton Systems, Inc. 
(1969), provide further eVldence that (J 

and ,T are universal diffusion lndices.Y 
That 1:s, dl f fus lon da ta can be reported 
ln terms of () and (J (see Pasquill
1974). y z 

The predicted dosage in these stud-· 
les, based on the Gaussian model, show 
that 75 percent of the predicted concen
tratlons are within a factor of 2 of the 
observed values and 97 percent areI 

w~thin a factor of 4. The diffusivities 
II and a ln these studles were calculated 
f¥om a stmple power formula as suggested 
by Cramel< et al. (1964) and Smlth and 
Slnger (1966). This formula glves (J 

and'0t' IT as a function of downwind Y 
dlstdnce 1:md stabillty class. The power 
1aw lIS ed to ca 1cua 1te (J and (J in the 
TRC-343 studles was ba~d on t11e data 
from which the numbers for the various 
coefflcients were derIved. The concen
tratlon pl<edlctions based on the data 
from which the varlOUS parameters were 
derlved indlcated average concentrations 
withln d factor of 2 about 50 percent of 
the time and Wl thin a factor of 10 on 87 
percent of the comparisons. 

f:quiVd lE'ot 
Temppratlln' ~'a~qu i 11 

Ca t E'(jOt') p!'(.fil(' cla<,,,E". 

lnvpr,ion .\1 f dnd G (modpratply 
~table to e~trE'mE'ly 
stable) 

Inlpt'medi.Ht' (I ~T 1. 3 0 ami E (neull',ll 
'>li(jhtly !>table) 

to 

BuoYdnt. ~l ' 0 A, B. and C (ex
lremely un!>table to 
slightly unstable) 

Table 6.--Be!>t tit parameters of lJ and lIZ'y 

:,tability category 
S.D. (from table 5) r a b 

n 
y 

Uz 

All three 

Inversion 

Intermediate 

100 

100 

100 

4,0 

3.8 

6.86 

1.4 

0.2 

0.42 

Buoyant 

Upward tJ y 

Downward °z 

100 

100 

7.5 

3.8 

0.6 

0.2 

It is important to realize that the 
wind profile in crop and forest canopies, 
particularly in neutral atmosphere, is a 
function of helght (z) and that it indi
rectly affects the value of U ." This 
profile can be predicted by th~ log law 
based upon the studles of Singer and 
Raymor (1957). Bussinger (1975) shows 
the wind profiles for various types of 
canoples as a function of relative height. 
If one extrapolates his curves to a pine 
forest canopy (ninus 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 wl.nd proflle is valid only under 
carefully selected conditions. It is 
also apparent that no other existing 
theoretical profile affords a better 
description of the wind. Thus, no rea
sonable alternative to the above approach 
appears to exist at this time. 

On comparing the structure of the 
forests used ln the TRC-343, Lltton Sys
tems, Inc., ECOM, and Melpar studies. we 
found that the closest to the P. taeda 
and P. ponderosa forests is the one used 
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1Il the TRC stud1es. Therefore, we wlll 
adopt 1n thls analysis the parameters 
employed III the TRC study to calculate 
,1 and n. In addl tion the stablli ty 
d'asses ~ertinent to the forest micro
meteorology have been condensed into 
three cdtegorles--buoyant, lntermediate, 
dnd inverslon--based on the temperature 
chdnge (~T) in °C between 0.5 m and 8 m 
from the floor of the canopy (table 5). 

For each of these categorles, there 
1S cln clppropriate standard deviation for 
the plume. This is calculated from the 
power law of Cramer et al. (1958). The 
power law equation for n , the lateral 
devlation has the form y 

\ b 
(l ::: ~)y a ( r (5) 

where c.\ cll1d bare fittir.g parameters. 
The parclmcter a reflects the effect of 
the understory cf the forest, b relates 
to the micrometeorology of the forest in 
terms of the stabllity class, and r is a 
common scaling factor equal to 100. The 
parameters used in the following analyses 
are outlined in table 6. 

In the vertical direction, the 

power law equation for a , the vertical 

dlffusivity, includes an zadditional term 

11, the height of the inversion layer: 


az = (6) 

\vhere no inversion layer exists, such as 
in the buoyant and lntermediate categor
ies, h has a value equal to zero. 

RESPONSES OF THE MODEL 

One of the most important quantities 
of pheromone f!spersion is the concentra
tron of releatied pheromones as a [unction 
of downwind distance from the source, 
because jt will eventually determine the 
upwind flight behavior of the beetle. A 
convenient procedure to calculate phero
lIt0ne dispersion downwind is to determine 
the ground-level (i.e., the beetles are 
at z = 0) centerline (i.e., y = 0) con
centration for a number of downwind 
dis'tances (xl and plot these values on 
log-log paper for various effective 
heights of emission (H) and for a given 
stability class. Another interesting 
quantity is to plot plume centerline 
concentration (i. e. J z = H) as a function 
of downwind distance and make comparisons 
to ground-level centerline concentration. 
For general computatiuns the above two 

1 Cu -2types a [ pots are expressed as (Q) m 

v. (x)m, which ~ith the knowledge of Q 

and u make it easy to determine C as a 

function of x. Figures 4 and 5 give ex-
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t 

" 

DOWNWIND DISTANCE. 

Figure 4.--Pheromone centerline concen
tration (cu/Q)m- z v. downwind distance. 
The beetles are at 4 m above the ground. 
Neutral class. H = 1 to 8 m. 
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Figure 5.--Pheromone centerline concentra
tion (cu/Q)m- Z v. downwind distance. 
The beetles are at 4 m above the ground. 
stable class. H = 1 to 8 m. 
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amples of these plots for the most im
portant stability classes of the forest. 
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Figure 6.--The ratio of plume centerline 
pheromone exposure to beetle exposuretil 

threshold v. downwind_distance atQTwind veloci~y u = 1 msec 1. Neutral 
class. The beetles are at 4 m above 
the Jround. H = 1 to 8 m. 

An interesting quantlty to calculate 
is the ratio of C in molecules/m3 to the 
threshold concentration (T) that can eli 
cit flight response from the beetle, as a 
function of downwind distance x, for 
given emission heights H, wind velocity 
u, and emission rate Q--or better still, 
the ratio of exposure, $', a,s a function 
of downwind distance x as shown in fig
ures 6 and 7. The distance at which the 
ratio is equal to 1.0 should be the 
threshold distance of the effective area. 

Also, the distance at which CIT or $~ 
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 various stability classes could be 
obtained from figures 4 and 5 or by 
differentiating equation (1) with respect 
to x and equating it to zero. For sim
plicity we assume 

"f I 
." t 

1;",c1N.C THR.ES v, OO\\NW1ND DISTANCl I
f.: B U ' ~ "t',. 

! 1 ! j 

" t[}L1l1 

DOWNWIND DI5T ANCE 

Figure 7.--The ratio of plume centerline 
pheromone exposure $ to beetle exposure 
'threshold v. downwind_dis,tance atQTwind veloci~y u = 1 msec 1. Neutral 
class. The beetles are at 8 m above 
the ground. H = 1 to 8 m. 

and for centerline ground level concen
tration 

cr 
C -~ z 

max - 7tH eu cry (7) 

Because the maximum concentration occurs 
when H2 = 2cr 2 , the formula may be written 
in the follo~ing form: 

C = 2~Q 
max 7tHeu(a) (8)

y max 

where the notation indicates tha·t the 
value of cr tn be used is the one apply
ing at theYmaximum concentration distance, 
as shown in figure 8. 

For plume axis concentration (Le., 
at 1:he level of the plume centerline 
where Z f 0), one obtains the relation 

C(x,O,z;H) ~ [l.O+exp-~ 

C(x,O,O;H) (9)
exp - ~(J:!) 2 

cr z 

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

the distance where cr =! H (this approxi
z ./2 

mation is much better for unstable condi
tions than for stable conditions), equa·
tion (9) becomes equal to 1.38. This 
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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-third. 

The independent variable in equations 
(S) 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 method is used 
to estimate these isopleths. The first 
step involves determining the axial 
pos~ tion of the plume, which is estab
lished from the mean wind direction. 
The relationship between ground-level 
centerline concentration and ground-level 
off-axi6 concentration at a distance g 
~s used; that is, 

C(X,y,Oj H)= exp [_~ .'L)2 ] 
(10)C(x,O,a; H) lIT 

\ y, 

The y coordinate of a particular isopleth 
f.t:om the x axis can then be determined 

Neutral or slightly stable 

2 

10 100 

(C UfO) n? 

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

y = [2a2 In 100 J~ (11)
F y F 

Similarly, the z coordinates of a partic
ular isopleth from the x axis could be 
determined at each downwind distance 
x from the relation 

(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 f O. Figure 9 shows ground-level 
concentration isopleths for intermediate 
(neutral stability class) conditions for 
a I-meter emission height. similar 
graphical output for 2-, 4-, and 8-m 
emission heights show that when the 

1000 
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C~)NCEN IRA TlON IS,)PLE THES 

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 the center
line concentration. concentration is 
expressed in (cu/Q)m- 2 . 

CONCENTR,l\TION ISOPLETHES 

r) 

~p l.!U lb\" 200 ",'all 2fh; -iL\...:! :160 400 

:lOWNWiNO OJ5T ANCt IN Ml TER'i 

Figure 10. --Ground-level concen'tration 
isopleth for intermediate stability 
class and emission height of 8 m. 
Note that only the 0.1 percent isopleth 
remains. The concentration of each 
lsopleth is equal to the concentration 
downwind along the x axis at the point 
of intersection. 

emission height is raised, the ground
level concentration decreases. When the 
source height is 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. 
If the surface concentration represents 
the beetle response threshold, then the 
beetle population beyond this envelope is 
not induced to fly toward the source. 
The volume enclosed within the envelope 
represents an effective sphere of influ
ence with respect to insect attraction 
toward the source. 

The effect of emission height is 
shown even more clearly in a plot of 
surface concentration patterns from a 
continuously emitting source. The ground 
surface concentration patte:::-n 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 e~ission 1 m in height would be 
essentially zero at the base of the 
tree, rising rapidly to a peak value at 
some downwind distance, x max, and de
creasing regularly thereafter. The 
concentration is always higher along the 
proj ection 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 8-m emission 
heights under the same intermediate 
(neutral stability) micrometeorological 

category. similar surface concentration 

patterns for planes located at various 

heights could also be generated repre

senting assay beetles flying at various 

heights above the ground. 


While the surface concentration 
patterns are a useful means of visualiz
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 meteorological conditions. 
Figures 15 and 16 compare vertical plume 
profiles for inversion and intermediate 
micrometeorological conditions for an 
emission beight of 2 m. Note the radical 
difference betwef;ai these profiles. In 
the inversion profile the concentration 
at 32 m downwind is very similar to the 
intermediate profile at the same downwind 
distance. For shorter downwind distances, 
the profile s shapes become radicallyI 

different, with the inversion condition 
maintaining a broad front. Unlike the 
intermediate condition, it produces a 
sharp, localized concentration near the 
source. The buoyant condition is distinct 
in that concentration drops off radically 
in the downwind as well as downward 
vertical direction. The plume tends to 
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SURFACE i,.;)NClNTRATlON PATTERr~ 

";

. ,... 

FIgure 11. --Pheromone plume made of 
three-dimensional isopleths at 0 to 8 m 
above the ground. The inner isopleths 
represent 10 percent and the outer, 1 
percent of their corresponding center
line concentrations, respectively, for 
t,he neutral class and emiss~on height 
of 4 m. 

Figure 12. --Pheromone 9round surface 
concentration (cu/Q)m ., as a function 
of dowmnnd distance (xl and crosswind 
dIstance (y) for the intermediate 
cl,iss and emission height of 1 m. 

Figure 13. --Pheromone 9round surface 
concentration (cu/Q)m 2 as a function 
of downwind distance (x) and crosswind 
dist::-.nce (y) for the intermediate 
class and emission height of 4 m. 

SURFACE CONCENTRATION PATTERN 

Figure 14. --pheromone 9Iound surfac.e 
concentratlon (cu/Q)m as a functl.on 
of dowm.,rind distance (x), and cro,sswlnd 
distance (y) for the lntermedlate 
class and emission height of 8 m. 
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FIgure 15.--Concentratlon prof1le of 
pheromone plume parallel to the tree 
length as a function of downwind d1S
tance (xl and for the inversion class. 
The emiss10n helght 1S 2 m. 

'"i. -, " .... .,~ 

F1gure 16. --Concentration profile of 
pheromone plume parallel to the tree 
length as a function of downwind dis
·tance (x) and for the intermedi ate 
class. The emission height is 2 m. 

Z BEETLE HE IGHT vs 
CONCEi,TRAT;")N 
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FIgure 17. --Concentration profile of 
pheromone plume parallel to the tree 
length as a fUnction of downwind dis
tance (x) and for the inversion class. 
The emission height is 4 m. 

rise upward out of the forest. Only 
beetles at h1gh levels w1thin the canopy 
would receive the signal, but they would 
be unllkely to fly down to the source 
due to their typ1cal behav10ral response. 
(See also figs. 17 and 18.) 

MULTIPLE SOURCES 

In a real ecosystem pheromone is 
emi tted from mul t1ple sources, 1. e. , 
many beetle-lnfested trees. The pr1nc1
pIe of superposition makes it posslble 
to calculate and sum the concentrations 
(and/or doses) at a given point 1n space 
due to all the sources uS1ng the Gaussian 
distribution formulation developed above. 
Concentration profiles due to any number 
of trees located at any point (x,y) in 
space, for var10US emission he1ghts and 
emission rates under d1fferent meteoro
logical conditions, are calculated. 
Figure 19 11lustrates some of these 
profiles. The important observation is 
that the concentration of pheromone in 
between trees increases drastically, 
which in effect 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. 
Nume:::-ically tit comes to exactly the 
same thing if one calculates the concen
tration at a point (x,y) from a number 
of arbitrarily distributed sources A,B,C 
at height H, or if one calculates (after 
reversing the mean wind direction) for a 
single source located at point (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 Gauss~.. an 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. One much simpler 
approach is to use pheromone-sensitive 
insects as the assay technique. Insects 
have considerably greater ability to 
sense small quantities of pheromone than 
do chemical sensors designed by man. In 
addition, the usefulness of pheromone 
dispersion model relates ·to its ability 
to explain and/or to predict in.sect 
behavior. Therefore, support for the 
model is dependent upon observations at 
the biological level. 
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FIgure 18.--Concentratlon profIle of 
pheromone pardI lei to the tree length 
as d function of downwind dIstance (x) 
and for the Intermed1ate class. The 
emlSSlon he1ght 1S 4 m. 

SURf AC f ~~,-)NlT!\jTRATION PA TfERN 

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 
emissl.on rates. 

BIOLOGICAL SUPPOR.T FOR. MODEL 

The studies of Payne (1974, 1979) 
and others have clearly established the 
Import,ance of pheromones in regulati'lg 
fllght, population aggregation, and 
attack behavior of the southern pine 
beetle. S1milar studies (e.g., Wood and 
Bedard 1977) have established a similar 
response for the western pine beetle. 
GIven these physiological responses, it 
would be expected that these insects 
would show marked responses to micromete
oralogical conditions. Inversion phenom-

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. 

(a) O,"2·10"~ 

8 

(b) 

Figure 21. --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 1959.) 

ena such as fumigation, trapping, and 
looping should result in enhanced flight, 
aggregation, and attock. By contrast, 
buoyant, clear days with high lapse 
rates should reduce flight activity and 
attack behavior during the midday period. 
On days when thunderstorms threaten or 
overcast conditions oc~ur, the associated 
inversion conditions prior to rainfall 
would be expected to produce pronounced 
beetle activity. To ascertain whether 
these qualitative predictions of the 
model are reasonable and realistic, we 
now discllss two studies of beetle activ
ity with meteorological conditions. 
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Figure 22.--Upper: Seasonal variation in 
the vertical temperature difference 
(OF) 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 station in Idaho 
(DeMarrais and Islitzer 1960). 

Figure 22. --Lower: Diurnal arriva 1 pat
tern of mountain pine beetle on a 
sugar pine under natural attack, as 
measured by sticky traps (two each at 
3. 6, and 9 m) on the tree bole. Fish 
Camp, Calif., June 20, 1970). The 
number trapped during each time inter
val is in parentheses. (After Edson 
1978. ) 

The flrst study was undertaken by 
Edson (1978) in the Sierra Nevada Moun
tains of central Call.fornla. Edson 
studied. the influence of weather on the 
arrival and attack seauence of the moun
tain pine beetle at -attractive tree 
bolts. In thlS 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 afternoon, when 
the lnfluence of th~ ocean became domi
nant, causing fog to move into the area 
and up the valley as a front. The micro
meteorology of this area is not available 
to the authors. There is information 
for conditions at the National Reactor 
Testing station in Idaho, which is too 
far from the ocean to experience "1 ate 
afternoon fumigation. " Temperature 
profiles were collected '",i th an open 
fetch over a height of 120 m. 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 proflle except that ~he onset of 
inversion would occur approximately 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 period 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 clearly shown in figure 23. 
Edson found the optimal conditions for 
the fliaht 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
di tions, 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 
pheromone plumes during the midday period. 
It 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 
activi ty in the late afternoon (fig. 
23A) . 

The Southern States have a somewhat 
similar meteorological pattern without 
the pronounced late afternoon fumigation. 
TTJe pattern is somewhat similar to that 
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Flqure 23. --DIurnal response of the 
mount.aln pine beetle to attractive 
lodgepole pIne bolts infested with 
combInations of male and female bee
tles during (a) clear weather (August 
1972), (b) overcast weather (July 
1972) , and (c) midday thunderstorm 
weather (July 1973). Lake Tahoe, 
CalIf. (After Edson 1978.) 

medsured in Idaho. Vite et al. (1964) 
measured the diurnal pattern of response 
to attractants of the SPB. They demon
strdtedthat 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 
rdte. A comparison of their results 
[shown 1n figure 24 for April (spring) 
dnd July (summer)] with the lapse profiles 
shown in flgure 24 (upper) reveals that 
relat1vely stable conditions occur in 
the mornIng and afternoon periods. As 
the season progresses from spring to 
summer, the larc;e period appears to 
Increase in duration wi thin the forest 
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Figure 24. --Upper: Same as figure 12. 
From National Reactor Testing station 
in Idaho. (DeMarrais and Isli tzer 
1960. ) 

Figure 24. --Lower: Seasonal changes of 
diurnal flight pattern of Dendroctonus 
frontalis. (vite et al. 1964.) 

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

vite et al. (1964) also indicated 
that on cloady 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 RaymoI' 
1957). 
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TECHNOLOGY TRANSFER 

Many researchers 1n the ilelds 01 
behavloral chemIcals, forest management. 
tlnd plne beetle control have reallzed 
the baslC an~ applled utilitIes of phero
mone dlSper"sal In a forested ecosystem 
such as the pIne forest. From the applIed 
pOln't of view, the model provldes an 
essentlal tool for proposed forest manage
ment strategIes such as artlfical phero
mone .release, confUSIon str~teg1esT 
b10attractant releases. and controls on 
1nsecticide spraY1ng programs. It is 
also extremely Important to deSIgn the 
pl'ope t release source for behavioral 
chem1Cais and bioattractantH, WIth the 
right emISSIon rate. To gIve the user 
nUmer lcal answers to hIS questIons for 
the purposes of lmplementatlon of control 
tact IC~; we deve loped an lnteractl ve compu
ter code, stored on a cassette tape for a 
m1nl~omputer. The code IS structured so 
that the user needs to answer only a few 
questions concerning weather condItions, 
tree spacings. and beetle denSIty. 

According to the weather conditions, 
the ~tdte of the envil'onment 1S determIned 
USIng the classification gIven 1n table 
7 for dny gIven wind veloci tg. The 
effect1ve attractive areas. pheromone 
concentratIon profIles. and emIssion 
rdtes are then computed based on the 
state of the enV1ronment and the wind 
velocity dnd for any given source eleva
tion. On the basis of the above computa
tIons. three 1mportant pIeces of informa
tion wi-ll be returned to the user: 

(1) d deCISIon of whether it is 
sUltable to conduct the expdriment or 
not, 

(2) the amount of pheromone needed 
to conduct the experiment successfully 
(Cl' any other behavioral chemical. insec
tIcide •... etc.). a'1d 

(3) the rate of emission from a 
source of a given design. 

It should be emphasized here that 
we stIll n~ed to include in the model 
the influence of the wind rose, i. e .• 
"'ind directIon and its frequency in that 
dlrection. which will determine the 
domlnant direction of dIsperSIon. 

Tabl~ l.--Cla~~itication of weather conditions. 

Tempe,'ature )un Rain State 

, 30 0 e Sunny No I 

3Uoe Cloudy No 2 

30 0 e Sunny No 3 
, 3Uoe Cloudy No 4 

30°C Cloudy Hi 5t 5 

, 30°C Cloudy Rain 6 

-
DISCUSSION 

Condensing stabilIty classes into 
three micrometeorological categories is 
an attempt to simplify the model for use 
in forest pest management as well as fun
damental research in olfactory communica
tion wi thin 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 study, 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 two locations 
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 meteorological 
conditions allow pheromone concentrations 
to build up. In general it will favor 
early morning and late afternoon periods 
except "hen thunderstorms are imminent 
or overcast conditions occur. 

Pheromone communication may tend to 
be more effective during winter than 
summer due to the increased buoyancy of 
summer' periods. However. the increase 
in effectiveness of olfactory communica
tion in winter will be offset by the 
lower 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 communicatio~s. The l~vel 
of activity during the w1nter may 1D 
fact be lower than that during summer. 
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It l~ expected that the spllng and fall 
pellodu wIth ml1d temperatures, medlum 
day lengths. and lack of pronounced 
Lipse condl t Ions wl11 favor pheromone 
communicdt Ion at least In areas that 
have extreme temperatures In summer and 
wlnter. ThIS IS borne out In the case 
of the SPB. PopulatIon increase IS most 
pnmounced In sprlng and fall, with 
popul<.lt Ion decreas1ng 1n wInter and 
sununer (Thatcher and PIckard 196-}). 
Th0ugh there dre probdbly mdny causes of 
thIS pattern, the Impact of meteorolog1
cdi condItIons upon pht'nomone conununlca
t It)n shouid bl:' C"onsiilerpct (is d contrIbu
tory factor. Weather should also be 
con~;ldl>led as a factor In any planned 
UHe of pheromones as a behavioral control 
agent. Inadvertent applIcatIon of these 
chemIcals under lapse conditions would 
be Ineffective dnd a costly wast,e of 
expens I ve chemIcal s. Future studIes 
mU<it cleurly estdbllsh the approprIate 
uppllCdt lon conditIon for pheromones. 
An added SUPP01't to our hypotheSIS of 
the H11t" of the mlcrometeorology on the 
dlsperslon of beetle pheromones dnd 
hence beetle mass aggregatIon IS found 
in the work of Coster et a!. (1978). 
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APPENDIX 

Plume: A volume or part of space 
in which the average pheromone concen
tration of all point.s is equal to or 
greater than some value. 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 is the height of the plume 
centerline and as explained in the text, 
H = Z. (See figure 3.) 

Fickian diffusion and diffusivitg: 
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 b~ 

where s. is the rate of transfer of 
species Ii per unit area a.cross a fixed 
surface, C. is the concentration of it 
and Di is 1:he diffusivity or the diffu
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Slon coefflClent of specIes 1 In the x 
dl!ectlon. Thl;:' nl;:'gative sIgn 15 consist
ent WI th downgrddlent flux. 

II' znd profi 1e: .The change 0 f the 
me~n wlndspeed wIth elevation. I.e., the 
mean windspeed vertlcal gradIent. 

[00plng: Except for a thIn layer 
of all' close to the surface, the atmos
phere IS essentially always turbulent-
characterIzed by random fluctuations in 
wlndspeed and dIrectIon caused by swirl
Ing ur eddy motion of the air. These 
eddIe!'; are generated lntwo ways. As 
wind moves over natural surfaces. the 
frIction wi th the surface generates 
turbulence, called mechanical turbulence. 
Turbulence IS also generated when air is 
heated at a surface dnd moves upwards 
due to buoyancy. A plume IS said to be 
"looping" when. in addition to the small
scale mechanIcal turbulence that tears 
the plume apart and spreads it with 
distance. the thermal updrafts and down
drafts Cduse 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. 

Fumi ga ti on: The rapid settling 
downward to the ground of material that 
has accumulated 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: A 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.) 
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MODELS OF THE ATTACK PROCESS OF THE SOUTHERN PINE BEETLE 


ON INDIVIDUAL LOBLOLLY PINES 


Barry G. Hynum 1 

Abstract.--Two simple mathematical 
models are presented which characterize 
the attack process of the southern pine 
beetle, Dendroctonus 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 is defined as the 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 productjon 
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 "Why do beetles 
attack thA initial tree?" This is akin to 
asking why 1::eetles attack a loblolly pine 
ins tead of it sweet gum tree. Are some 
hosts really preferable to others? Here 
we are discussing the first trees to be 
attacked, lightning-struck trees excluded. 
These questions should be answered be.fore 
extensive research into suscepbility asso
ciations. 

Aggregation on a tree determines a 
number of subsequent developmental and 
spot growth parameters. The speed of 

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 2 strongly affects brood pro
duction through drying if not through 
variation in gallery elongation and egg 
deposition. 

ASSUMPTIONS 

To formulate the model I will make 
the following assumptions. An orderly, 
repeatable, mechanistic relationship be
tween attacking beetles and beetles in 
galleries is assumed, based on pheromone 
research by Renwick and vite (1969) and 
Payne et al. (1978). That is, an attack
ing beetle produces pheromone, which sig
nals flying 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) Beetles 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 quadrat 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/lOO cm2 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/lOO cm2 . This procedure was 
instituted to facilitate timely counting 
and to keep human error (counting fatigue) 
constant. 

1 The author is Entomologist III, 
Texas Forest Service, Lufkin. 
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Figure 1.--Temporal progression of landing 
beetles per 100 cm 2 (L ) and gallery

n 
starts per 100 ~m2 (G ) where n = the n 

time in days. 
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Figure 2.--Graphical representation of the 
model for the SPB gallery initiation 
rate. Y is gallery starts on day n,n,g 
Xm is cumulative day-old gallery starts, 

Y is a parameter that representsmax,g 
the maximum potential gallery initia
tion rate, and X is a parameter that max 
represents the final attack density. 

On these trees, landing beetles 
were caught in two 336-cm2 plastic win
dow traps attached to each tree at a 
height of 4 m. The barrier dimensions 
are 21 cm long 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 
SPB. 

Gallery starts and landing beetles 
were all converted to beetles per 100 cm2 . 

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 
beetles 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 conillined. 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 SPB 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 is a brief, initial phase I will de
fine as acc1eration of the gallery initia
tion rate: the rate of daily attacks in
creases up either to Y or until it max,g 
intersects the deceleration line, both of 
which will be defined later. 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,g and 
Xmax (fig. 2): 

y (1)
n,g 


where 


d l/Xmax 
y the daily gallery initiation rate on n,g day n 

maximum potential gallery initiation 
rate 

n-l 
L G cumulative day-old gallery 

01=0 
m starts 

N 
Xmax L Gm = final attack density 

m=o 

N the last day of the attack process 

n = current day number 

G gallery starts per 100 cm2 on the mth 
m day. 
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As gallery starts Increase, X approaches 
X . This causes the equati~nmax 

l-d X (2)
m 

to approach zero; the bounds of equation (2) 
are 1 and 0 so that Y ranges 11nearly be
tween Y dnd 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 
similar in concept to the tree-attack mod
els llsed in TAMBEETLE (Feldman, Curry, and 
Coulson 1980) and in algorithm to the 
mountain pine beetle model developed by 
Crookson et al. 1978. In a number of 
ways it oversimplifies the problem of de
scribing the attack process of Dendroc
tonus bark beetles. For this reason, I 
have developed a second model for the 
landing process. 

The typical time course of SPB 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 unmax,a 

til it intersects the deceleration line 

for attraction, both of which will be de

fined subsequently. This paper does not 

treat acceleration of attraction because 

the experimental design was inadequate 

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 

Y and X ( fig. 3):
max,a max 

Y :: Y (l-d Km) (3 )
n,a max,a 

where 

Y = daily rate of attraction on n,a 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 equation (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, 
X is cumulative day-old gallery sta::t.s,

m 

Y is a parameter that represents


max,a 
the maximum potential attraction genera
ted per beetle, and X is a parametermax 
that represents the final attack density. 
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Figure 4.--0bserved and predicted values 
of the gallery initiation rate (Y )n,g 
and the rate of landing beetles (L ) for 
a typical loblolly pine attacked b9 SPB. 
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 (0) and observed gallery initia
tion rates are designated with (+). X 
is cumulative day-old gallery starts. m 
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 ,9.7max,g 

for Ymax,a' and 4.1 for Xmax 
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Again, equation (2) ranges linearly be -. 
tween 1 and 0 so that Y varies between Table 1. --Means, standard deviations, maximum 

n,a and minimum values, and ranges for model 
Y and o. Biologically thi~; means 
max,a par'ameters. 

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, equation (3) must be rearranged. 


Since 

Y = L f(Y + X ) (4 )
n,a n n,g mwhere 


Ln = landing beetles per 100 cm2 


per day, 


by subs t.t tu ting equation (2) for Y we 
have n,g 

L 
n Y (l-d X ) 

max,a m 
y (l-d X ) + X 
max,g m m (5) 

or 

L c + c X + c~ X 2 (6 )n 0 1 01 L. 01 

where 

c =: (7)
(Ymax,a) (Ymax,g)0 

=: Y [1-2d (8 )c 1 max,a (Ymax , g) J 

= d (d Y -1) (9 )c 2 (Ymax,a) max,g 

The constant c is effectively a maximum 
landing rate p8ssible, c and are factors1 c 2 
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 value for the gallery initiation 
rate can be selected at random from the 
range of values between zero and Y max,g 
Figure 4 shows an example of observed and 
predicted landing and gallery initiation 
rates. 

Since d is the reciprocal of X ,max 
Y , Y ,and X are the paramemax,g max,a max 
ters of the attack process model. The 
variation in these parameters may be sig
nificant (table 1). For example, hosts 
that are attacked and killed by low num
bers of beetles may also 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 
lnhibit 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 quick 
reemergence and perhaps participation by 

Mean S.D. Max. Mi n. Range N 

y 2.6 1.0 4.8 0.7 4.1 29 max,g 

Y 6.9 1.6 17.1 2.9 14.2 29 max,a 

X 4.7 1.3 8.0 2.0 6.0 29 
max 

u: 

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 
initiation, 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 IMPACT 


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


T. Evan Nebeker and Russell F. Mizell 1112 

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 quantifying the im
pact of T. dubius on bark beetle popula
tions. 

INTRODUCTION 

The southern pine beetle (SPB), 
Dendroctonus frontalis Zimmermann, has a 
number of predators and parasites associ
ated with it throughout its life cycle. 
One of these i~ 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). Vite and Williamson (1970) 
have shown tha~ this predator is attracted 
to frontalin, the aggregation pheromone 
of SPB, and to host-tree oleoresins in 
the field. T. 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 

l 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 are the sole responsibility 
of the authors. 

2 The authors are, respectively, 

Associate Professor dnd Graduate Research 

Assistant, Dept. of Entomology, Missi

ssippi S~ate University, Mississippi 

state, Miss. 


of prey speciflcity, another important 
component, this predator might exhibit 
given a multiple-hest environment. Nor 
does this ability indicate whether this 
predator is important in regulating a 
prey population such as the SPB. 

Moore (1972) measured the abundance 
of T. 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 T. dubius 
was a major SPB predator. His work does 
not 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 regulating 
intake of prey. In addition to the pre
dation of SPB adults by T. 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 questionable. But, 

based on the above information, this 

apparently tightly coupled system may 

well serve as a model for investigating 

a highly evolved predator-prey system. 


We believe that information from 
detailed behavioral studies, combined 
with measurements of direct mortality at 
different popUlation densities and preda
tor conditions is 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. 
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BEHAVIORAL COMPONENTS 

Determining the impact of T. dubius 
on a prey population can be approached 
in many different ways. Our initial 
efforts have utilized a behavioral ap
proachthat follows somewhat the logic 
presented by Holling (1959 and 1966) and 
Hassell (1976). Conceptually, the flow 
of information is presented in figure l. 
This frame will allow us to look at (1) 
rates of predation primarily considering 
time spent in a given activi ty, under 
specific conditions, and (2) eventual 
development of a predictive model. 

Hunger is assumed to be the major 
motivat.i.on determining the behavioral 
activi ty of T. dubius. Fluctuations in 
the degree of hunger determine the host
habitat andlor host selection. Behavioral 
thl."esholds 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 
dcceptance (size and species), thus deter
mining host selection, suitability, and 

2.0 r~ 

0 

0 

w 
u 
z 
w 1.0 
a:: 
w 
u.. 
u..-
0 

Z 
<l: 
W 
:::E 

,) 

Prey OuenlahOn 
and Locomotion 

Consumption 

Grooming and 
Nonloeomotlon 

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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acceptability. Host-habitat selection 
and host utilization may then affect 
oviposition rate (see Mizell 1980). A 
list of acceptable T. dubius 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. In order to determine 
what compounds T. dubius might respond 
to in the field, individually or jn 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 di~ensions. 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, 
it appears that T. dubius responds to 
both Dendroctonus and Ips attractants. 
But this does not rule out the possibility 
of preference at this level. Additional 
experimentation is required to address 
this question. 

Once T. 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 hostJ, Mizell (1980) 
reached the following conclusions: (1) 
If the predator was starved prior to 
exposure to the three hosts, there were 
no differences in encounters and no demon
strable preference. (2) When the pred
ator was not in a state of hunger, there 
was demonstrated a preference for I. 
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 sequences. 
Frazier et al. (1980) have provided a 
functional descriptio!": of this predatory 
behavior on SPB. Both sexes of the clerid 
perform a sequence of five stereotyped 
acts (see fig. 1): either searching (loco
motion) or ambush (nonlocomo~ion), 
followed by catching, prey orientation 
and locomotion, consumption, and finally 
grooming and nonlocomotion. "Handling 
time" of the predator is defined as the 
behavioral 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 methods of collection and main
tenance of T. dubius for these biological 
and behavioral studies. 

_..------------------------------------.. 
Table 	l.--Handling time (in minutes) of 


southern pine beetle prey by adult 

Thanasimus dubius predators (Frazier 

et a1. 1980-)--


Pre~ sex 

Predator sex Male Female Mean 


Male 	 15.07 10.92 12.99 

Female 12.55 10.06 11. 31 

Mean 	 13.81 10.49* 

*S i gni fi cant difference by Mann-Whitney 

test at P = .05. 


Table 2.--Components of predation for the clerid beetle, Thanasimus dubius (Fraz.ier 
et a1. 1980) 

Predator Prey Searching 
sex sex XT 

~'al e ~la1e 5.5 
(±2.4) 

Male Female 5.0 
(±1.8) 

Female ~'al e 6.3 
(±2.3) 

Female Female 6.3 
(±3.4) 

100 

LOCoOiotion/prey 
orientation 

)(T 

1.1 
(±0.4) 

0.6 
(±0.2) 

0.7 
(±0.2) 

1.4 
(±0.7) 

Grooming/non
Con?umption loco[1otion Percent 

X X efficiency
T 	 T 

9.2 3.9 77 
C±0.8) (±O. 9) 

7.9 5.0 77 
(±0.3) (±O.S) 

8.9 7.1 71 
(±0.8) (±2.0) 

8.9 4.0 100 
(±0.7) (±0.4) 
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density was 1 and all predators were 
starved for 24 hours before experimen
tation. 

FUNCTIONAL RESPONSE 

After locating the host-habitat and 
host, the predator is then exposed to 
varying densities of prey. We have found 
that the basic response of T. dubius to 
changes in prey density follow in general 
a type II functional response (fig. 7). 
TurIIDow (1976) and Mizell (1980) reached 
a similar conclusion using different 
methodologies. The methodologies fol
lowed here are described by Nebeker and 
Frazier3 , 

3 Nebeker, T. E., and J. L. Frazier. 
1976. A detailed investigation of 
chemical communication and predatory 
efficiency in the Thanasimus 'iubius
Dendroctonus frontalis system. Final 
Progress Report to the Expanded Southern 
Plne Beetle Research and Application 
program. 

The time frame in which the func
tional response study is conducted is 
o f critical importance. For example, 
the increase in number consumed between 
densities 7 and 9 (fig. 7) is most likely 
a function of experimental design, in 
particular the 24-hour time period. This 
time period is long enough to cover more 
than one activity cycle (feeding cycle). 

It is important to note that the 
period of starvation (hunger level) 
prior 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 different periods 
of starvation (12, 24, 48, and 72 hours) 
have on predator feeding. Details of 
the methods are described by Mizell 
(1980). The results (fig. 8) indicate 
that T. dubius can feed to satiation in 
( 1 hour. Meal weight (mg consumed/mg 
predator body weight) or number of prey 
consumed increased with increasing 
periods of starvation. The duration of 
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the feeding time necessary to reach 
sati ation (T in fig. 8) ranged from 
18 to 33 mil~utes in relation to the 
length of prior starvation. The 
length of satiation (digestive pause) 
after feeding was not significantly 
different for the four starvation periods, 
averaging 3 hours in duration. 

In the period following this first 
feeding cycle and digestive pause, a 
second feeding cycle begins and consump
tion changes according to the ini tial 
s'tarva tion. This phenomenon has partlcu
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. In this case T. 
dubius arrives simultaneously with the 
SPB (Dixon and payne 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 resource. 
For example, the SPB is not an acceptable 
prey item once it has entered the tree 
and becomes covered with resin. In field 
experiments we conducted with starved 
T. dubius I the predator never accepted 
SPB 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 avoidance by the prey-
influence the rate of predation and are 
associated with exposure time. While 
determining the behavioral sequence and 
handling time, we observed at least two 
mechanisms for avoiding predation. First, 
Ivhen the clerids find their prey, the 
SPB 	 sometimes drop from the surface. We 
observed this in the laboratory and field. 
Bunt (1979) also observed this behavior 
in the field and estimated that 14 percent 
of the time this avoidance occurs, inter
fering, of course, with the colonization 
process. The second mechanism for avoid
ing 	predation was prey inhibition. T,he 
adult predator was observed encounterlng 
an adult SPB and even attempted to capture 
the 	prey but released the prey immediately 

as if it had encountered some offensive 
substance. The explanation of thls be
havior lS still under investlgation. 

MODEL DEVELOPMENT 

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

= a SPBD TE 

l+aT SPBD
H

where 

southern pine beetle adults 
removed during the attack 
phase 

TD = T. dubius adult density 

a = attack rate or rate of suc
cessful search 

= 	southern pine beetle density 
the predator is exposed to 

total tlme prey is exposedTE 
to predator and acceptable 

= Ts + TA + TH SPBD + ~ 

= 	total time spent searchingTs 

total time spent in ambushTA 

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

~ = 	 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 equation 
are 	discussed by Royama (1971) and Rodgers 
(1972) . One of their most important 
points is that no allowance is made in 
the 	equation for the decrease in avail 
able prey as they are eaten or remove,d 
(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 model need to be con

sidered from a behavioral point 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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Table 3. --Effect of sensory in tel'ference on predation by the clerid beetle Thanasimus dubius on 
Dendroctonus frontalis (Frazier et al. 1980) 

Number of Number of Percent 
Treatment encounters captures efficiency 

Normal 13 10 77 

8linding 14 10 71 

Antennectomy 29 7 24 

Labial 
palpectomy 43 5 12 

Maxill ary 
palpectomy 36 10 28 

Antennectomy + 
Labial 
palpectomy 35 7 20 

Anntennectomy + 
Labial and 
maxi llary 
palpectomy 89 2 2 

predator arriving at the site of the 
aggregating prey. Table 3 illustrates 
the fact that predator efficiency (abil 
ityto recognize and capture suitable 
prey) decreases as various sensory 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 observations by Bunt 
(1979), however, this rate may be over
estimated (see fig. 9). Here, 22 SPB 
encountered predators (21 SPB encountered 
T. dubius and one encountered Tenmochila 
virescens). Ten of these encounters re
sulted in the predator making an unsuc
cessful effort to capture the SPBj 10 
encounters resulted in no contact, as 
the predator showed no interest in the 
SPB; and 2 encounters resulted in the 
SPB being consumed (Bunt 1979). 

Mean Mean 
Number Percent searching consumption 

consumed consumed time (min) time (min) 

10 100 5.5 9.2 

(±2.4) (±0.8) 


8 80 1.2 8.7 
(±0.4) (±0.9) 

6 86 5.5 9.8 
(±2.2) (±0.6) 

4 80 10.9 10.1 
(±1. 7) (±1. 4) 

, 50 10.3 7.7" (±1. 7) (±1. 2) 

7 100 9.3 12.2 
(±1. 8) (±1. 0) 

2 100 13.6 8.7 
(±l. 0) (±0.5) 

SUMMARY 

Thanasimus dubius has been demon
strated to respond to the pheromones of 
D. frontalis and Ips. Specificity has 
not been demonstrated at this level, 
however. In the laboratory, satiated T. 
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 T. 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 methodology for estimating 
the predator popUlation in a given area. 
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We do have information on the numbers 

landLng on a tree, but the time spent on 

th~ tree and in the area lS of importance 

i~l quantifying 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 q~an
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 quantify 
fully the impact of the predator popula
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. Given the simul
taneous arrival of the predator-prey 
population, the predator population may 
cause a delay in the colonization 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 comparison, we found that 
during the first 6 days of attack, SPB 
constructed more gallery in the areas 
where the predator was excluded. The 
resul ting delay in the colonization 
process may also result in increased 
mortali ty to the attacking SPB adults 
because of interference. Also, the bee
tles do not enter the tree quickly, so 
they do not become covered with resin, 
which inhibits predators. Further this 
delay or increase in colonization time 
will influence the overall generation 
time, thus decreasing by a fraction the 
number of generations per calendar year. 
The second result might influence the 
size of the initial spot and spot growth. 
Given that N SPB adults are required to 
colonize a particular tree and success
fully utilize the resource, more of the 
arriving population would be required to 
successfully attack fewer trees when the 
predator population is present. 

We realize these statements are high
ly speculative and these hypotheses diffi 
cuI t to test. However, as we gain a 
greater understanding of the dynamics of 
this predator and other predator and 

parasite populations, 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 l 


John L. Foltz, Paul E. Pulley, and Don N. pope 2 

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 infestation, plus 
immigrant females from other infesta
tions The numbers of new and reemerged 
females are calcul ated 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 
FORTR.lill program for operating the model 
and methods fo.r using the output and 
model parameters to calculate the finite 
and intrinsic rates of increase, the net 
reproductive rate, and the mean genera
tiontime 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 
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during a brief reproductive period, and 
that each adult colonized only one tree 
and produced just one brood. These 
assumptions 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 mlgration 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 obj ective of the model is to 
simulate the number of new attacks that 
occur during successive time periods 
within a defined geographic area. Ob
viously 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 colonize 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
tles as time progresses. The rates of 
immigration, oviposition, development, 
within- and between-tree mortality, and 
emigration determine how quickly a spot 
expands or collapses. 

2 
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Figure l.--Sources of attacking beetles 
in a D. frontalis infestation. 
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Figure 2.--Hypothetical proportions of 
total reemergence and emergence in 
the jth week subsequent to attack. 

Figure 2 shows typical distributions 
for D. frontalis reemergence and brood 
emergence on trees during summer outbreaks 
in Texas. We know from previous studies 
(Coulson et al. 1978, 1979; Fargo et al. 
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. 

The simulation model is derived by 
considering the number of attacking 
females (Ai) of the ith week to be com
posed of reemerged (R.) and new brood 
females (B i ) from earlIer attacks in the 
same infesc:ation plus immigrant (1M.) 
females from adjacent spotS.3 l 

Algebraically the model is 

A. = R. + B. + 1M. (1)
1 1 1 1 

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

Ri = MR'0R'FR1'A i _ + MR'SR'FR2'A _2 +...l i 
M 

= MR·SR·Z: (FR .·A .. )
j=l J 1-J 

M 
= CR-l. (FR.-A .. ) (2)

j=l J 1- J 

where 

MR = the multiplier for the propor
tion of the attacking popula
tion which reemerges (0 < MR 
~ 1.0) -

SR = the between-tree survival rate, 
i. e., the probability that a 
reemerged female will success
fully attack again (0 < SR 
~ 1.0) -

CR = MR'SR, the proportion of an A. 
cohort which eventually re- l 

emerges and successfully 
attacks again (0 ~ CR < 1.0) 

FR. = the fraction of total reemer
] gence of each A. cohort which 

occurs in the jth time period 
subsequent to attack 

M 
( z: FR. = 1.0; j = l,2, ... ,M).
j=l ] 

3 Note that all variables in this 
model are defined and calculated for the 
females only. 

110 

http:Emer~.nc


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 ccllculat;.lon of the Bi term in 
equat10n 1 1S 

Bi MB'SB'FB1'A j _ 1 + MB·SB·FB2·A j _ 2 + 

~1 


= MB·SB· ~ (FB.·A j _.) 

j=l J J 


(3) 

where 

MB ~ 	 the multiplier indicating the 
number of progeny females emer
ging per parent female in the 
attlcking cohort (the brood in
crea~es ratio, MB ~ 0) 

SB :::! 	 the between-tree surv1val rate 
of emerged females (0 , SB 
~ 1.0) -

CB = 	MB'SB, the coeff1cient for num
ber of brood per parent female 
which emerge and successfully 
reproduce in the same infesta
tiop (e'B ~ 0) 

FB, -, the fraction of the emergence
J occurring in the jth time 

period subsequent to attack 
M 

( ~ FB, = 1.0; j :: 1,2, ... ,M). 
j=l J 

As before, combining MB and SB into the 

parameter CB simplifies the simulations. 


The third 1:.erm for calculating the 
attacking population is the number of 
imm1grant females, 1M.. We recognize 
that these beetles mu~t be either emerged 
or reemerged insects. But because they 
are immigrants and their number is not a 

;~~~~i~~o~fR~r~~~o~:.Ai' they are sepa

subst1tuting equations 2 and 3 into 
equatlon 1 yie 1 ~,s the model for calcu
lating D. frontalis attacks through time: 

~1 ~I
1\ CR'~ CA .• ·FR.) + CB'~ CA •• ·FB.) + 1M; (4),0 

j:::l1-J J j=ll-J J 

Every mathematical model of a bio
loglcal system is based upon a series of 
assumptions about that system. It is im
portant that these assumptions be iden
tlfled and stated so that the simulations 
can be judged for validity and applica
bility. The simulations reported in this 
pclper have the following assumption~" 

(1) MR incorporates all factors 
affecting the proportion of females that 
reemerge. 

(2) SR incorporates 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 tonstantJ through time. 

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

(7) Immigration is limited to the 
initial attacking cohort. 

(8) Emigration is equivalent to 
between-tree mortality and is thus in
cluded in SR and SB. 

Compdring Simulations 

Graphical Analysis 

The objectives of our simulations 
were to study the relative effects of 
within-tree reproduction, brood mortal
i ty, 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 into possible real-life occur
rences in beetle spots. 

Table 1 contains the initial output 
from one simulation and shows how R., 
B" and 1M. are calculated and summeJ to 
produce A.: The spot begins with 1,000 
immigrant1females 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 f.rom the A 
parents emerge. Attacks decrease slight
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 valUes. CB = 0.80 and 
the other parameters are as listed in 
table 1. 

Figures 3 and 4 are plots of A. 
through time and show how different
values of CR and CB affect spot growth. 
Infestation dynamics are affected in two 
ways when the CR parameter varies from 
0.0 to 0.6 and the other parameters are 
constant (fig. 3). First, the greater 
the CR value, the more rapidly the spot 
increases, Second, as CR increases, 
there are fewer ups and downs in new 
attacks before the spot begins increasing. 
The lnitlal oscillations in new attacks 
result from the uneven age distribution 
of early populations. These oscillations 
diminish as the ratio R.:B. stablilizes 
with increasing i. 1 1 

Figut-e 4 illustrates )lOW dlfferent 
CB values affect infestation dynamics 
when CR= 0.20. When there are 0.8 
success ful progeny per attack (CB = 
0.80) I the number of attacking females 
(A.) decreases from the original 1,000 
lm~igrdnts to stabilize at approximately 
292 attacks per week. The spot ul ti
mately becomes extinct whenever CB is 
less than 0.80. As CB values increase 
above 0.80. the infestatJon increases at 
a greater rate. Simulations for other 
combinations of CR and CB show that 
constant A values develop whenever CR + 
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Figure 4.--Plot of A. from equation 4 for 
various CB values~ 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 tates o~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. 

1M. was set at zero for all i > 1 
in the ~imulations 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. 
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Table 1.--Simulation of D. frontalis population 
dynamics. 1 

Reemerged New Brood Immigrant Total 
Week Beetles 

Ri 
Beetles 

Bi 
Beetles 

I~'i 
Attacking 

A. 
1 

1 o o 1000 1000 

2 430 o o 430 

3 255 o o 255 

4 140 225 o 365 

5 175 1162 o 1337 

6 600 710 o 1310 

657 453 o 1110 

8 569 746 o 1315 

9 643 1794 o 2437 

10 1140 1911 o 3051 

A = 1.2535 I'm = 0.2259 Ro = 3.0000 T = 4.8633 

1 See text for population model. Constants 
used: CR = 0.50; CB =1.50; FR. = 0.86, 0.14, 
0, 0, 0, 0; FB. = 0, 0, 0.15, 0~71, 0.13, 0.01. 

J 

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 imi ta te real infestations, 
but only to show how spots might increase 
or decrease due to a change in one co
efficient. 

Numerous p05sibili ties exist for 
improving the reality and sensitivity of 
the simulation model. For example, 
changing the basic time unit to days and 
allowing immigrat.ion to occur over an 
extended period would afford more realism. 
Another possible way to improve the 
realism of the model is to have the 
parameters change through time rather 
than being held constant. This alter
atlon can be accomplished by using sub
models in which the parameters are cal
cnla ted as functions 0 f various biotic 
and abiotic inputs. such realism and 
sens l tivi ty can be obtained only by 
lncreasing 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. fronta1.is 
infestations based on the ratio 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 \-Ie are merely observing a 
temporary fluctuation in new attacks 
resul ting lrom the uneven age s"tructure 
of the beetle population. 

The observation that infestations 
will iItcrease whenever the sum of the CR 
and CB values 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 manipulated 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 population parameters 
often calculated from life and fertility 
tables (Southwood 1965). Implicit assum~
tions for the calculations are a stable 
age distribution, constant environmental 
conditions, and unlimited resources. 
The finite rate of increase, A, is the 
number of times the population increases 
per unit of time. In the absence of 
immigration it is calculated as 

A = (5 ) 

An additional assumption is th.at Ai' ~he 
number of successful attacks In tHe zth 
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 output 
when simulating equation 4 and running 
the simulation through 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 values, in
creasing populations. 
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Table 2.--Demographic parameters for the four 
simulations shown in figure 4. (CR = 0.2 
in all simulations.) 

Simulation f.. r R T m a 

::CB 0.5 0.8971 -0.1086 0.6250 4.33 
____ I

C3 :: 0.8 1. 0000 0.0000 1.0000 

CB = 1.0 1. 0537 0.0523 1. 2500 4.27 

CB :: 1.5 1. 1601 0.1485 1. 8750 4.23 

1 Cannot be calculated when r = O. m 

Another useful parameter for compar
ing the rates of change of different 
populations is the intrinsic rate of 
inc rease, r which is calculated asm' 

r = In A (6 )m 

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
tion. R is equivalent ~o the number of 
successdh female offspL'ing 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 + 
eRR + .... with 0 < CR C 1 and increasing 

k, L CRk approaches the limit ~~1~_k=O l-CR . 

Thus 

(7 ) 

Notethat when R ::: 1. 0, CR + CB ::: 1. 0 , 
which proves the °earlier empi rical obser
vation that populations are stable when 
CR + CB == 1. O. 

Generation time T is a fourth popu

lation parameter and indicates the time 

required for the population to expand or 

diminish by the amount equivalent to R . 

It is calculated as 0 


In Ho In Ro (8 )
T '" :: 

rm Ii1T' 

provl,ded 'I 1.0 and 'I o.Ro rm 

The most informative of the demo
graphic parameters for evaluating the 
effects of the equation 4 coefficients 
are A and r. Not only do these param
eters indiccrte 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 qui<tkly 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 a:spects of a problem and 
points out gap~ in our knowledge (Ruesink 
1975). Also, a,valid model can be manipu
lated in ways that would be cost prohibi
tive or impossible in nature, so 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 
also 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 diffjcult of 
the components to study. Predation by 
Thanasimus dubius (F.) is one obvious 
mortali ty agent of between-tree adults 
(Turnbow, Franklin, and Nagel 1978) i 
mites, nematodes, and disease are less 
obvious. Knowledge of insect flight 
capaci ty 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 emer~ence distributions, FR. 
and FB., may bear the same relationshi~ 
for a Jvariety of conditions. During 
certain times of the year, however, the 
temporal relationship 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 
equation 7 and some information from the 
li terature to determine some likely 
values. Moore (1978) reports that infes
tations are stable (R = 1.0) when the 
emergence: attack ratioO is 5.0 (MB = 2.5), 
while 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 0.0 
to 1.0, SB decreases from 0.4 to 0.2. 
On the other hand, if we use MR = 1.0, 
5B 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 brood may 
dle or disperse in stable infestations. 

Assessing Treatments 

Equation 7 can be used to assess 
the possible effects of a treatment 
applied to control an infestation. For 
example, Richerson and Payne (19~9) re
port that brevicomin isomers reduce bee
tle landings and egg numbers on treated 
trees. How does this treatment affect 
the overall population? In other words, 
what are the effects on MR, SR, MB, SB, 
and A·? Average number of attacks per 
tree is 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 dgnsity could result in more 
eggs per female (Coulson et al. 1976), 
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. 
Also, techniques 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 their 
habitat. 
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Figure 5.--FORTRAN program for simulat
ing artacks per week in southern pine 
beetle infestations. 
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APPENDIX 

The FORTRAN program for operating 
the simulation model reported in the 
text is shown in figure 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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Flgure 6. --Output from the FORTRAN pro
gram for simulating southern pine 
beetle infestations. 

less for run identification. The format 
is given in line 14. One input card of 
this "type is required for each run and 
any number of these cards can follow the 
first (FR, FBI data card. 

Line 19. This statement sets the 
initial imnllgration at 1,000 beetles. 
Location 11 in the 1M vector corresponds 
to the first week of attack. If subse
quent immlarant attacks by week are to 
be introduced into the model, it will be 
necessary to insert additional values 
into subsequent locations of 1M. 

Line 34. This CONTINUE statement 
was lnsert~ed to allow for future modifi
catlons to the spot simulator. 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 
(week = IWI, such modifications should 
be made just prior to this statement. 

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: 

WEEK--week number IW. 

ATTACKS--total beetle attacks during 
week IW. 

REEMERGED--reemerged beetles involved 
in the attack during week rw. 

BROOD ADULTS--newly emerged brood 
adults involved in the attack during week 
IW. 
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IMI'1IGRANTS--imrnigrant 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. 

PROPORTION--proportion of reemerged 
beetles in the attacking population 
during week IW. 

The 40-week simulation illustrated 
in figure 6 had a compilation time of 
o . 03 seconds and an execution time of 
o . 05 seconds on the Amdahl compl" ter at 
the Data processing center, Texas A. & 
M. University. The core usage consisted 
of 2,000 bytes for lhe object code and 
an array area of 1,956 bytes. 
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A MODELING HIERARCHY FOR SOUTHERN PINE BEETLE 


Harvey J. Gold, William D. Mawby, and Fred P. Hain l 


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 description of the framework in which 
we have approached the problem and a 
report on our progress in filling in 
tha t framework. Some aspects of the 
framework have been presented at a work
shop on popUlation dynamics of forest 
insects at low levels, held in Raleigh 
this past August. 

Our starting point is the premise 
that low levels of southern 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 "epi
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
bil~ty) passing of a threshold, whose 
value is itself a random variable. This 
idea can most conveniently be discussed 
using a diagram patterned after that 
used by Ricker (1954) and by Takahashi 
(1964). In figure I, ~t is any conven
iently chosen time interval. It may, 
for example, coincide with intergenera
tion time. The 45° line is the exact 
repl acement line. If the 1Jopulation 
dynamics is such that the N(t) to N(t+~t) 
relation lies on this line, there will 
be no change in popUlation size. Points 
at which the popUlation dynamics relation 
crosses this line will be stationary 
points sometimes called equilibrium points 
of the popUlation. If 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 Entomology Laboratory, North Caro
l~na State University, Raleigh. 

< 45°, the stationary point will be stable 
in the following sense: a small displace
ment of the population from 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 unstable: 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 wi th two 
stable stationary points at a and c. If 
the value at N(t+~t) can be treated as 
depending continuously on N(t), any stable 
points at a and c 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 point (corresponding to a) is 
often taken to represent a stable prey
predator balance. Once the prey popula
tion exceeds the value at point b, the 
predator or natural enemy population is 
no longer 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 colonizer. 
The resource available to it is the popu
lation of pines newly killed or 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 

both the threshold value and the size of 

the southern pine beetle popUlation as 

random variables so as to explicitly 

treat the probability of exceeding the 

threshold. 
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Figure l.--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 1evel s : the individual tree level, 
neighborhood level, the quasi -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 modes 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 tha.t 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 leve.ls is necessary 

for an understanding of how epidemics 

arise. 


(3) In endemic mode, generations 
overlap and more nearly approach change 
on a continuous time scale; in epidemic 
mode, generations 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. In 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 stable 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 is 
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 Svihra2 would seem to indicate the 
Ips pheromone adds no attractant for 
SPB. However, these results were under 
epidemic conditions, 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 beetle, 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 vite 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. 
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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 
(Namkoong et al. 1979). Gara and vit~ 
have noted that under epidemic conditions, 
emergent beetles do not go into the migra
tion mode, but they do so under endemic 
conditions . 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 exhibit a significant edge effect; 
that i:;, 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 conception of the endemic 

population, the unstable effectors of 

assumption (5) playa central role in 

maintaining the endemic population. The 

observa tions of Younan (1979) and of 

Hain (1980) suggest that attack by Ips 

beetles is of primary importance. The 

following propositions concerning Ips 

may be relevant: 


(11) In endemic condition in North 

Carolina, 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 mois~u~e. 
content (Wagner et al. 1979). Sensltlvlty 
of earlier stages has not been explicitly 
studied) . 

(13) Ips emergent brood tends to 

migrate after emergence (Anderson 1977), 

so that the distribution of Ips-infested 

trees would tend to be locally Poisson. 


Figure 2.--State diagram for individual 
tree. 

Potential 

Endemic-Mode 


IInactive I 

Epidemic-Mode 

Figure 3.--Relabelled state diagram. 

THE MODELING HIERARCHY 

Levell. Individual Tree 

At the individual tree level, we 
define a difference between two modes of 
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 
SPB to enter as a secondary invader. The 
span of time over which beetles attack, 
and therefore over which the new brood 
emerges, is 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 SPB 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 corresponds, 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
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mental stress), and upon local SPB ac
tivity (population density, genotype, 
pheromone level). Note that the local 
pheromone and beetle d~nsity wi~l dep~nd 
upon states and proxim1ty of ne1ghborlng 
trees . Although the probabili tyt.ha,t a 
tree \"ill be attacked depends expllc1t,ly 
upon beetle density, we propose t,o o,mlt 
it as a part of the system descr1pt10n 
and to adopt an epidemiological approach, 
which refers the risk factor for each 
tree to the state and the proximity of 
its neighbors. The state transition 
probabili ties for individual trees are 
therefore closely tied to neighborhood 
dynamics, 

Level 2. Local Neighborhood 

A neighborhood is a local gr,oup of 
trees. Two different types of ne1ghbor
hoods may be defined for each individual 
tree: the influencer3 neighborhood, 
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. In 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 varia~les 
and two parameters. Each of thes~ SlX 
quanti ties is an attempt to .summarlze 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 dimension~l stat~ an~ 
parameter space in terms of 1tS prO]ectlon 
onto a six-dimensional hyperspace. 

The two parameters relate to the 
attack threshold and potential brood 
productivity of the tree: 

Threshold (T): Number of ambient 
adults necessary to attack the tree in 
order to initiate entry, The value to 
be assigned to T is an indicator of the 
maximum resistance the tree is capable 
of and is determined by its genetic and 
de':'elopmental history. This quantity 
will be reduced by the stress state of 
the tree, 

Potential productivity (Q): Number 
of brood adults the tree is capable of 

3The influence can involve exposure 
to emergent or reemergent adults or to 
pheromone cloud. 

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 operationall~ 
by supposing a beetle ~o be ~eleased,equl
distant to two trees ~ and J. Lett1ng 
p(i) be the probability that the beetle 
will attack tree i, DBH, be its diameter 
at breast height, and C, its relative 
attractiveness, then 1 

= p(i)/DBHiCi (1 ) 
P(j)/DBHjCj 

This relation uniquely defines attrac
tiveness up to a normalization factor. 
It is principally determined by local 
pheromone and tree volatile concentra
tions. 

stress (s): This is a scalar mea
sure of tree stress, wh.ose 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 
of 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 Q, although at a later 
stage of the modeling effort, it may be 
desirable to differentiate the effect of 
stress on these two tree characteristics. 

Attacking Adults (A): Rate at which 
attacking adults enter o~ ~eemerge. I~S 
values may be either poslt1ve or negat1ve. 

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, d1rec
tional effects of wind and other environ
mental factors, and state description 
for each tree. For the purposes of simu
lation, it would be sufficient to specify 
a distribution of Euclidean distances 
(specific Cartesian coordinates for a 
fixed stand), the environmental effect, 
and the probability distributions 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 cl~arly 
have a major effect on the dynam1cs of 
the given tree: A n~ighborhood ~n w~ich 
the dynamics 1S dom1nated by epldemlc
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mode trees may be termed an epidemic 
neighborhood. In such a neighborhood, 
we would expect that the dynamics of the 
beetle-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. 1979). Its 
state might be specified in a number of 
ways: 

(1) Sped fication 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 

of 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 interva.l ~t is a 
function of the probability dist:ributions 
of the tree state variables and param
t:; ters, together with migrational inter
changes with other stands. Therefore, 
the state of other stands in the local
ity must be considered. 

(2) In dealing with endemic or 
low-level population, and a sufficiently 
small stand, the probability of a zero 
to n (n > 1) transition is O(~t)i 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 
locali ties 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, envirorunental, 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 question of expansion or 
collapse 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 southern pine beetle. At one level 
of description, the instantaneous 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 adequate 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 regions would then be 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 epidemic spots. 
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In this hierarchical description, 
the dynamics of a local neighborhood is 
determined by the staten and interactions 
between the individual trees of which it 
is composed. 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 heterogeneity 
dominates the description, which then is 
in terms of the time dynamics of the 
spatial distribution. The rest of rhis 
report will be primarily concerned with 
the link between the level of the local
i ty and that of the large geographical 
region. The approaches used are adapted 
from the methodology of exploratory space
time pattern analysis. 

The view we adopt is that in any 
locality, there is always a stochastic 
expectation of a nonzero endemic level 
"f SPB. During "favorable ll years, the 
expected endemic levels rise, while the 
distribution of threshold values shifts 
to lower lev~ls, increasing the proba
bility of epidemic outbreaks. Two ex
treme modes may be envisioned for the 
relation between local and regional dy
namics: 

(1) Outbreak probabilities in local
ities are correlated only by their common 
dependence on climatic conditions, but 
are otherwise independent. That is, 
migrational 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 of these 

extreme modes is one that we hope to 

clarify through the use of these space

time analytical metho.js. 


RELATION BETWEEN LOCALITY LEVEL 

AND GEOGRAPHICAL REGIC'N 


Methods Being Developed 


In ecological 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, 
dangerous to implement, and largely ir 
reproducible. such manipulative studies 
should be, and generally are, approached 
wi th 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) system, 
this 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 mode 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 inquiry, 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 s:ace-time patterns can be separated 
into three major branches: nonparametric, 
multivariate, and time-space series tech
niques. Al though 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. 
It 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 varying underlying populations. 
Hollander and Wolfe (1973) argue that 
nonparametric methods appeal for several 
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~easons: they require less restrictive 
assumptions, they are easy to perform 
and understand, they generally use ranks, 
not magnitudes, and they remaln efficient 
under normality. The first and fourth 
of these considerations are especially 
desirable in an exploratory phase. Ease 
of performance and understanding requires 
clarifications since the number of calc~l
latlons can often be prohibltlve despite 
the ease. Larger samples are almost 
unlversally handled through large sa~ple 
(l.e., asymptotically normal) approx1ma
tlons because of this difficulty. 

The fundamental objective of nonpara
metrlc space-time analysis is presented 
by Klauber (1974) as the elucidat~on of 
methods which will detect cluster1ng of 
events as opposed to chance variatlon, 
but which will be 1nsensitive to clump
ing ln ei ther coordinate frame a~one. 
Typlcally a statist1c relatlng palrs of 
space and time points is described; th~n 
ltS distribution is calculated, or est1
mated under some loose assumptions, and 
thlS distribution served as a basis for 
future comparisions. The calculation of 
thIs theoretical distribution is accom
plished through u-statistic theory 
(Hoe ffding 1948), through graph the,o
retical techniques (Barton and Dav1d 
1966), or through simulation (S~emi~tycki 
and McDonald 1972). Most appl1cat1ons 
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 
ind1ces that might be helpful 1n spot 
growth models. Of a similar vein is t~e 
work of Bookstein (1978) on morphometr1cs. 
Join statistics and binary nearest neigh
bor statistics are two contributions of 
Cliff et al. 1975. The classic reference 
for n-phase mosaics is Pielou (197~) and 
for diversity, Pielou (1975) aga1n. 
Mantel (1967) develops a generalized 
regression model for epidemiological 
uses, which permits estimation of con
tagion strength. 

Multivariate Methods 

Mult1variate techniques deal with 
dependent variables and the individual 
enti ties upon which the measurements 
occur (Kendall 1975). Kendall remarks 
that there are at least four reasons for 
pursuing such methods: to reduce the 
complex1 ty, to group individuals; to 
group variables, and to character1ze the 
dependenCIes. Problems in applying clas
sical multivariate analysis include the 
difficulty of justifying assumptions, 
the immensity of calculations, and the 
loo~e interpretation of results. 
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Figure 4.--Southeastern localities. 

There are four central modes of 
multivariate space-time analysis: clus
tering, factor analysis, canonical corre
lations, 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. Pr1nC1
pal components seeks to simplifY the. 
dependencies in a set of data by choos1ng 
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 ~ay.b~ reco
ordinated (R-mode) or the 1nd1v1duals 
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 observa.tions (times) and M subj ects 
(areal units), the raw N by N cross prod
ucts matrix is partitioned into 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 
(loadings) 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 submode,l for 
the beetle hierarch1cal model cons1~ted 
of partitioning the ~0~theastern,Un1ted 
States into 24 10cal1t1es (see f1g. 4). 
Within 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 isolate linear combina
tions of years, which might serve as 
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standards of behavior, and then to clas
sify the localities according to which 
reference behavior they nearly followed. 

The reference curve analysis of the 
raw data yielded four behavioral modes 
represented by eigenve~tors, 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 
locality dynamics. This dominant refer
ence curve is closely related to total 
lntensity of the epidemic. Three of the 
24 localities were classified as follow
ing this s tanda rd behavior. A simple 
llnearregression of total intensity on 
the observations in one of these "first 
mode" localities is guite good (R2 of 
.84) I as figure 6 demonstrates. The 
other three modes of behavior were not 
linked strongly to any simple external 
variable in this analysis. 

Tlme series and Time-Space Methods 

Time series is a rather recent elab
oration of modern statistics, being traced 
to its conceptual beginnings with Udny 
Y\lle in 1927. The primary requirement 
ofthlS approach is the ordered sequ~nce 
of observations that behave nicely, i-..e., 
are stationary or intrinsic. Included 
in this nice behavior lS the existence 
of an autocovariance function which de~ 
pends only on the distance between thJ. 
observations. Analysis may be directed 
toward the correlogram (the graph of the 
autocorrelation function v. distance) o~ 
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. (1975) 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 deflnlng the covariance one must 
account for the function used to compare 
palrs of cells, and one must weight the 
cell connections. The set of connection 
wetghts can be varled to emphasize certain 
lnteractions. General treatment of spa
tlal lagglng requlres graph theoretical 
techniques (ROSS and Harary 1952), and 
for structures allowing over ten lags is 
usually prohlbltive. 

A raw time series is usually con

celved of as consisting of four pieces, 

a trend, regular fluctuations about the 

trend, seasonali ty, and a random effect 

(Kendall 1973). The isolation of the 

flrst three components is usually neces

Figur;e 7. --Arbi trary spatial mosaic. 

sary before the random effect (i.e., the 
true time series) can be studied in full. 
Often the development of trends alone is 
a primary objective of the investigation. 
The random effect is assumed to be of an 
autoreg.~essive nature (or equivalently a 
weighted average) of same order. The 
estimation of this autoregressive struc
ture, especially its order, is a prime 
modeling;ingredient. 

, 
Time~space series is the next stage 

in the ex ension of time series methods, 
but the de elopment is still elementary. 
Curry (197 ) developed a univariate ap
proach, bu went no further. Cliff et 
al. (1975) Iso used a univariate scheme, 
but this tim with weighted exponentials. 
More recent -esearch by Matheron (1970) 
and others se ms to be straying from the 
traditional i ea and centers on random 
function theor instead. At present, a 
typical analys s would begin with a de
trending folIo ed by estimation of the 
order of spatia and temporal lag struc
ture. Lastly, ith the order specified, 
a simple model ~uCh as Cliff's would be 
estimated for pr~jective purposes. Since 
the results are \univariate, 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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Flgure 10.--TYPlcal spatlal autocorrela
tion function for detrended residuals. 
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tlon func:tlon for de trended residuals. 

Delrendlng in space and then again 
III t.lme W,lS chosen dS a potential method 
f0t ellmlnatlng the nonstationary behavlor 
0t th~ time serles. A cubic equation in 
';P,\('t.' wa~; fll'st fi tted to each year's 
ddLL foillwed by flttlng a cubic equation 
In tlme to the residuals from the spatial 
I eqr eSSh)Il. The reslduals from the temp
,)ldl :nigresslon were then exalllll1ed for 
thell dutocorrelatlon properties (flgS. 10 
at),::! 11). The spc1tial correlograms are of 
~Hmllar ~,hdpe and show no unusual features; 
thiS generally indicates a low autoregres

--{ LAG VALUES 

LAG VALUES 

sive spatial structure. The temporal 
correlograms, however, demonstrate some 
atyplcal behaviors. Data for nearly all 
of the localltles show a complicated log 
structure, possibly extending to an order 
of four or five. There is also some indl
cation of perlodicity or seasonality, with 
perhaps an 8- to 12-year period. 
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SUMMARY 

The intention in this report has 
been to describe the overall hierarchical 
modeling frameworK, to describe the basis 
upon which methods are being developed 
for exploring the relation between the 
upper levels, and to illusr.rate the use 
of these methods with some preliminary 
results. 
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A REGrONAL SOUTHERN PINE BEETLE 

DA}~GE PROJECTION SYSTEM 

David D. Reed, Richard F. Daniels, Roy L. Hedden, 

Harold E. Burkhart, and William A Leuschner l 

Abstract.--Regional damages caused 
by the southern pine beetle can be simu
lated using two models, one representing 
spot incidence, or the ini tiatio11 of 
infestations, and the other representing 
1ndividual spot severity, or the spread 
of each spot. A spot incidence and a 
spot severity model were comb1ned to form 
a regional dall\c1ge projection system. 
This damage projection system was demon
strated on an example region 1n the 
Georgia P1edmont. 

INTRODUCTION 

In this paper we report on a regional 
damage projection system for southern 
pine beetle (SPB) (Dendroctonus frontalis 
ZUlnL) 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 in the year of attack. We made 
no attempt to quanti fy 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 1n tel~S of CUb1C feet of timber 
destroyed or the number of acres direct
ly affected. 

Our system considers the damages 
Occurr1ng in many individual spots. 
This requires developing methods of 
estimating both the number of infesta
tions llkely to occur and the eventual 
Slze of each individual spot. To accom
plish this as efflclently as possible, it 
lS necessary to use models that (1) 
provide accurate damage estimates for 

1 The authors are, respect1vely, 
Gl.d,,iudte Research Assistant and Graduate 
Rpspar~h ASSistant, Dept. of Forestry, 
Vlrqlcld Polytechnic InstItute and state 
Unlvenaty, Blacksburg; Associate Pro
fe~:;G,"'\r of Forest Entomology I Clemson Unl
verslty, Clemson, S.C.; Professor of 
Forest Blometrlcs and Associate Professor 
of Forest Economics, Vlrgin1a polytechnic 
Instltute and State Un1versity, Blacks
burg. 

large numbers of spots, and (:2) are 
computationally effic1ent. 

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 
mul::icounty region. Thisallows appli
cat10n of the system without extensive, 
periodic data collection over and above 
that normally collected in conventional 
forest inventories. 

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 require 
different variables and modeling tech
niques. 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 incldence, 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 orig:lI1, age, and stocking. 
An outbreak occurs if one or more trees 
in a stand succumb to SPB attack. An 
outbreak does not occur 1f the trees are 
not attacked or lf they survive an attack. 
It 1S assumed here that there can be at 
most one outbreak in a stand in the 
speclfied time period, usually a year. 
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Th1S Incidence relationship can be 
:repl'esent~'d by d Bernoulli rd:1dom veu"lable, 
which t,1kes the v<llue zero 1 f an outbreak 
1S not 1n1 t1dted "md the value 1 if an 
outbreak occurs" Th1S variable will 
take the vdlue 1 (1ndlcatlng an outbreak 
has occurred) w1th a certain probability, 
P. and the value zero, 1l1d1catlnq no 
outbreak, w1th the probab1l1ty I-P. 

The probability P provides a bounded 
(O"P'1), continuous measure of the risk 
ot ~lt"l1thetn pine beetle Qtltbreak when 
<lppllt~d to a glven land area and time 
penod. TIllS probabillty is most useful 
[01" decunonmaklng If 1 t can be expressed 
1n t~!rmG of site, stand, and lnsect 
vdrldbles that can be eaSily measured in 
the held or from aencll photographs. 
It may be estimated uSing a probability 
mocel such as the lOgistiC function: 

p 

whelP 

p the estimated value of p, O.p<l 

the Ith variable assoc1ated 
w1th (llltbreak probability, 
(l e O,l,2, ... k) 

b
1 

the zth est1mated regreSSion 
coefflClent , (i -z O{1/2, .. "k) 

Tlll$ type of model is desirable 
beCdtH.W It glves d continuous measure of 
Ht,md susceptib1l:tty. It also allows 
the determlnatlon of SPB attack on a 
stand-by-stand basis, infol~atlon unavail 
able from ,) model that predicts the 
annual number of spots l:tkely to occur 
ln a reg10n in a gIven time period. 
Thls 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 
realIst1c estimate of the beetles' impact 
to a region. 

Spot Severity 

The indiVidual spot severity model 
w1ll be presented in detail later in 
th1S symposium. For this reason, the 
model and the relations between its 
component parts will only be briefly 
reviE'wed here. 

In this study, the objective was to 

dt>velop a model that used commonly avail 

able stand charactenstics to predict 

dam,1ge caused by the southern pine beetle 

over a large number of spots. Highly 

precise Individual spot damage estimates 

were no t needed i only the cumul ative 

damage over many spots was required. 

ThUS, we took a stand-level approach in 

developing the model. In this approach, 

emphaSIS is placed on the forest stand 


and those stand characteristics that 
affect the sptead of SPB 1nfestations. 
It is probably possible to achieve more 
preCIse results on an IndiVIdual spot 
baSIS by predicting spot spread based on 
Insect-level variables. However, infor
mation needed to operate sllch models may 
be more expensive to collect and is gener
ally less lIkely to be dvai lable on a 
regional baS1S than that reqUIred by a 
stard-level model. We used the stand
level approach here because it was better 
able to satisfy the obJectives and meet 
the demands to be placed on the model. 

The spot severity model contains a 
submodel for predicting the rate of 
spread, in terms of trees killed per 
day, and a function giving the probabil 
Ity of a spot becoming inactive within 
30 days of observation. When coniliined, 
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 following spot spread 

prediction equation was developed using 

standard multiple regression techniques 

from data collected in east Texas by 

Hedden and BIllings (1979): 


In{TK/D) = 	 0.78099 + 0.96545 lnAT 

- 2.84669 InDBH - 0.78786 

TBA/DBH2 + 	 0.016914 TBA 

+ 0.55764 POP 

where 

In(TK/D) = the natural logarithm of 
trees killed per day 

lnAT = 	 the natural logarithm of 
the initial number of 
attacked trees 

DBH = the mean d.b.h. of the 
stand (inches) 

TBA =	the total basal area of 
the stand (ft2 /acre) 

POP = 	the number of spots per 
thousand acres of host 
type for the year being 
examined. 

This equation has a coefficient of 
determination (H2) of 0.73 and a standard 
error of estimates (s ) of 0.53.y'x 
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spot 	Inactivity 

As time progresses, some spots be
come inactlve for reasons not fully under
stood. Whatever the cause, in the simu
lation of spot growth it 1S necessary to 
allow for the cessation of beetle activ
ity. An unpublished result of Hedden and 
Bl1lings (1979) 1S a model descrlb1ng the 
probability of a spot becom1ng inactive 
wi thin a 30-day period, given ·the number 
of attacked trees at the beginning of the 
period. A logistic function predicting 
the probabiE ty of a spot becom1ng in
actlve w1thin 30 days was developed. The 
predict10n equation is 

1 p  1 + exp(-1.04 + O.06AT) 

where 

p = the estlmated probab1lIty of a 
spot becoming inactlve within 
the next 30 days 

AT = 	the number of attacked trees 
at the beginning of the 30-day 
period. 

Simulating Spot Growth 

spot growth can be simula ted with 
the spot spread model and the spot in
activity function if the stand character
IStlCS and inItial spot size are known. 
The combInation of the spot spread model 
and the 1nactivity function make up the 
spot severIty model (fig. 1). 

Because the lnactlvi ty funct10n 
gIves the probabil1ty of a spot becoming 
lnactive wlthln 30 days, the simulation 
of spot growth lS broken into 30-day 
perl ods . The dlscovery of a spot is 
consldered to be the beg1nning of the 
flrst 30-day simulation penod. 

At the beginnlng of each 30-day 
per1od, the spot lS tested to determine 
1f lt becomes 1nactlve during that period. 
This lS done by generating a unlform 
lO,I) random variate and comparing it 
with the probabll1ty of a spot becoming 
InactIve from the 1nact1vity function. 
I f the tIn1 form random varlate is less 
than the probab1lIty of the spot becoming 
1nactive, d dIscrete lln1form (1,30) 
random varIate 1S generated to 1ndicate 
the number of days of the next 30-day 
penod that the spot w1ll cont1nue to 
expand. The spot is then grown for th1S 
nUmbt'r of days and term1nated. If the 
unIform (0,1) random val'iate lS greater 
than the 1ndctiV1 ty probab 111 ty, the 
spot 1S Judged to remain active through
out the ent1re per10d. The spread of 
the spot is then calculated for the 
entlre 30-day perlod, the new number of 
attacked trees 1S found. and the next 

No 

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 0 f beetle activi ty in ind i vidual 
spots while no new spots are beginning. 

THE DAMAGE PROJECTION SYSTEM 

In order to understand the proced
ures and problems involved in formulating 
a regional damage projection system, it 
is probably best to look at an example 
region. The North Central Forest Survey 
Unit, Survey unit Number 4, of Georgia 
(fig. 2) was chosen to demonstrate this 
methodology_ Th1S 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 Stat1on, U.S. Forest Service. 
These data were forest sample plot sum
mary information from the survey unit. 
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Figure 2. --The North Central Forest 
Survey 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 class and stand 
orig1n. Also included was an acreage 
expansion factor 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 beetle 
act1 Vl ty were available from aerial 
observatlons. The Georgia Forestry 
Commission collected thlS information for 
the years 1974-77. flights were made on 
or about May 1, August I, and October 1 
for each year. Ground crews then veri 
fled these observatlons. The number of 
spots and their approximate sizes were 
summarized by county and year of observa
bon along with the date of the flight. 

Roger Belanger, of the U.S. Forest 
Service, has studied the relationships 
between the southern pine beetle and its 
hosts in this survey unlt (Belanger, 
Osgood, and Hatchell 1979) and supplied 
data collected from both infested and 
noninfested stands. These data contained 
precise measurements of stand age, 
SA/acre, mean d. b. h., number of trees 
killed, and other variables such as 
average bark thickness 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, was not considered 
to be a major host type. 

Age 

In 1972, stands were classified 
into 10-year age brackets. The exact 
ages were not recorded. Because of 
thi s , 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 9 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 values varies from species to 
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Table 1.--Site index classes (base age of 25 
years) for loblolly and shortleaf stands, 
based on U. S. Forest Set'vi ce site qua 1ity 
classifications l 

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 

J 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 Cft) 
(years) >85 75-85 60-74 45-59 <45 

0-9 o o 9068 80806 o 

10-19 o o 36588 124877 2287 

20-29 o 4472 32457 63387 5551 

30-39 o 479 31399 32833 4529 

40-49 o 1752 2765 40029 4348 

50-59 o o o 4787 o 

60-69 o o o 9312 o 

70-79 o o o o o 

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 
types. There is no distinction made in 
site curves between planted and natural 
stands of loblolly pine. We 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 associated with stands of a given 
age and site class. In other situations, 
especially if there were a continuous 

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 ar~ays 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
i.ty 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 basal 
area of stems> 5.0 inches d.b.h. to 
arrive at an estimate of the total 
BA/acre. The formula was 

TBA - BA5+ + 0.005454 (3)2 NLS 

where 

TBA = the total basal area of the 
stand (ft2 /acre) 

BA5+ = basal area of all stems over 
5.0 inches d.b.h. (ft2 /acre) 

NLS = number of sterns in the 1.0- to 
4.9-inch d.b.h. category per 
acre. 

Simplifying, 

TBA = BA5+ + 0.049086 NLS 

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 
\.;ras 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 trying to fit a total BA distribution 
for each cell. 

Mean d.b.h. 

Mean d.b.h. is an important variable 
in the severity model, but it was not 
readily estimated from the Forest Survey 
data. Therefore, a regression was fitted 
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with the Belanger data set to predict 
mean d.b.h. from the age, site index, 
and forest type of the cell. The model 

Start(was of 	the form '----..----/ 

I Initialize Region's Forest Characteristics I 
where 

::: 
llnitlalize Statistic Gathering Subroutines

DBH 	 the predicted mean d.b.h. I
(inches) 

AGE ::: 	 the midpoint of the lO-year 

age class (years) / Read Option Parameters / 


SITE 	 the midpoint in terms of site'" 
index, 	 of the site class I Incidence SUb·Model I(feet) 

;::TBA 	 average total basal area of 

stands in the age and site I Severity Sub·Model I 

class (ft2 /acre) 


A separate regression was computed I Summarize Statistics Ifor each of the t.hree timber types, 

natural loblolly, planted loblolly, and 

shortleaf. A relative F test was per

formed and indicated significant differ / Print Output / 


ences between the coefficients of the 

three regression equations. The coeffi 

cients and regression statistics for 

each of three ~quations are given in 

table 3. 


Another'--__-yes----< 
Run? 

Once the total BA and the mean 
d. b. h. have been found for each stand 
type in the region, the region's forest No 
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
jectthe growth of each spot. The total 
damage occurring in the region is found Figure 3.--Generalized flow chart of the 
by summing over all spots. damage projection system. 

- .. -
Table 3.--Regression equations for predicting the mean d. b. h. of a stand 

Coefficients l 


Timber 

type S
bO b1 b2 b3 	 y·x 

Planted 
loblolly -0.95102 0.21620 0.10180 -0.01394 0.647 1.111 

Na tura 1 
loblolly -2.70930 0.07365 0.16750 -0.01825 0.594 1. 831 

Shortleaf - .036013 0.07980 0.09756 -0.01354 0.574 1.326 

1 Model: DBH::: b + b AGE + b SITE5 + b TBA 'f/here DBH ::: the meanld.b.h. of the stand? AGE::: the a~e of ~he s~and in years; SITE ::: the 
site index of the stand, base age 50, in feet; and TBA ::: the t~~al basal 
area of the stand (ft2 /acre). 

If 
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Incidence 

Because the factors affecting the occur
rence of southern pine beetle infestations 
can vary greatly from region to region, 
it is desirable to fit the parameters of 
the incidence model to each region of 
interest. The following equations were 
developed for the Georgia Piedmont region. 

For 	natural loblolly stands: 

p = 1/(1 + exp(4.76376 

- 0.0106388 SITE 

- 0.039954 TBA/AC2» 


For 	planted loblolly stands: 

p = 1/(1 + exp(-2.37849 
+ 0.0690323 SITE50 » 

For 	short leaf stands: 

p = 	 1/(1 + exp(3.15915 

- 0.0071377 AGE 

- 0.00162082 TBA/AGE» 


where 

p = 	the probability of a stand 
with the given character
istics being attacked 

SITE = the site index, base age50 50 (feet) 

~BA = 	 the total basal area per 
acre (ft2 /acre) 

AGE = 	 the age of the stand in 
years. 

In this set of equations, the same 
variabJ.es do not appear in each equation 
and the coefficients of SITEsO are of 
different sign in the planted loblolly 
and natural loblolly equatlons. These 
anomalles are probably caused by confound
ing among variables measured.ln.the data 
set and possibly by the omlSSlon of 
~elevant variables from the set of those 
chosen for measurement. This may be 
dlsconcerting, but these equatlons do 
perform reasonably well within the range 
of the measured variables. It should be 
noted that when these types of equatlons 
were applIed to data from east Texas, 
satisfYIng results were achleved (Danlels 
etal. 1979). 

Once the region-specific forms of 
the InCIdence model are found, there are 
three steps in the appllcation to the 
regIon (fig. 4). First, Slnce the InCl
dence mode 1 re turns the probab il i ty 0 f a 
stand beIng attacked, one must [lnd the 

DoA, I 
Jr-
KI 

Calculate the Incidence Probability, P, and 
the Number 01 Stands In the Cell 

Yes---..., 

No 

---.------

Figure 4.--Flow chart of the incidence 
component. 

number of stands in each cell 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 e~ch 
timber type. Unfortunately, at the tlme 
the North Central unit was last surveyed 
in 1972, no information on stand size 
was collected. However, in the 1977 
survey of the neighboring South Carolina 
Piedmont, information on stand size was 
collected (Knight 1978). For plne 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 dlstlnction 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. 

138 

http:variabJ.es


Second, we calculated the number of 
spots OcculTlng ln each cell of the 
stand type array by definlng a Bernollill 
dlstrlbuted random variable, X, such 
that: 

Xl =: 0 1£ r' " p 

X 
1 

= 1 1f r " - p 

where 

X - the value for X ln the Ith 
1 stand ln the cell 

p = 	the probabillty of spot 
occurrence in a stand of the 
glven characteristlcs 

r = 	a unlform (0,1) random variate. 

The number of spots 1n any particular 
cell is the sum of the X 's over all 
stands in the ce 11. The humber 1S re
corded for each cell. 

Flnally, the total number of spots 
occurring in the slmlilatlon 1S found by 
summ1ng, over all cells, the number of 
spots in each cell. The total number of 
spots 1n the reglon lS then dlvided by 
the total acreage of SPB host type 1.n 
the reglon (In thousands of acres) to 
formulate the SPB populatlon level val.:i 
able used 1n the severity model. 

Severlty 

Before applYlng the severlty model 
In the regional simulatIon, two distribu
t ions mtlPt be found: ( 1) the dlstribu
t10n of spot occurrence throughout the 
year. and (2) the distributlon of initial 
spot Slze. 

T1me 	 of spot Occurrence 

An emplr1cal dlstributlon of the time 
of sp~t occurrence was developed using 
data trom the Georgla Forestry Commission. 
The spots observed on the flrst flight. 
made armmd l'lay I, were assumed to have 
Imtlated evenly throughout the previous
9.0 days. The spots observed on subsequent 
fl1ghts were ass~med to have occurred unl
fonnly through the time between flights. 
Table 4 Lndlcates the empirical distribu
t10C of spot occurrence over a year. 
BeCdUt',e of the form of the available 
datc1, spot occurrence was assumed to 
,~"mmence on or about March 1 and cease 
011 approxlmately October 11. ThlS glves 
a perIod of 22S days for spot 1nltiation. 
These dates do not seem unreasonable for 
the Leg10n of 1nterest. 

Table 	4.--Distribution of spot occurrence through 
a year as observed over a 4-year period 
(1974-1977) in the North Central Forest 
Survey Unit of Georgia 

Cumulative 
Time 
period 

Proportion 
of spots 

proportion of 
of spots 

~lar 1-Mar3D 0.15 0.15 

~lal' 31-Apr 29 0.15 0.30 

Apr 30-May 29 D.14 0.44 

~lay 30-Jun 29 0.13 0.57 

Jun 29-Jul 27 0.12 0.69 

Jul 28-Aug 27 0.12 0.81 

Aug 28-Sept 26 0.12 0.93 

Sept 27-0ct 11 D.07 LOD -
Initial spot size 

The simulation 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 initial 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 init~al spot size should 
range from zero to 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 

We chose this distribution over 
other alternatives because lt allowed a 
better representation of the occurrence 
of large spots in the upper tail of the 
dlstnbution. 

A two-sample Kolmogorov-Smirnov 
test (Sharlnon 1975) indlcated that the 
data from loblolly and shortleaf staTlds 
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Flgure :). --Flow chart of the severity 
component. 

., 

Table 	~.--Observpd dnd predicted in it LJ 1 spot 
size distributions 

-----,---.."-----~~-----~- ~.--......~~, 

Observed Predicted 
':,pot .:,ize cumulative no. cumulative no. 

elas,> of ~pot~ of spots 
,~----,. 

[) '~ H1 SO 46.61-

10 x • 20 90 7&.79-

20 x 30 105 97.2ll
-


,
30 x 40 119 111. 49-
40 ' x . 50 127 121. 80-
50 ' x < 60 131 129.43-

<',60 ' X 70 134 135.20-
70 x <, 80 141 139.64-

80 " x < 90 143 143.11
-
90 <: x .: 100 145 145.89-

100 ( 	x ' 200 155 15h.88-
200 <: 	 x <, 161 161. 00- '" 

could have come from the same underlying 
dlstributlon. Because of this, we made 
no attempt to use separate initial spot 
size distributlons for each tinilier type. 
The data were combined and one distribu
tion was flt with this comblned data and 
used for all timber types. 

Determining Individual Spot severity 

To find the severity of an indlvid
ual spot, the first thing that must be 
known is the date of spot detection 
(fig. 5). 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 
spot 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 
subtractlng the date of spot occurrence 
from the total time of simUlation. For 
the example regl0n, this total time of 
simulatl0n is 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. 
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The I.H."'ell ty model returns the 
number ot trees kIlled 1n each spot. To 
put the damage Information 1n more mean
Ingful unIts, thu; Informat.Ion IS con
verted Into CUbIC feet of tImber kIlled 
dnd an estlmdte of the dcreuge lost to 
the Sf'S. 

Acreage 	Destroyed 

The acreage destroyed IS estImated 
d:;; tnllllws: 

ACRES -	 (TTK • O.OO~4S4 DBH~) !TBA 

ACRES 	 the approXImate acreage of 
the spot 

TTK 	 the number of trees kIlled 
In the spot 

OBH 	 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 mlls t be dSBllmed tha t the average 
d.b.h. of the trees kIlled IS the same 
dB the average d.b.h. of the stand. This 
mllst 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 
SA IS 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 mul tiplying the number 
of <'teres destroyed by the cubic foot 
volume per acre. The volume per acre 
Cdn be found USIng stand-level multiple 
reqlessl0n YIeld equat10ns such as those 
developed by Burkhart et al. (1972a and 
bL 

F,~l' natural stands ol lablolly 

D.!!1l2<) - cL23404/AGE 
t \), 187B~~ Hd 'AGE + 

• 91 q3~1 tog . TBA 
• 	 (:.001 Cll (AHr: ' log11 TBA) 
+ 	 (l. 4h06'1 I'BATRA \ 

2,3'1288 	- 6.1'3378 l AGE 
+ 	 n.3187& H ~Gr: + 
O.OO~06 	TPAdlOO + 0.00884 
AGE ' 	 loQ10TPA 

Whel"e 

the total stem volume in 
ft 3 , inside bark per acre 

AGE - the stand age (years) 

the average heIght of 
dominants and codominants 
(feet) 

TBA ::: 	 the total basal area of 
the stand (ft~/acre) 

PBA ::: 	 the p1ne basal area of 
the stand (ftz/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 lIaverage ll tree and multiply this 
by the number of trees killed to estimate 
the volume 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). A similar equation was developed 
for natural loblolly stands for use in 
the damage projection system. 

For natural loblolly stands: 

VOL::: 	 -.864615 + 0.00218 DBH2Hd 

For planted loblolly stands: 

VOL::: 	 -.63136 + 0.00187 DBH2Hd 

where 

VOL = 	the total ft 3 volume, inside 
bark 

DBH ::: 	 d.b.h. (inches) 

::: 	 the average height of domi
nants and codominants in the 
stand (feet). 

The natural loblolly equatlon was 
aJso used In shottleaf stands as in the 
previous method of volume est1mation. 

RESULTS AND CONCLUSIONS 

The program output IS summarized in 

four types of tables. The first type 

(table 6) contains a summary of beetle 
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"fable 6.--Damage projection system Qutput--summary of beetle damage to natural loblolly stands 

Damage Number' Total Average Standard Range 
measure of spots damage damage deviation ~'i n Max 

Tr'ees killed 879.00 219977.50 250.26 485.52 0.01 6425.64 

ACI'es des troyed 879.00 596.61 0.68 1. 61 0.00 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 spot occurrence 

-.e.__• ______~.__ 

Timber type 
-~-... -.-~ 

Date of Natural 

detection loblolly 


- -~~"-"""""""'-'--"~"'>--~'------"¥"-" ~ .. ~~.. 

Mar l-Mar 30 83.6 

Mar 31-Apr 29 93.4 

Apr 30-~'ay 29 77 .3 

May 30-Jun 28 65.9 

Jun 29-Jul 28 69.6 

Jul 29-Aug 27 92.1 

Aug 28-Sept 26 91.1 

Sept 27-0c t 11 23.7 

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 included are the standard 
deviatlon 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 0 f spots occurring and each 
of the three damage measures. The dam
ages in each table are further grouped 
by timber type, 

The third type of table (table 8) 
presents the acreage destroyed in a 
timber type by the age class of the 
stand where the spot occurs. The damages 
are further grouped according to the 
Size in acres of the infestation. This 
lnformation 1S useful in the economic 
analysis of beetle damage, 

The last table type (table 9) Sl:m
marlzes, by timber type, the damages 

Plantation All host 
loblolly

-...... --~-~ ..-.---..-.---
Shortleaf types 

117.5 117.3 318.4 

61. 5 134.1 289.0 

90.3 97.9 265.5 

90.8 86.6 243.2 

101. 2 97.9 268.8 

96.5 79.1 267.7 

85.1 131.2 307.4 

56.2 60.5 140.4 

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 conditions 
input are not significantly different 
than those in the field. 

Unfortunately, there are no data 
available concerning the actual damages 
caused by the so~Lhern 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 validity 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 shortleaf 
stands 

SPOT SIZE IN ACRES 
Age Under' 0.10 0.10-0.25 0.25-0.50 0.50-0.75 0.75-1.00 1. 00-5. 00 5.00-10.00 10.00 and over 

5 5.2 7.2 21.8 21.6 18.0 55.6 16.1 17.0 

15 15.1 24.8 23.6 12.6 5.1 18.6 0.0 0.0 

25 9.0 10.5 31.6 22.1 22.4 77.1 15.7 0.0 

35 7.1 8.9 10.8 7.4 8.3 37.2 14.6 0.0 

45 3.7 5.6 13.3 18.6 11. 3 71. 0 10.7 12.6 

55 0.4 0.6 0.9 1.4 3.3 2.9 12.0 0.0 

65 0.8 1.2 1.7 3.7 3.5 53.8 11.4 15.0 

75 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Table 9.--Damage projection system output--southern pine beetle damages 
by spot d.b.h. class 

d.b.h. Number of Trees Acres Volume 
class spots ki 11 ed destroyed kill ed 

5 2532. 468510. 863.9 425102. 

6 855. 233539. 518.0 879911. 

7 286. 76031. 163.9 365734. 

8 307. 99541. 366.7 692718. 

9 85. 30074. 113.5 283454. 

10 26. 13586. 64.1 192396. 

11 8. 2313. 10.3 36370. 

12 O. O. 0.0 O. 

13 O. O. 0.0 O. 

14 O. O. 0.0 O. 

15 O. O. 0.0 O. 

16 O. O. 0.0 O. 

17 O. O. 0.0 O. 

18 O. O. 0.0 O. 

19 O. O. 0.0 o. 

20 and over O. O. 0.0 o. 

143 

http:5.00-10.00
http:0.75-1.00
http:0.50-0.75
http:0.25-0.50
http:0.10-0.25


the components of the system have been 
valldtlted, the relctlve damage levels 
obs!:'rved under varlOUS options In the 
system would be reasonable. 

We belIeve that the methodology of 
developIng a regIonal southern plne 
beetle dtlmage proJection system has 
success fully been demonstrated for -the 
North Central Forest Survey Unl t of 
GeorgIa. Further informatlon on the 
options available In the system and 
copIes of the program are available from 
the duthors upon request. 
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SOUTHERN PINE BEETLE: FACTORS INFLUENCING THE 


GRo\VTH AND DECLINE OF SUMMER INFESTATIONS 


Roy L. Hedden and Davld D. Reed! 

Abstract.--A model has been developed 
to sImulate the spread of southern pine 
bpetle lnfestatlons USltlg stand-level 
Vdlidbles. The mudel conS.lsts of two 
pntlcipal functions: (1) a functlon to 
predIct the rate of spredd, in terms of 
trees kllled per day, and (2) a fimction 
to predlct the proDdbili ty of a spot 
becomlng Inactlve. Spot growth can be 
~nmuldted with ·these two relatively 
SImple functions. 

INTRODUCTION 

Seasonal behavior of the southern 
plne beetle (SPB), Dendroctonus frontalis 
Zimm. (Coleoptera:Scolytidae), is charac
terIzed by dlspersal and initial infesta
tion es tabl ishment In spring to early 
summer (BIllings and Kibbe 1978) followed 
by spot growth and decline. Initial 
spot establlshment is influenced by 
stand dIS turbances such as lightning, 
h1gging damage, and flooding, and by the 
presence of low-vigor pIne trees (Coul
son, Haln. and Payne 1974; Ku, Sweeney, 
and Shelburne 1976; Lorio 1968 and 1978). 
The number of trees attacked during the 
Infestation establishment phase IS deter
m1n(~d by the weather, the proximity and 
number of brood sources producing dispers
Ing beetles, and to a lesser extent, the 
preva11ing stand conditions (Hedden and 
B111ings 1979). During the summer, 
beetle Inwlgratlon into spots declines 
(B1111ngs 1979). And the beetle popula

tlon wIthln the infestations must estab

llsh and maintain synchrony between 

emergence and attack in order for spot 

growth to continue (Gara 1967). When 

thp synchroni~ation between brood emer

genc~> clnd pheromone production (attack) 

H~ lnt.E'rrupted, infestation growth ceases 
dnd bpptle dispersdl occurs (Gara 1967, 
Gelid and Coster 1Q68). 

I 'The aut1)ols are, respectlvely, 
ASSOclclte Professor, Dept. of Forestry, 
Clemson Universlty, Clemson, S.C.; and 
Graduate Research Asslstant, School of 
Forestry and Wildlife Resources, Virginia 
PolytechnIc and State University, Blacks
burg. 

The purpos~ of this study was (1) 
tu jdentify site and stand factors re
lated to southern pine beetle summer 
spot growth and decline, and (2) to use 
these factors int.he development of sub
models for predicting the rate of infesta
tion growth (spot growth) and for predict
Ing the probability of an infestation 
ceasing to expand (spot inactivity) . 

PROCEDURES 

Data Collection and Analysis 

Details on spot selection and data 
collection have been explained elsewhere 
(Hedden and Billings 1979). The indepen
dent variables included 

m2pine BA/ha, in 

hardwood BA/ha 

total BA/ha (pine + hardwood) 

mean pine BA/tree 

mean d.b.h. per pine, in em 

percent pine by number of stems 

percent pine by BA. 

Additional variables derived from 

the periodic measurement of active trees 

were the basal area and number of 


active (brood) trees at the initial 

visit, 


active trees at a subsequent visit, 

new infested trees since the last 

visit, and 


previously infested trees vacated 

by beetles (inactive) since the last 

visit. 


Infestation growth rate was expressed 
as the number of new trees killed per 
day (TK) for each spot where 

"n.:::um~b~e;:.:r,....::o:.!fTn:::e.::-w-:-·.::.trTeT.e:7s~k:.:.iil-:-li-:ed::::-:b:-:e:..:t:.:-w:7e:.:e7n~v.;..:is:..,.:...·t:..;;.sTK ::::  time lapse (days) between visits 

using the number of trees killed 

per day (TK) as the dependent variable, 

we conducted regression analyses with 
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data from 1975, 1976, and 1977 combined. 
In additionto the variables previously 
described, we included th~ total number 
of beetle spots detected in east Texas 
for the appropriate year (POP) as a 
covariate to account for annual differ
ences in areawide beetle population 
levels. Both linear and nonlinear 
regression equations were generated. 
For the linear models Mallow's C , the 
total 	squared error, was used asPa 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. 	 cri teria 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 logistic func
tion (Cox 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 visit. 
This function was based upon data from 
1975 and 1976. The second equation 
(Model II) 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 III 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 ground 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 1975, 
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 m2/ha. During 
1976, sampled spots were larger (mean = 
66.5 active trees at the first visit) 
and were located in stands with lower SA 
(mean = 29.6 m2/ha). In the 10 spots 
monitored in 1977, the mean number of 
active trees was 47.6 while the mean BA 
at the spot origin was 38 m2/ha. 

During this time, beetle population 
levels varied greatly--first increasing, 

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 visit 

TBA 	 total SA at the spot origin 
(m2 /ha) 

POP = 	 number of spots per 1,000 ha 
of host type. 

This equation has coefficient of 
determination (R2) of 0.80 and a standard 
error of the estimate of 0.68. This 
model works well when fitted to data 
from anyone year but predicts too 
great a rate of spread for years when 
population 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 In(AT 
- 2.84669 In(DBH) 
- 22.13668 TBA/DBH2 + 0.07366 TBA 
+ 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) 

POP =	number of spots per 1,000 
ha of host type. 

This equation has an R2 of 0.73 and 
an S of 0.53. In fitting the model, 
we u~e~ only those spots that expanded. 



There were six spots in 1975. three in 
1976, and three in 1977 that did not 
expand and were not included. This 
model predicts spot growth better during 
years when population levels are 101. 
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 
p ~ 	 1 + exp (a+Bx) 

where 

p - probabIlity of a spot becoming 
inactive 

x ;:: 	 number of initially actlvetrees 
or the natural logarithm of AT. 

Three equations were derived (table 
1) . Model I predicts the probability of 
a spot going inactive within 30 days 
after the initial visit. This function 
was based upon data from 1975 and 1976. 
The second equation (Model II) 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 
probabili ty of a spot being inactive 
when ground checked within 30 days of 
detection. Table 2 presents predicted 
probabili ties of inactivity for selected 
initial numbers of active trees. 

Model Behavior 

This discussion will be limited to 
the behavior 0 f the spot inactivity 
model derived from the 1975 and 1976 
data (Model II, table 1). and the non
linear model of 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 trees also in
creases the probabi Ii ty of synchrony 
between pheromone production 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 various stand factors mea
sured, only total basal area (TBA), 
diameter at breast height (d.b.h.), and 
the ratio TBA/d.b.h. 2 were significantly 

Table 	l.--Parameter estimates for the models to 
predict spot inactivity. 

Dependent
Modell a B variable (x) 

13 - 1. 144 0.653 0.069 0.023 AT 

II4 -11.314 3.141 3.617 0.946 In(AT) 

HI5 - 0.640 0.124 0.092 0.010 AT 

1
I The 	 model has the form p = 1 + exp (a+Bx)" 

2 SD 	 ;:: the asymptotic stand deviation. 

3 p = 	probability of a spot going inactive 
after 30 days. 

p ;:: 	 probability of a spot containing fewer 
than 20 trees after 30 days. 

5 p =	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 Model 

(AT) II "TIT IlI 3 

5 .69 .54 1. 00 

15 .53 .32 .82 

25 .36 .16 .42 

35 .22 .07 .18 

45 .12 .03 .08 

55 .07 .01 .04 

p _ 1 . 
- 1 + exp (-1.144 + .069 AT)' 

P = probability of a spot going inactive 
after 30 days. 

2 p ;:: 1 	 . 
1 + exp (-11.314 + 3.617 InAT)' 

p ;:: probability of a spot containing fewer 
than 20 trees after 30 days. 

3 P = ~__-.,.---=,l;:."-~~..,,.....,=-.
1 t exp (-.640 + 0.92 AT)' 

P ;:: probability of a spot being inactive when 
ground checked within 30 days of detection. 
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Table 	3.--Behavior of the spot growth model. 1 

lree<, killed pel' day when the population 
level (POP) is 3.05 ~pots per thousand 
hectare~ of host type. 

--,----~ 

d.h.h. 	 TBA (m2 /ha) 
(em) 15 25 35 45 

20 .1485 
AT (nllmber) '" 10 
.1784 . 2142 .2573 

35 . 0528 .0921 .1605 .2799 

50 .0220 .0420 .0803 .1535 

AT (nllmbe t') :: 50 
20 .7024 .8436 1. 10132 1. 2170 

35 .2498 .4355 .7593 1. 3238 

50 . 1039 .1986 .3800 .7261 

AT (nllmber) = 150 
20 2.0287 2.4366 2.9265 3.5149 

35 .1214 1. 2578 2.1930 3.8235 

50 .3001 .5737 L 0969 2.0971 

1 1n(TK) 	 3.43457 + .96545 In(AT) 
- 2.84669 In(OBH) - 22.13668 TBA/DBH2 
+ 0.73662 TBA + .22567 POP 

related to spot g10wth. For a glven 
dvelilge diameter, the rate at WhlCh new 
t l'ees are kliled lncreases as TBA in
creases (table 3). Trees will be more 
closely spaced in stands of high TBA 
than 1n stands of lower BA, assumlng the 
tr'ees 1n the stands have the same diame
ter dlstr1bution. Trees in dense stands 
wi 11 expel'1.ence greater competi t10n for 
resources (Hedden 1978a) and will grow 
at a slower rate than under less crowded 
cond1 tlons (Schumacher and Coile 1960). 
HIgh stand dens1ty, low radial growth, 
and reduced tree VIgor are characteristic 
of Sf'B Infestations (Lorio 1968 and 
1978. Coulson et a1. 1974. Ku et aL 
1')"6). 

WIde tret' spaclng, regardless of 
tree vIgor. can also limit spot growth. 
(;,1LI\ .uld Coster (1968) have shown experi
nwntal1y that spot growth ceases when 
the dIstance between a tree currently 
under attack dnd the nearest unattacked 
pIne 1S greater than 6 to 9 m. Johnson 
and Coster (1'9 7 8) ind1catetha t thIS 
pht.'noU1C'non m<ly on1y apply 1n small to 
mod"late InfestatIons (, 100 actIve 
trees) W1 th il SIngle pheromone source. 
III Luge spots (. 100 active trees) with 
multlple 	 pheromone sources, the proba
bil1ty of attack is more dependent upon 
the Slze 	of the resident beetle popula
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tion than upon tree spaCIng (Johnson and 
Coster 1978) or stand conditions (Hedden 
unpublished) . 

As average d. b. h. or the ratIO 
TBA/DBH2 increases, the rate of spot 
growth decreases (table 3). In a stand 
of fixed basal area, as d.b.h. increases, 
distance between trees increases. This 
increase 1n 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 . 

spot growth also increases as the 
number of spots detected per year in
creases. This variable is probably 
reI ated to SPB brood production per 
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 combination of the spot spread model 
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 3D-day 
periods. The discovery of a spot is 
considered to be the beginning of the 
first simulation period. 

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 is grown for an additional 15 days 
as a best estimate of when act::'vity 
would cease. I f the uni form random 
variate IS greater than the inactivity 
probability, the spot is judged to remain 
active throughout the entire period. The 
spread of the spot is then calculated 
for the enbre 30-day period, the new 
number of attacked trees is found, and 
the next 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 3~-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.--Result~ of the validation test of the severity model on data from north Georgia. 

Number of attacked trees 

Observed Predicted 
Plot Initial Final F ina 11 

C- 1 20 24 25.67 

C- 4 12 18 22.88 

C- 7 10 18 16.92 

C- 8 8 29 18.95 

C- 9 17 30 30.06 

C-I0 14 50 30.85 

C-ll 20 27 24.90 

C-12 14 25 18.28 

C-13 4 4 5.01 

C-14 22 23 29.76 

C-15 22 22 29.22 

Totals 270 252.6 

1 Average of ten simUlation runs. 

fvlodel Val idation 

Validatlon Data 

The spot spread model and the inac
tlvity function were developed from east 
Texas data, but no data from that region 
were avallable for validation. Dr. G. E. 
Moore, of the Unlted States Forest Ser
Vlce, supplied data collected in north 
Georgl,)' for the purpose of va1idat :ng the 
seved ty model. This data set consists 
of 11 lnfestations 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.l, 
the population level, and two measurements 
of the number of attacked trees, taken 
about 4 months apart, were available for 
each spot. 

Procedure 

The number of attacked trees in each 
of these 11 spots had been initially ob
served in ,Tune and then again in October, 
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 
perlods. If a slmulated spot was active 

Predicted 
Residual Maximum Minimum 

+ 1. 67 37.0 21. 9 

+ 4.88 34.5 15.1 

- 1. 08 24.3 11.4 

-10.05 36.3 10.2 

+ 0.06 54.8 20.4 

-19.15 52.3 17.2 

- 2.10 31. 5 21. 4 

- 6.72 23.6 15.6 

+ 1.01 6.1 4.2 

+ 6.76 41. 3 25.1 

+ 7.72 45.0 25.6 

-17.40 

at the end of the fourth period, it was 
grown for an additional 15 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 into October, when they were actu
ally remeasured. 

Validation Results 

The results of the validation pro
cedure are contained in table 4. The 
growth for each spot was simulated 10 
times and averaged. The severity model 
predicted that there would 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 kiiled. Spot number 
C-12 was the only spot that expanded 
significantly after the first measurement 
in which the predicted number of trees 
killed from individual simulation runs 
did hot bracket the observed number of 
trees killed. For spot number C-I0, 
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 undel~rediction is interpreted 
as meaning that spot C-I0 behaved abnor
mally, and this spot is therefore removed 
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from the validation data set, then the 
new observed number of trees killed is 
reduced to 220 and the new predicted 
total to 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 
C-13, C-14, and C-15 did not expand for 
15 Eull 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
cially encouraging when it is noted that 
the models were developed from data 
gathered in east Texas while the tes t 
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 developing 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 
overstocked stands has been recommended 
to minimize the occurrence of SPB infes
tations (Hedden 1978b). The same prac
tices should serve to reduce timber 
losses 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 should be assigned 
to spots in dense stands. Small spots 
with less than 20 active -trees should be 
given lowest priority. 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 

Davld Do 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 Analysis System (TRAS). Regional 
damages are simulated Llsing variables 
available from the stand table projection 
used by TRAS to predict future forest 
resources. options are available for 
examining various management strategies 
for controlling the southern plne beetle. 

INTRODUCTION 

In planning management activities 
to control southern pine beetle (SPB) 
(Dendroctonus frontalis Zimm.) damages, 
it is necessary to project probable 
long-term damages. Damages occurring 
wlthout any control efforts and damages 
occurrlng with various control efforts 
shoUld be projected and compared. The 
benefits gained by control ~fforts are 
the difference between dar;.d';:fe levels 
occurring when the control ..'easures are 
applied and those occurring if no control 
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 periods (25 or 
more years) for a multicounty area. The 
program provides information to decision
makers developing long-term, regional 
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 Economlcs, virginia 
Polytechnic Institute and State Univer
sity, Blacksburg. 

SYSTEM CHARACTERISTICS 

Any system designed to proj ect 
long-term damages must also incorporate 
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 beetle's activi ty. 
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 subj ect to 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, projects long-term timber supply 
under various assumptions regarding 
removal rates and management practices 
(Larson and Goforth 1970, 1974). In the 
existing TRAS program, mortality rates 
are specified by the user and applied to 
each year 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 Resource 
Evaluation unit (formerly called Forest 
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 forest~ 
on a large acreage are classified accord
ing to stand and/or site characteristics 
such as species composition or 8ite 
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. 

I 
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The user also speclfles removal, mortal
lty. dnd lngrowth rates for each size 
clasB, as well as the volume per tree ln 
each class. The program then calculates 
the chdnge ln the stand structure by 
dPplYlng these rates to each Slze class 
"wd determ1nlng the net change 1n the 
number of trees 1n the class 1n a yeal". 
A ne," t,tand table lS computed, and. 1f 
desll:ed, the pr"ocess can be repeated. 
Users ccw request output, WhlCh contalns 
the current Inventory dnd the net growth, 
removals, and mortality of the year by 
2-1nch d1ameter classes, at the end of 
any yeiH. 

There are severdl opt10ns avallable 
to the user regard1ng removal and 1ngrowth 
l"ates thdt account for Vdr10UR types of 
forest management. However, once these 
untlal lates clt1d opt10ns have been 
entered, they cannot be changed during 
the proJectlon perlod. Deta1led 1nfor
matlon on the program and the opt1ons 
ava1lable can be found 1n Larson and 
Goforth (19 7 0, 1<)74). 

SOUTHERN PINE BEETLE MORTALITY 

onginully. TRAS calculated annual 
mortality 1n each 2-lnch d1ameter class 
by mult1plY1ng a user-suppl1ed mortality 
ratt' hy the number of ltve trees 1n the 
class, No effort was made to d1stingulsh 
m<.HL'tllty totals by cause of the mortal
1 ty. Tht~ methods discussed here est1mate 
the amount of mortallty due to the SPB. 
All other mortall t.y 1S handled as before, 
by mult1plY1ng the number of 11ve trees 
1n Pdch class by a mortaltty rate. This 
mortalIty rate can be a total mortality 
late dS 1 t is 1n the or1g1nal TRASf 

program. In th1S case, the SPB mortality 
1S calculated and subtracted from the 
t.otal mortality, to leave mortal1ty due 
to other causes. Another option lS that 
the mortal i ty rate represents non-SPB 
mortallty. If so, the total mortality 
can be found by summing the SPB mortality 
<lOd non-SPB mortdl i ty. 

southern pine beetle mortal1ty 

est1matlon can be broken into two parts. 

F1rst, the number of spots that cccur in 

the entIre acreage 1ncluded in a run is 

estimated. Second. the growth of each 

Sp0t 1S simulated and the number of 

trees ki lled in a year by the SPB is 

found. Volume killed 1S then found 

uSing the number of trees killed and a 

10Gd1 volume table stlppl1ed by the user. 


Est1mating the Number of spots 

The number of spots occurr1ng in 
the forest or stand type of interest is 
estllnated by fHst find1ng the probability 
of an outbreak occurring in the stand 
type. There are two options in the 

program 1nvolving thlS probab111ty. In 
the Erst opt10n, the user supplies a 
single probab111ty of stand attack for 
the stand type of 1nterest. ThlS proba
bil1ty remains constant for the entire 
proJectlon perlod, act1ng as an average 
outbreak probability. In the second 
optlon, the probabil1 ty of stand attack 
1S found by uS.lng a model of the type 
descr1bed by Daniels et al. (1979). The 
outbredk probability 1S estimated by a 
logist1C equation using stand. site, 
and/or insect variables. This equation 
takes the form 

p ..: 	 1 
1 + exp{bO + b + + ... + bkXk)1X1 b 2X2 

where 

p :: 	 the estimated outbreak proba
bility 

Xl :: 	 the ith var1able associated 
with outbreak probability. 

Daniels et al. (1979) developed 
equations for estimating outbreak prob
abilities that contain only stand and 
Sl te 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 variables. 
Efforts are underway to find variables 
that can account for the annual fluctu
ations in outbreak probabilities, but 
the efforts are restricted to using 
variables from TRAS or which are easily 
observed or predicted from year to year. 
One alternative is to include a function 
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 equations 
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 
estima.ted. 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 
ma ted by dividing the acreage in the 
stand type by the average ;:;ize 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 TKAS wbeneyer a pro
jection is to be made. Data on average 
stand sizes of different tlnmer types is 
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now being collected by the Renewable 
Resource Evaluation unit of the u.s. 
Forest service in its periodic inventories 
of the forests of the Southeast (Knight 
1978) . 

After the probability of outbreak, 
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 do this, a uniform (0,1) 
random variate is generated for each 
stand in the stand type of interest. If 
the uniform random variate is less than 
the probability of outbreak, ah outbreak 
IS judged to occur in tha t stand. If 
the random variate is greater than the 
probability of outbreak, an outbreak is 
not Initiated and no mortality occurs in 
the stand as a result of SPB activity. 

Simulating 	spot Growth 

If an outbreak is determined to 
occur in a stand, the growth of the spot 
is slmulated USIng a spot spread model 
and d spot inactivlty model (Hedden and 
Reed 1980). Once a stand has been iden
tl fled as being attacked/the time of 
the year when the spot appears and the 
Initlal spot size are generated. The 
methods for doing this are identical to 
those described by Reed et al. (1980). 

Briefly, the spot Inactivity func
tlon predicts the probability of a spot 
becoming Inactlve within a 3~-day period, 
gIven the number of trees at the beginning 
of the perlod. I t is a logistic function 
wi th the form 

1 
p = 1 	 + exp(-1.04 + 0.06 AT} 

where 

p = the estlmated probability of a 
spot becoming inactive within 
the next 30 days 

AT '" 	 the number of affected trees at 
the beginning of the 3D-day 
period. 

The spot spread model describes the 
natural logaLithm of the number of trees 
kIlled per day as a function of the 
Ini tlal number of a ttacked trees, the 
mean stand d.b.h., total stand BA, and 

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) = 0.78099 + 0.96545 lnAT 
- 2.84669 lnDBH -0.78786 TBA/DBH2 
+ 0.016914 	TBA + 0.55764 POP 

where 

In(TK!D) = 	 the natural logarithm of 
trees killed per day 

lnAT = the natural logarithm of 
the initial number of 
attacked trees 

DBH = 	 the mean stand d.b.h. 
(inches) 

TBA = the total BA of the stand 
(ft2 /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 3~-day period. If the 
spot exists for more than one period, 
the number of attacked trees is updated 
at the end of each 3~-day period. This 
new number of attacked trees is used in 
the inactivi ty function and the spot 
spread model in the following simulation 
period. The mean stand d.b.h. and the 
total BA are available from the stand 
table carried by TRAS. The number of 
spots 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 o.f 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 
year. If POP is given as a constant, it 
will represent an average value over the 
years. 

If POP is to be calculated each 
year, the user must specify the propor
tion of the region I 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 lar.ge 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 
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type 1n N years of simulat10n can be 
d1vided by the total number observed in 
the N years of simulation to estimate 
the desired proportion, that 1S: 

where 

P1 ~ 	 average proport1on of the total 
number of spots Wh1Ch occur in 
stand type 1 

N , 	 the number of spots occurring
l 1n st<1nd type i ovel N simu

lated years 

N :;;; 	 the total number of spots 
occurrlng in the reglon ln 
N slmulated years. 

The number of spots occurring in a 
yeat 1n the stand type of lnterest 1S 
mult 1plled by the reclprocal of this 
proport1on to est1mate the reglon IS 

total number of spots. Div1dlng by the 
total e\ereage tn the region glves an 
est1mate of POP for use 1n the spot 
spread model: 

where 

n ~ 	 the nunilier of spots in stand 
l type 	1 

the proport1on of the total 
number of spots WhlCh occur 
1n stand type i 

ACRES 7 thousands of acres of host 
type tn the region. 

The number of trees k11led for a 
year 1n the stand type is found by summing 
the number of trees killed in each spot 
over all spots. This total number of 
trees killed is then proport10ned to all 
d1ameter classes larger than 4 inches in 
proport1on to the number of living trees 
1n each class. The number of trees 
k1lled 1n each diameter class is sub
tracted from the number of liv1ng trees 
1n the class. After other mortality and 
removals have been subtracted and the 
ingrowth added, the resulting stand 
table 1S the 1nventory 1n the stand type 
at the start of the next year. 

Control Options 

We incorporated the artiflcial 
terMinat10n of spot activity into the 
system to represent control efforts. 
Thlstreatment consists simply of not 
allowing a spot to expand for longer 
than. a speclfied number of simulation 
perlods. The specified number of periods 
untIl the spot is controlled represents 

the maximum length of time that would 
pass between detection and control 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 tel~inate as if 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. In 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 SpC1:. 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 of 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 request that control 
efforts initiate with spots beginning in 
any simulation per10d and cease with 
spots beginning in any later period. 
Thus, it is possible to examine the 
controlling of only those spots occurring 
before, say, June 1 and allowing other 
spots to expand naturally. Also I for 
example, it is possible to control spots 
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 to make 
long-term proj ections for the region. 
This is 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 component 
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 ava1lability, precision require
ment for estlmation, and economic con
sideration. Unfortunately, the more 
reliable the projection, the greater the 
da ta requi rements and the greater the 
cost. 
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When the system has been calIbrated 
for a speclflC regIon dnd has been appl1ed 
to that regIon, there WIll undoubtedly 
be portIons of the system Idtmt:lfled 
where lmprovement Qr refInement 1S needed. 
Untll the system IS In pract1cal use. it 
1S diffIcult to IdentIfy the areas that 
need modifIcatIon. But once the system 
1S In operatIon and Its weaknesses are 
IdentIfIed, dc1ta Cdn be collected, 1f 
they ,He not already avall,lble. for 
model 1mprovement. Many of the models 
In the SPB mortal I ty component were 
developed from data collected In only 2 
or 3 years of observatIons. Improved 
est1mates will undoubtedly result when 
more extens1ve datd become avallable. 
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t-IOOELS FOR SOUTHERN PINE BEETLE HOST DYNAMICS 

Harold E. Burkhart and Rlchard F. Dan~els) 

Abstrdct .--We developed stand mod
elF tOl loblolly plne thdt use ~nd~vld
u,ll tlel'S dS the baslc qrm.th un~t. 
Ttw~H' lI10dels (one for pldnted stands, 
the (lthel for seeded stclnds) IIgrow" tree 
dldll1l!tpn; dnd helghts dnnually as a 
tU!lctlOtl of tree Slze, slte qUdllty, 
lc()mpetltlon from neighbors, clnd a sto
chdStlC component. represent~ng genetic 
and rnlcroslte varlabllty. we then de
termlned lndivldual tree mortallty sto
chdstlcally through Bernoull trIals. 
SubroutInes were added to each model to 
Hlmuldte the effects of selected silvi
cultural pract~ces. These models provide 
d method for evaluating a WIde range of 
sllvl(";ultulal treatments that m~ght be 
used to help control southern pine bee
tle (SPB) population levels and have the 
potent1al to be l~nked with SPB popula
t~on models. 

INTRODUCTION 

stand models have been used exten
tHvely for production fOl-ecasting and 
evaluatIon of s~lv~cultural alternatives. 
NOIt> recently, there has been increasing 
Interest 1n the use of stand models when 
aSHe:::.::nng the 1mp<lct of catastrophic 
ev,,~nts such as southern pine beetle 
(vt>ndroct,mus frontal is Zimm.) infesta
t ltms. Nos t stand models developed in 
the past provide little det<lil regarding 
st,1l1d structure and are limited to a 
w~ry small number of treatment al tern<l
t 1ves , When looking ahead at the wide 
range of sllv1culturdl treatments that 
mIght be used to help control SPB popu
ldtlOIl levels and the potential for 
lln){lllg (:;tdnd models Wl th SPB population 
m",le I "', we ,"one I uded that an approach 
\"1 t h mo! t' de t,u 1ed 1nformatl on about the 
~l~e distributIons. gTowth, and mortality 
('f HhllVldu,l.l trees In stands would be 
,1ppl"Pl Llte. COllsequently, we developed 
I11dlVldudl tlee-based models for loblolly 
pUle (Plml~, t.wdd L.) st<lI1ds. A model 

The authors are, respectively, 
Professor and Graduate Research Assistant, 
Dept. of Forestry, Vlrg~nia polytechnic 
Institute dnd State Unlv., Blacksburg. 

was developed and tested for planted 
stands (Dan~els and Burkhart 1975) first 
and later extended to seeded stands 
(Daniels et al. 1979b). The purpose of 
this raper is to discuss the overall 
structure and appl~cation of these two 
loblolly pine stand models. Details on 
the derivation of components of the mod
els, as well as complete FORTRAN source 
llstings, are contained 1n Daniels and 
Burkhart (1975) and Daniels et al. 
(1979b) . 

PLANTED STAND MODEL 

The plantation 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. Nanagement subroutines 
were added to this framework to simulate 
site preparation, fertilization, and 
thinning. 

Initial Stand Generation 

A number of options are available 
for creating rectangular spatial patterns 
in PTAEDA. Users may specify the distance 
between trees and between rows in a 
conventional manner (e.s., 6 ft x 8 ft, 
6 It x 12 ft), allowiDq the program to 
compute the planted number of trees. 
Alternatively, the number of trees may 
be specified along with the ratio of 
plantlng distance to row width (e. g. , 
3:4, 1:2). If this ratio is omitted, 
square spacing is assumed. 

From this informdtion, 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 densit.y. 

From thlS point, theillvenile stand 
is advanced to an age where intraspecific 
competition begins. strub, Vasey, and 
Burkhart (1975) found that over a wide 
range of sites and planting densities, 
the age at which average diameter in 
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plantat10ns first differs from that of 
open-grown trees 1S consistently 1 year 
after Crown competi bon Factor (CCF) 
reaches 100. This relationship 1S used 
to compntethe end of the precompetitive 
growth stage. CCF is predicted as a 
function of surviving number of trees 
per acre (TS). height of the dom1nant 
stand (HD) (average height of dominant 
and codominant trees). and age. using 
the equation developed by strub et al. 
(1975). This equation is evaluated each 
year after age 5 until CCF 1S greater 
than or equal to 100. HD 1S predicted 
using the :;)1 te index curves of Burkhart 
et a1. (1972), while TS is estimated 
from the survival function of Smalley 
and 	Bailey (1974). 

At this p01nt the pred1cted 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 a cumulative distribu

tion function as follows: 


b 

F(y) ::: 1 - e -ay 


The inversion technique was used for 
generating random v"lria tes from this 
d1stribution. Parameters a and bare 
estimated from minimum and average d.b.h. 
as follows (strub and Burkhart 1974): 

b ::: 	 In(TS/IO) 

In DAVE - In DMIN 


r (1 + lib) b 
a :: [ DAVE 1 


where 

DMIN ::: minimum d.b.h. (inches) 

DAVE :. average d.b.h. (inches) 

TS = surviving number of trees 
per acre. 

DMIN and DAVE are predicted from stand 
age. HO, and TS. 

Height is generated for each tree 
based on a prediction equation involving 
d.b.h., HD, TS, and age. Crown length 
1S 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. 

Afler assigning dimensions to each 
tree, the competition effect of neighbor
ing trees is calculated as: 

n 

C I ~ '": 2: ( D . /D. )/D I 5T. . 


1 	 j=l J 1 1) 

where 

D ::: 	 d.b.h. 

DIST = distance between subject 
tree i and J'th competitor 

CI. 	 = competition Index of the ith 
1 tree 

n ;:: 	 the number of neighbors "inl/ 
with a BAFIO 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 vigor, 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, 
obtained as the first difference with 
respect to age of the following expres
sion, transformed from the site index 
equation in Burkhart et al. (1972): 

HD = 51 10b(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 of the height growth adjustment 
was: 

-b CI-b CR 
e 4 5) 
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where 

CR ::: crown ra'tio 

CI ::: competition index 

constants to be estimated 
from data 

An equation relating actual and 
potential height 1nc~ement by th1s factor 
was fi tted by nonl1.near least squares. 
rt can be seen that as competition in
creases, the real iza tion of potential 
height growth decreases. Hold1ng compe
tl tion index constant, the adJustment 
factor has a maximum value when crown 
ratlo is roughly 0.25. I t gradually 
decreases wlth increas1ng crown ratio, 
but decreases rapidly as crown ra tio 
approaches zero. It should be noted that 
the he1ght growth adJustment factor may 
attain values • I, so that, under favor
able conditions, lndiv1dual tree height 
growth may be greater than the change in 
average domlnant stand height. A normally 
distributed t'andom component 1S added to 
the final height growth determination. 

D1ameter Growth 

The maximum d. b. h. attainable for 
an 1ndlvldual tree of glven height and 
age was considered to be equal to that 
of loblolly pines grown in the open. We 
developed an equation describing this 
relationship from open-grown tree data: 

'",here 

DO ::: open-grown d.b.h. (inches) 

H = total tree height (feet) 

A = age from seed (years) 

The first difference of this equa

tion wlth respect to age was thought to 

represent a maximum potential diameter 

increment: 


PDIN = b HIN + bl 2 

where 

PDrN = potential diameter increment 
(inches) 

HIN = observed height ircrement 
( feet) 

This potential diameter increment is ad
justed by a reduction factor of the form 

where eI represents competitive effects 
and CL (crown length in feet) is a measure 
of photosynthetlc potential. The multi 
plier decreases with increasing competition 
and increases with increasing crown 
length. An equation relating actual and 
potential diameter growth by this factor 
was developed using nonlinear least 
squares. A normally distlibuted 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 iJr 
resources but also the potential it has 
for using those resources. Both crown 
length and crown ratio reflect this 
potential. 

Crown length is modified each year 
as the· difference between height incre
ment and change in clear bole length. 
Clear bole length is predicted annually 
as a function of height, d.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 squares 
and methodology proposed by Hamilton 
(1974) for fitting probabilities to dicho
tomous (0,1) data. The probability of 
survival equation took the form 

b 
b -b CI 4 


PLIVE = blCR 2 e 3 


where PLIVE = probability that a tree re
mains alive and CR and CI are as defined 
previollsly. 

PLlVE increases with increasing 

crown ratio and decreases with increas

ing competition. When crown ratio is I 

and competition index is 0, PLIVE takes 

on its maximum value, b (1.08635).


1That this "probability" is > 1 is of no 
practical concern in predicting PLIVE 
under stand conditions. 
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In PTAEDA, survival probablli ty is 
ccllculated for each tree and used in 
Bernoull trlals to determine annual mor
tall ty stochastlcaLly. The calculated 
PLlVE is compared to a uni form random 
variate between 0 and L If PLI\lE is 
less than thlS generated threshold, the 
tree IS consldered to have died. 

Management Routines 

After PTAEDA was Initially developed 
tot vid-field, unmanaged plantatlons, we 
added management subroutines to Simulate 
the effects of site preparatlon, fertlli
zatlon, dnd thlnn1ng. 

Sl te Prepat'<ltlon 

The efficlency of a site preparation 
method 1S modeled dS the degree to which 
a cutover site approaches old-field con
ditions. We assumed that growth reduc
tions on cutover land were due solely to 
competlng vegetation since changes in 
site quality caused by site preparation 
practices could be described by initially 
specifying an appropriately adjusted 
site index. Under these assumptions, we 
developed a subroutine including a compe
tltlOn adjustment factor, which is multi
plied times both competition index and 
trees per acre to reflect the increased 
number of stems on cutover land and an age 
at WhICh the stand will be released to old
fIeld condltlons. The user must specify 
the number of loblolly pine equivalent 
Ct)mpe t 1 tors dnd the age at which the stand 
WIll be released to old-field conditions. 

Fertilization 

Response to fertilizer treatments 
IS SImulated by Increasing the site 
index. A site adjustment factor acts as 
d multipller on site index for fertilized 
sLmds. 

Of cOUl'5e, the true nature of ferti
'IZt'l response depends on many factors, 
such dS the element applied, the applica
tion rate, mode of application. time of 
yedl of application, physiographic prov
Ince. drainage. and SOlI texture, origin, 
,md ff't't 111 ty. We dld not have enough 
ddtd U' dqglegdte these effects and 
their llrterdcLlons into a reliable model 
of tertlhzatlon response. Thus, it was 
n\~t po;.;sible to calibrate site adJustment 
fdc-t()t S with actual ferti 1izer treatments. 
Instedd, three parameters were Included 
which specify, respectively, the maximum 
response in site quality, the length of 
time (from appl ication) in years to 
a ttclln this maximum response, and the 
total length of time of the response. 
Site index increases linearly from the 
age of fertilization until maximum re

sponse IS reached. From that time,the 
S1 te adjustment factor decreases linearly 
until site qualIty, at the end of the 
response period, is the same as the 
original site qual! ty prlor to fertiliza
tion. LInear functions were chosen as 
initial approx1mations in the absence of 
actual data. Users must specify values 
for the maXlmum 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--th1nning 
to an upper diameter limit, or to a 
specified basal area. In either case, a 
lower d1ameter 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 conditions and silvicultural treat
ments. These trials gave reasonable 
results, suggesting that logical and 
functional relationships were generally 
1n 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 
growth from plot data and incorporated 
it into the model. Subsequent 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 \,ere 
originally evaluated with the plot data 
of Burkhart et a1. (1972). (NB: These 
data were used in computation of some of 
the components of PTAEDA and are thus not 
a completely independent data set.) In 
general, plot yields predicted by PTAEDA 
were in close agreemen"t with the observed 
values. Subsequently, an evaluation has 
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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 modellng pllllosophy and 
framework used by DanIels and Burkhart 
(1975) for loblolly pine plantat10n was 
adopted in constructIng model components 
for seeded loblolly p1ne stands. In 
thlS approach, stand development 1S 
divlded Into two stages. The first 
stdge Involves the generatIon of an 
inItIal stand of trees at the onset of 
competItion. The second deals with the 
amlUell growth and development of that 
stand by sImulating the growth. mortal1ty, 
and competit1ve InteractIon of 1ndividual 
trees. Added to this s tructul'e d.re 
routines to sImulate Intensive management 
practices. such as thinnIng and fertili 
zc\tion. 

In this d1scussion of the seeded 

stand model (Seed-PTAEDA), we will dis

cuss only the aspects unique to quantI

fying components of seeded stands. Many 

of the components are identical to those 

of the planted stand model and will not 

be reIterated here. 


InItial Stand Generation 

The InltInl stand generation stage 
Involves the complete specification of 
the stand spatial pattern and size distri 
butlons, 1ncluding the assignment of 
IndIVIdual tree coordinate locations, 
d.b.h., height, and crown length. Real
IstIC specification of early stand struc
ture is crUCIal to subsequent 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. 
Daniels 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 approach was 
questIoned for seeded stands due to the 
hIgher degree of variability in tree 
SIzes and spatial relationships in these 
stands. These considerations prompted 
IntenSIve Investigations into methods 
for realistically generatIng SIze and 
spatial relationships in young seeded 
stands. 

Spallal Patterns 

Daniels (1978) used point-to-plant 
distance methods and pielou's (1969) 
index of nonrandomness to quantify spatial 
patterns in 40 even-aged loblolly pine 
stands of seed origin, ranging from 5 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 squared 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. 

Size 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. is 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 
so that the largest d.b.h. is associated 
vii th 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) is assigned for 
each tree using a prediction equation 
based on diameter at breast height 
(d.b.h.), height of dominants and codomi
nants (HD), surv1ving number of loblolly 
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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 

Alter 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 I 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 model. These tests indicated 
that the overall model structure appears 
adequa te for simulat"ing seeded stands, 
but complete calibration will require 
further data on growth and survival of 
individual trees. Data requirements and 
calibration procedures are discussed in 
Daniels et al. (1979b). 

APPLICATIONS 

The two models 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 SPB 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 
flexibili ty of the growth models for 
simulating various cultural regimes, 
proposed silvicultural programs aimed at 
reducing SPB losses can be evaluated 
vis-a-vis current practices. 

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 
SPB/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 INDlCATOR OF AREA 


SOUTHERN PINE BEETLE POPULATION TRENDS AND EXPECTED 


TIMBER MORTALITY IN 

George W. Ryan, William A. Carothers, 

Abstract.--The use of attack:emer
gence (A:E) ratios to predict southern 
pine beetle (Dendroctonus frontalis) 
population trends and as a factor in a 
model to predict related timber mortality 
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 analyzed. 
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. 

INTRODUCTION 

It has become clear that forest 
managers need to be able to predict 
accurately the population trends and 
expected timber mortality associated 
with damaging forest insects. The 
amounts of money budgeted for suppression 
projects and determining control priori 
ties point up our sense of urgency on 
this mC'.tter. 

1 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 
Servlce, Southeastern Forest Experiment 
Station, Research Triangle Park, N. C. ; 
and Statistician, USDA Forest Service, 
Southeastern Forest Experiment station, 
Research Triangle Park, N.C. 

THE PIEDMONT OF GEORGIA 

Gordon E. Moore, and Helen Bhattacharyya l 

In the past, the basis for southern 
pine beetle (Dendroctonus frontalis 
Zi~n.) 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 conditions, 
have been considered. 

wi th the advent of the Expanded 
Southern Pine Beetle Research and Appli
cations Program (ESPBRAP), the develop
ment of 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 is 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/egg, and a variety of similar com
parisons, for use in predicting SPB 
population trends. The main advantage 
in using 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) . 

Moore I S methodology compares the 
number of attacking adults to the brood 
which subsequently emerge, i . e. I the 
attack emergence (A:E) ratio of a 3.1 
dm2 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 wasllsed 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) (Hain 1979 unpublished). We must 
emphasize that until our study I only 
declining popUlations in individual spots 
served as samples on which predictions 
and evaluations were made. 
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Because of the consistently accurate 
predictions which have been made using 
Moore's me"thodology, we init1ated 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 period of June through October. 

PROCEDURES 

spot Selection 

The results of routine aerial detec
t10n surveys conducted bv the USDA Forest 
Serv1ce Aerial Survey T-eam (Carothers 
1979 and Dull 1979) indicated an expanding 
southern pine beetle population in the 
Georgia P1edmont. In part1cular, the 
Oconee National Forest, Hitchiti Experi
mental Forest, and Piedmont National 
wi1dl1fe 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. Initial 
rhoto interpretation delineated areas of 
dead and dying pines. A probability 
proportional to si;.;e (PPS) samplillg 
scheme was employed to select four spots 
in each sample area of 826 acres (approxi
mately the area covered by one aerial 
photo at a scale of 1:8,000). 

A sampling scheme that one might be 
tempted to use within each area is strati
fied random sampling, in which the strati
fication 1S by level of intensity, or spot 
size. However, stratification within an 
area is not appropriate, because sampling 
wi thin an area cannot be sufficiently 
intensive. The structure of our areas 
negates the use of stratification, but 
it is stlll important to maintain the 
area concept in the model. That is, the 
model is supposed to be developed to 
apply to geographic units (areas). 

Since the level of infestation is 
proportional to spot size I PPS sampling 
can be effectively used. This would be 
tantamount, Qr at least analogous, to 
stratifying by level of infestation. 
Small spots show a greater tendency to 
collapse than larger ones (Hedden and 
B111ings 1979). Therefore, it is appro
prlate to use a sampling scheme where 
spots are selected with unequal proba
bility. 

The purpose of an unequal 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 j n 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 other 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 goal 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 \ 

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 r.rter
mined the cause of the pine morcEt1 in 
each spot. If SPB was thl; c .luse. __ 
crews determined the number of ;:}ctl"7e 
trees (those c" y taining SPB brood or 
attacking "'iultE> by chipping and exam
ining th,;: ".rk at breast height. Each 
active tL-e,. was marked ,.,ith paint and 
tallied. All vacated trees (those from 
which all SPB brood had emerged and which 
contained no attacking adults) were also 
tallied. An estimate of number of freshly 
attacked (containing only attacking 
adults) was recorded. 

The crew~ 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 dm2 ) was re
moved from two to five recently vacated 
pines (no SPB brood 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 headquarters. 
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Field A:E ratios were determined by 
counting the total number of holes on 
the outside 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 holesA:E = Total no. holes - (no. attack holes 
+ no. air holes) 

Laboratory A:E ratios 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 
known (parasite, predator, or disease): 

No. attacks
A:E = No. SPB emerged + no. healthy SPB 

brood in sample 

The field and laboratory A:E ratios 
will be compared, but trend predictions 
will be made only from laboratory A:E 
ratios. 

Further photo interpretation was 
~l{,GeSsary to determine the total number 
of infested trees per sample area (based 
on crown color), acres of susceptible 
host type (> 25 percent pine composition) 
per area, and acres of infested pine per 
area. This data will be considered as 
inputs in the development of the model 
to 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 wildlife 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. 

Upon 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. 

STATISTICAL fu~ALYSIS 

Model 

Definition of fl!odel 

The model being developed concerns 
the prediction of N /N ; that is, the 
ratio of subsequent ~ortality (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 

N2/Nl = b O + blXl + b 2X2 

+ b 3X3 + + bSXSb 4X4 

where Nand N have been previously de
fined ahd the tndependent variables are 
defined for each area as follows: 

Xl = mean E:A ratio, 

= ps (1 - ps) As' whereX2 

= ratio of the number ofps 
acres of infested land 
in the area to the number 
of acres of susceptible 
host type in the area, 

A = size (in acres) of the 
s area, 

= number of spots/lOa acres ofX3 
susceptible host type, 

= mean basal area,X4 
= mean number of fresh attacks;X5 

and where b , b •.. , b are the regres1 Ssion coeffi8ien~s. 

Rationale for Using N /Nl , as Dependent2Variable 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 grkater pre
cision. Also, 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 Nand N are trees; therefore, 
the ratio ~s dime~sionless (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 Nl . Hence, no inflating 
or "blowup" factor is needed. 
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Method of Computing A:E Ratio 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 a combined estimator, 
which would have been the ratio of over
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 
es tima tors, the separate estimator is 
valld for biological reasons. The number 
of trees per spot being sampled may not 
be large enough to apply the variance 
formulas for separate ratio estimators. 
This does not mean Lhe 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 N2/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 obtain an adj usted 
number to be used in the model develop
ment. This is done for both Nl and N2 . 

Variable Selection and Model Validation 

If some terms do not contribute 
significantly to the model's effective
ness, as determined by approprlate 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, NE, 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 
thlrd block by comparing the values of 
N,/N, it gives wi~' the actual values 
m~asared. 

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 tha.t the model can be 
used in new 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 SPB management decisions. If 
the results indicate that use of the A:E 
ratio is accurate for areawide prediction 
of expected timber mortality in the 
Georgia Piedmoilt, this technique 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 in 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 unequal 
probability 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 N2/Nl computed for the large 
block. 
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EMERGENCE:ATTACK RATIOl AS A PREDICTOR OF SOUTHERN-

PINE-BEETLE-CAUSED TREE MORTALITY 

Gordon E. Moore, Gerard D. Hertel, and Helen T. Bhattacharyya~ 

Abstract.--Severa1 pred1ct1ve models 
bclsed on E: A ldtio dre developed to 
est1mdte the 4-month tree mortality in 
lnd1vldllal spots. A least-squares fit 
based on E:A rat10 alone resulted 1n the 
equcltlon N ' -3.81 + 1.~4Q w1th R~ :: 
0.77 and s~ " 14.82. 

INTRODUCTION 

Forest managers and pest control 
foresters have attempted to pred1ct the 
tt"end of southern pine beetle (SPB), 
Dendroctonus frontalis Zimmermann, in
festatlon in the past with lim1ted suc
cess. Yet, llnderstclnd1ng the dynam1cs 
of spot growth 1S v1tal 1n determ1n1ng 
where suppression efforts should be 
applied. Continued SPB-caused losses of 
qrol-Hng stock have been attr1buted to 
severdl factors. Hedden (1978) 1mpli
Cdtes increasing basal area of pine per 
acre 1n east Texas, wh1le Bel anger, 
i)sgood, dnd Hcltchell (1979) p1npo1nt 
corruldtlon With slow rad1al growth and 
h1gh percentage of live crown. Several 
studles that led to pest population 
dynamICS or predictIon models have been 
funded by the Expanded Southern P1ne 

--_._-----
1 The name of the ratio has been 

chclnged from attack:emergence to emer
gence:aLtack because the new term better 
expresses the number actually used. 

~ The authors are, respectively, 
Research Entomologist, USDA Forest Ser
VIce, Southpastern Forest Experiment 
Stat1on, Research Trlangle Park, N. C. ; 
Research Coordinator, USDA Expanded 
Southern Pine Beetle Research and Appli
catIons Program, PineVIlle, La.; and 
Mdthematlcal StatIsticIan, USDA Forest 
Service. southeastern Forest Experiment 
Stdtlon i Research Trh1!1gle Park, N. C. 

a Moore, G. E., G. D. Hertel, and 
H. T. Bhattacharyya. 1979 Unpubllshed. 
Southern pIne beetle attack: emergence 
ratio and stand factors for predicting 
spot ;-rend. 25 p. F1nal report, Ex
panded Southern Pine Beetle Research and 
ApplicatIons Program. 

Beetle Research and Applicat10ns Program. 
These were based on within-tree and 
wi th1n-stand sampling models such as 
those of Coulson et al. (1976) and Foltz 
etal. (1977). 

spot growth or decline has been re
lated to the vigor of the beetle popula
t10n as expressed by a trend prediction 
model using the emergence: attack ratio 
(Morris 1975, 1976; Hoore 1978; and 
Moore, Hertel, and Bhattacharyya3 ) 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 

dt the Chickamauga and Chattanooga 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) 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 infe~tation. Two 310-cm2 bark samples 
were cut frofu 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 
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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 

A 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 w~s 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 
"vigor" of the SPB population. A measure 
of the vigor of the population is the 
E:A ratio, the ratio of the number of 
SPB emerged and the number of SPB attacks 
on a typical, recently vacated tree. 
The simplest model we tried to fit was 

N = a + bQ (1 ) 

where 

N = 	number of trees at the spot in
fested between June and October, 

and 

Q = the E:A ratio. 

Using the data from T~ble 1, the ~east 
squares fit resulted In th~ eguatlon 

N = -3.81 + 1.54Q 

with R2 = 0.77 and S2 the residual error 
square. The predicted values and 95 
percent confidence intervals are given 
in the last two columns of table 1. 

Al though the value R2 = 0.77 was 
qui te high, we felt the fit may be im-

Table 1.--Summary of data and results from SPB 
3tudy at Chickamauga and Chattanooga 
National Military Park 

Spot Q 	 N 95% CI 

5.1 20 4 4.02 0-13 

6.8 12 6 6.63 0-16 

8.3 10 11 8.93 O-lB 

11.5 8 21 13.84 4-23 

9.7 17 13 11.08 2-20 

14.7 14 21 18.76 8-29 

7.7 20 7 8.01 0-17 

16.0 14 13 20.75 10-31 

3.9 4 o 2.17 0-12 

3.2 22 1 1.10 0-11 

3.6 22 o 1.71 0-11 

Q= E:A 	 ratio 

N = number of infested and newly vacated trees 

1 in June 


N = number of trees infested between June and 

October 


N= predicted value of N using model (1) 


N= -3.81 + 1.54Q 


! 1 (Q - ij)2 

95% CI = N± tsjl + 11 + LCQ _ ij)2' where t = 


t(0.975, 9df) = 2.26, 52 = 14.82 


-
proved by taking into account N

1 
, the 

number of SPB-infested and rect!ntly 
vacated trees in June, and by exploring 
a possible better linear relationship 
between 10g(N) and 10g(Q) than between N 
and Q. Some other models we tried to 
fit were 

10g(N) 	= a + b 10g(Q), (2 ) 

10g(N!N1 ) = a + b 10g(Q) (3 ) 

10g(N) 	= a + b 10g(Q) 
= c 10g(N1 ), (4 ) 

resulting in R2 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. 
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The logarithmic models appear to 
give the best fit, although it is evident 
from the R2 values that all four models 
may serve as excellent predictors. 

The results of this study clearly 
demonstrated E: A ratio to be a good 
indicator 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 t 


We accept""d the responsib1lity of 
evaluating and sunul1arizingthis symposium 
because we believe that outside reviewers 
have greater freedom to be objective and 
because we believe objectivity to be a 
prerequisite to formation of constructive 
criticlsm. Our purpose 1S neither to pat 
backs nor to pOlnt the flnger. Rather 
our job is to evaluate the SPB-related 
models that have been developed and pre
sented dnd to suggest some further ap
proaches that might be taken. 

We will start by maklng some comments 
on the models and modellng approaches pre
sented. These comments wlll 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 modeling actlvities and 
acceptance and use of these models by 
fares t manclg.ers. We conclude w1 th com
ments on the usefulness of th1S symposium. 

COMMENTS ON r-IODELS PRESENTED 

In ESPBRAP, three levels of modeling 
actlvitles appear to be directed toward 
spot performance. These range from simple 
empirlcal representations (descriptive 
regression models) to deta1led represen
tatlon of b1010gical processes (mecha
nistlc or process models). A fourth type 
of modeling activity is directed at the 
transit10n from endemic to epidemic popu
latlon status and is intended to have 
ultlmate appl1cation at each of several 
levels of spatial resolution (tree, spot, 
and stand locality and large region). All 
four ca tegories of modeling actiV1 ty 
appear to have an important role in the 
ESPBRAP overall. L1kewlse, each model 
has potentldl utility in forest manage
ment. 

Descriptive Models 

DescrIpt1ve models such as those pre
sented by Reed and Hedden will be the eas
iest dnd fastest to apply 1n forest prac-

The authors are. respectively. 
Asslstant Professor. Dept. of Entomology 
and Nemutology, Universlty of Flondaj and. 
Research Entomologist, U.S. Forest Ser
vlce, Corvall~s, Oregon. 

tice. These regression models use infor
mat10n available from forest surveys to 
make short-term projections of spot spread 
and damage reSUlting from spot growth, 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 biological 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 regression models 
do offer a logical first step in improv
ing the decisionmaking capability of 
forest managers. 

Arkansas Model 

The Arkansas model preSented 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 (50-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 requirements for model initiali 
zation (see Hines, Taha r and Stephen 
1980,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 
w1ll probably not be available from forest 
inventory survey data. If they are not, 
provisions must be made to obtain them. 
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Inventory survey procedures could be sup
plemented with addltional sampling pro
cedures that would be used within SPB
infested spots. A possible alternative 
would be to provide additional structure 
to 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. 

Tbe model requires 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 to time-dependent parameters 
based on previous SPB population sampling 
data. Although the values may not now be 
applicable Southwide, if researchers 
choose to set the values to conservatively 
low levels. the Arkansas model can provide 
liberal es tima tes of timber losses from 
SPB. 

Such conservative values will sacrifice 
precision of the predicti m and will 
sometimes suggest a need to apply controls 
in s i tua tions where none are really 
needed. Pr10r to implementation. the 
Arkansas model should be validated over 
a wide area. cove1"ing various stands 
with c1 1.-ange of tree species mixes. 
Perhaps nl11ning the Arkansas model for 
spots in Texas and Georgia could provide 
necessary validation. 

TANBEETLE Nodel 

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
peclally if a more extensive tree and 
stand model is added to current struc
tut"e) . However, the present form of TAM
BEETLE is a research model that probably 
could not be used by a forest manager be
cause of the amount and detail of required 
information. For example, the predominant 
SPB life stage at breast height is an ini
tial condltion that must be specified even 
for the slmplified option. The detailed 
option, for which the model has been 
valldated, requires disc sample counts of 
SPB or selected trees. The data requlre
ments for TAMBEETLE execution are strin
gent, but for some applications the po
tential robustness of this model appears 
to outweigh the inconvenience of these re
quirements. If forest managers want to 
evaluate potential spot control strate
gl.es, TANBEETLE (with some additional 
model structure) appears to be the best 
candidate. TAMBEETLE considers the ef
fects of tree quality and spatial disper
S1,on of trees within a stand. Thus, TAM
BEETLE also provides a method for consid
er1ng the effects of host tree feedback on 
rates of SPB development and mortality. 

Endemic-Epidemic Transition Model 

The conceptual model presented by 
Gold is 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 SPB popula
tions from endemic to epidemic levels 
for a stand, locality, or even larger 
regions. The key to understandinq SPB 
outbreaks and resulting damage may be in 
discovering the "trigger" that releases 
SPB populations. Gold I 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. 

~ODELING EFFORTS ON 
FOREST INSECT PROBLEMS 

Recently, the CANUSA (West) program 
held a modeling workshop on the western 
spruce budworm. This intensive, week
long group 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 model is criti
cally needed for two reasons. First, it 
will ultimately provide forest and pest 
managers with the likely short- and 
long-range consequences of both untreated 
budworm populations and any management 
tactics--direct and indirect, single or 
combined--they may wish to consider. 
During 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 monumenta.l body of information now 
ava.ilable on the life system of a critter 
like the southern pine beetle. Conse
quently, 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. 
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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 fores t managers will, or could I 

make of SPB-related models. 

MODELING ACTIVITIES 

Frankly, we are greatly concerned 
at the apparent lack of meaningful dia
logue between modelers and managers. We 
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. 
We are also concerned that the likelihood 
of Ultimate operational implementation 
of this package will be greatly reduled 
unless users are included as more active 
participants in this development. 

In a landmark book titled Adaptive 
Environmental Assessment and Management, 
Holling and his colleagues (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 knov' 1 edge I the ESPBRAP is 
the only project in which numerous differ
ent modeling approaches have been pursued 
simul taneously. In any large program 
with a great diversity of problems to be 
solved, numerous models may be needed to 
address different categories of questions. 
Therefore, it is necessary to diversify 
modeling efforts to address a range of 
user needs. ESPBRAP' s administrat.ion 
and scientists are to be highly commended 
for providing models that are potentially 
suffl.cientto address this range. As a 
result, models developed in the Program 
can offer forest managers greater divers
ity of short- and long-range applications. 

In this Program, clOSt interaction 
between modelers and experimentalists 
has obviously been the rule not theI 

exception. scientists involved 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 in working with 
applications personnel to provide a 
vehicle for transfering technology to 
end users. After all, who understands 
new technology better than those who 
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 
symposium. 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 worksh0~s like this, that 
sort of intergroup activity just wouldn't 
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 qU.i te 
over, but you're very close to seelng 
your efforts put into practice. 
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