


Reference Abstract 

Documentation of three model versions: the Douglas-fir tussock 
moth population-branch model on (1) daily temporal resolution, (2) instar 
temporal resolution, and (3) the Douglas-fir tussock moth stand-outbreak 
model; the hierarchical framework and the conceptual paradigm used are 
described. The coupling of the model with a normal-stand model is dis- 
cussed. The modeling convention and algorithm used are also discussed. 
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INTRODUCTION 

This paper documents the mathematical form and computational framework 
of the Douglas-fir tussock moth (DFTM) stand-outbreak model. The model 
is constructed to simulate outbreaks of Douglas-fir tussock moth ( G ~ g y < a  
pseudotsugata (McDunnough)), a defoliator of Douglas-fir (Pseudotsuga 
menziesii var. gZauca (Beissn. ) Franco) , and the true firs (~bies spp. ) 
in western North America. The details of the model's background, its 
historical development, and the basis for formulation of its present 
structure and functional forms will be covered in another paper, as will 
documentation of model behavior. 

The conceptual structure of the DFTM model provides a perspective 
on the relation of the various models developed. Three versions of the 
DFTM outbreak-population model were developed. Version 1.2, presented 
here, is at daily resolution and differs little from the original version 
(V1.1) conceived in 1974. The second version presented (V2.2) was 
originally developed (V2.1) to reduce computing costs and necessitated 
only minor alterations. These two versions follow the insect on a model 
branch through 1 year. This branch model became the operational unit of 
the stand-outbreak model (V3.1). Details of the coupling relation 
between the normal-stand model and the DFTM stand-outbreak model follow 
the overview of the general model structure. 

A summary of the FLEX processing algorithm and notational convention 
precedes detailed documentation of the models. Adjustments to the 
current algorithm were necessitated by the DFTM stand-outbreak model 
structure, and these are detailed next. The computational framework in 
which the models are embedded is discussed in these two sections. 

A short discussion, preceding the details of each model version, 
gives the relations among the three model versions and how they derive 
from each other. The detailed FLEXFORMS, summarizing model structure 
and parameterization, follow.ll Next are the specifics of file manipulation 
used in the third model version. This includes a more detailed discussion 
of the computational order discussed in general in another section. 

Last is a description of the stand-postoutbreak model. This is 
the filtering mechanism that assigns mortality and growth impacts to the 
stand of trees. These result from defoliation of the model branch as 
transformed by the whole-tree-defoliation equation. 

1 -/ A FLEXFORM is a form developed for presenting the details of a component 
module of a model described in the FLEX paradigm. 



THE GENERAL MODEL STRUCTURE 

A hierarchical structure is conceptualized for the general model: 
each level is a dynamic unit of the level above (figures 1 and 2). 
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Figure I .  --How various models 
assemble into the hierarchical 
model. A region (RI  consists 
of a number fL) of forests ( F ) ,  
a forest consists of a number 
fM) of stands ( S ) ,  and each 
stand consists of a number fNI 
of trees (T). 
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Figure 2.--Hierarchical or- 
ganization of the DFTM stand- 
outbreak mode2 relative to the 
normal-stand mode 2. 

A. Regional model: The socioeconomic context of the forest. 
Resolution: 1 century; not implemented. 

B. Forest model: An explicit assemblage of ecotype-stand units. 
Resolution: 1 rotation; not implemented. 

C. Stand model: 
(a) Normal-stand model: An assemblage of trees of varying 
size and species, in a specific ecological and management 
regime. 
Resolution: 1 decade; not implemented. 
(b) Stand-outbreak model: An assemblage of tree classes 
prescribed by the effective resolution of knowledge of stand 
conditions and insect population levels. The conceptual 
structure of an outbreak is patterned after the observed 
sequence of population "phases" of Wickman et al. (1973). The 
successive years of an outbreak are parameterized according to 
phase-specific mortality vectors and other population properties. 
Resolution: Duration of outbreak, 4 years. 



(c) Stand-postoutbreak model: Translates the effects of 
defoliation into mortality, top-kill, and reduction of growth 
for each tree class and covers delayed mortality and remedial 
management practices. 
Resolution: Duration of postoutbreak period, 6 years. 
(d) Stand-annual model: The potential of integration over 
tree classes at the end of each year effectively imposes a 
stand-annual structure on the assemblage of tree classes. 
Redistribution of eggs over the tree classes in the stand is 
determined in this model. 
Resolution: 1 year. 

D. Tree model: 
(a) Normal-tree model: The rules of normal growth and 
survival of a tree, of specific species, size, and age and 
of specific ecological and stand regimes. 
Resolution: 1 year; not implemented. 
(b) Tree-class model: A class of trees is represented by a 
typical tree. Defoliation of the typical tree over a season 
is derived from the branch model. 
Resolution: 1 year. 
(c) Tree-outbreak model: Normal growth increments and 
survival are modified by the degree of defoliation as deter- 
mined from the branch model. The tree-outbreak model is 
simply a branch model, coupled or linked over seasons, with 
outputs translated at the end of the outbreak into the effects 
of defoliation on tree mortality, top-kill, and growth. This 
model does not explicitly appear, being subsumed by the stand- 
outbreak model. Effects of defoliation are relegated to the 
stand-postoutbreak model. 2 1  
Resolution: Duration of outbreak and gostoutbreak periods.- 

E. Branch model: Contains the rules of growth and survival of 
tussock moth, branch defoliation, and the production of new 
foliage and loss of old foliage by the branch; specific for 
ratio of eggs to foliage, for nominal ratio of new to old 
foliage, and for species of tree and year (phase) of outbreak. 
Standardization of the total biomass of foliage on the model 
branch (100 grams for Douglas-fir and 144 grams for grand fir 
(Abies grandis (Dougl.) Lindl.) allows specification of only 
two variables, percent new foliage and eggs (per total grams 
of foliage). 

The mechanisms of the branch model are conceptualized at 
a daily resolution, with runs spanning one season. Initial 
conditions for a season run are identifiable from the termi- 
nating condition of a season run which provides the capacity 
to couple several seasons (years) together. In the daily 
resolution branch model, days are occasions. 

L' The postoutbreak period has been set at 6 years so that the outbreak and 
postoutbreak periods will sum to the resolution of the normal-stand model. 



For efficiency in computing, the daily resolution model 
was collapsed into an instar resolution model. This changes 
little and reduces the number of occasions in a season. 

We can now identify several levels of temporal resolution: outbreak 
(containing several phase-specific years), year (containing several 
occasions), and occasion. 

IDENTIFICATION OF COUPLING VARIABLES 

In this outline of the couplings between the different models, 
Arabic numerals correspond to those in the numbered diamonds in figure 2. 

1. Outputs of the normal-stand model and inputs to the classification 
model: Those state variables and parameters of the normal-stand 
model needed to assign trees of the stand to the classes of the 
stand-outbreak model. 

2. Outputs of the classification model and inputs to the stand-outbreak 
model : 
i. The number of tree classes in the stand; 
ii. For each tree class, represented by a "typical tree1': 

a. The number of trees in the class; 
b. The foliage composition of the model branch: Biomass of 

foliage and percent new foliage; 
c. Egg density; 
d. Species; 
e. The weighting factor to account for relative contribution 

of a tree in the class to stand foliage biomass and 
insect population density; 

iii. Ecological or site-specific model parameters. 

3. Outputs of the stand-outbreak model and inputs to the stand-postoutbreak 
model for each class of trees in the stand: 
i. Defoliation of the model branch after each season during the 

outbreak; 
ii. Tree defoliation at the end of the outbreak. 

4. Outputs of the stand-postoutbreak model and inputs to the 
reclassification-effects model, for each tree class: 
i. Direct mortality; proportion of trees that die as a direct 

result of defoliation; 
ii. Secondary mortality; proportion of trees that suffer secondary 

mortality in the postoutbreak period, identified as: 
a. Bark beetle mortality; 
b. Other mortality caused by the outbreak; 
c. Noncausal mortality; 

iii. Top-kill; proportion of trees in each top-kill subclass. Each 
subclass is defined in terms of height reduction. An additional 
output, the proportion of the nominal diameter-growth increment 
actually achieved is also given; 



iv. No top-kill; proportion of trees that suffer neither top-kill 
nor mortality; and for these trees, the damage expressed as: 
a. Proportion of the nominal height-growth increment actually 

achieved ; 
b. Proportion of the nominal diameter-growth increment 

actually achieved; 
v. Factors for delayed reduction of growth beyond the postoutbreak 

period. 

5. Outputs of the classification model and inputs to the reclassi- 
fication-effects model: The record of which trees were assigned to 
the various classes. 

6. Outputs of the reclassification-effects model and inputs to the 
normal-stand model: The allocation of mortality factors to the 
trees of the stand and the updating of growth increments to cover 
the outbreak period. 

ABSTRACT OF THE FLEX CONVENTION AND ALGORITHM 
The concept;al basis of FLEX is the identification of several kinds 

of variables and functions in the context of a general algorithm for 
dynamic behavior. Identify: 

5 3  
the vector of state variables; 

y ,  the vector of output variables (functions of state variables); 

Z Y  the vector of input variables; 

b y  5, two vectors of constants (podel parameters). 
The update algorithm is a simple difference equation 

with A(k) constructed as a sum of internal variables that are identified 
as f function values. These functions account for fluxes (flows) between 
state variables. Flux from x to x 

i j is fij; 

= f (k,f,x,€j,s,b,f); fij 13 

where g and s are vectors of functions; fii is a source or sink for Xi 
depending on the sign of fii. The g functions are intermediate functions-- 
internal variables that are used extensively, 

The s functions, or special functions, are included for further modeling 
and programing flexibility; these are implemented as FORTRA.N?/ subroutines 
and are therefore much more general. Details of how this process is 
implemented are given in the FLEX users' manual (White and Overton 
1977). 

3 
- FORmula TRANslating system--a language used to express computer programs 

by arithmetic or logical formula. 



The model processor  ou tpu t s  t h e  i n i t i a l  cond i t i ons  read  a t  t i m e  0 ,  
and from t h i s  po in t  forward uses  t he  va lues  of t h e  v a r i a b l e s  a t  t i m e  k 
t o  compute t h e  va lues  of t h e  s t a t e  v a r i a b l e s  a t  t i m e  k+l. The processor  
u se s  t h e  va lues  f o r  t i m e  k t o  compute t h e  ou tputs  f o r  t i m e  k+l. This 
accounts  f o r  a c t i o n s  t ak ing  p l ace  dur ing  occasion k+l. - occasion k- I - occasion k+l--+ 

t i m e  t i m e  t i m e  
k- 1 k k+l  

In a t e rmina l  (or  FLEX) module t h e  a lgor i thm may be  summarized a s  
fo l lows  : 

(1) Receive (or  c a l c u l a t e )  i n p u t s  and s t o r e  t h e  va lues  of 5 
us ing  the  z func t ions .  

(2) Calcu la te  and s t o r e  t h e  va lues  of t h e  g func t ions .  
(3) Ca lcu l a t e  and s t o r e  t h e  va lues  of t h e  f  func t ions .  
(4 )  Construct  t h e  update v e c t o r ,  A .  
(5) Update t h e  s tate va r i ab l e s .  

.., 

(6) Ca lcu l a t e  and s t o r e  (genera te  ou tpu t s )  and va lues  of y us ing  
t h e  y func t ions .  

A t i m e  s t e p  k may be  subdivided i n t o  q s u b i n t e r v a l s  indexed by k'  = 0,  
1, ..., q - 1. Then def ine :  

x(k,  k '  + 1 )  = x(k ,  k ' )  + A(k, k ' ) ,  - - 
x(k  + 1 )  = ~ ( k ,  q ) ;  

k '  is added t o  t h e  g and f func t ion  arguments. This c a p a b i l i t y  impl ies  
an a d d i t i o n a l  s t e p ,  5a ,  i n  t he  above sequence: 

(5a) Increment k '  and compare t o  q where q i s  t h e  r e s o l u t i o n  
r a t i o .  I f  l e s s  than q ,  r e t u r n  t o  s t e p  2, otherwise proceed 
t o  s t e p  6. 

Processing of a ghost  (REFLEX) module, one t h a t  ha s  c o n t r o l  over  
submodules, r e q u i r e s  a modified procedure; s t e p s  3,  4 ,  and 5 are rep laced  
by s t e p  3a: 

(3a) C a l l  and process  subsystems (submodules), which i n  t u r n  update  
t h e  va lues  of t h e  s t a t e  v a r i a b l e s  i n  ghost.  Then cont inue  
w i th  s t e p  5a. 

The c u r r e n t  FLEX a lgor i thm assumes t h a t  a d i v i s i o n  of one t ime-step 
i n t o  q s u b i n t e r v a l s  w i t h i n  a te rmina l  (FLEX) module is  be ing  done t o  
implement a s o l u t i o n  t o  a s e t  of d i f f e r e n t i a l  equa t ions ,  and accord ingly  
on ly  l / q  of t h e  update (A) va lue  is  added t o  each v a r i a b l e .  I n  module 
S1 of ve r s ion  3 ,  t h i s  capac i ty  is  used d i f f e r e n t l y ;  an event  s t r u c t u r e  
i s  assumed and a f u l l  update  on each v a r i a b l e  i s  des i r ed .  Because 
q = 10 ( r ep re sen t ing  t h e  10 occasions i n  a season) ,  each f func t ion  is 
m u l t i p l i e d  by 10 t o  n u l l i f y  t h e  automatic  m u l t i p l i c a t i o n  by l / q  (White 
and Overton 1977, p. 21 and 32).  



The symbol, x*, r ep resen t s  implicit s t a t e  va r i ab les ,  ca r r i ed  f o r  
computational convenience i n t e r n a l  t o  the  FORTRAN code of a  funct ion  
(e.g., a  g funct ion) .  These a r e  ava i l ab le  t o  no o the r  funct ions  and 

w i l l  not  appear i n  the  l is t  of e x p l i c i t  s t a t e  va r i ab les .  

VECTOR PROCESSING IN FLEX2 

The current  vers ion  of the  DFTM stand-outbreak model makes use of 
some of the  conceptual s t r u c t u r e  of the  FLEX paradigm t h a t  i s  not  
e x p l i c i t l y  a  p a r t  of the  current  algori thm used by the  model processor 
a s  d e t a i l e d  i n  the  FLEX users  manual. The following explanat ion w i l l  
c l a r i f y  a  newly adopted no ta t iona l  convention, i t s  conceptual meaning i n  
the  paradigm, i t s  place i n  the  algorithm, and i t s  implementation using 
the  current  vers ion  of the  processor.  

In  the  FLEX paradigm, x, the  vec tor  of s t a t e  v a r i a b l e s ,  may conta in  
elements t h a t  a r e  themselves vectors--usually when a c l a s s  I1 system is  
being considered, a  system i n  which each subsystem has the  same s t r u c t u r e  
and funct ion ,  a s  i n  a  population of indiv iduals  t h a t  have t h e  same r u l e s  
of behavior. Thus, z i  may be an element of 5. For example, x i  might 
represent  the  biomasses of each of the  indiv iduals  i n  a  populat ion,  with 
an element of x i  the  biomass of a  p a r t i c u l a r  indiv idual .  The n o t a t i o n a l  
convention i s  es t ab l i shed  t h a t  5 i s  the  vec tor  of s t a t e  va r i ab les ;  z i  is  
a vec tor  element of x; and x i j  i s  a s c a l a r  element of x i -  - -.. 

Only t h e  homogeneous case i s  allowed, so  t h a t  each member subsystem 
of the  c l a s s  I1 system has the  same s t a t e  v a r i a b l e  s t r u c t u r e .  A g funct ion 
t h a t  operates  on x i  i s  a vec tor  valued funct ion.  g is the  vec tor  of 
intermediate funct ions with g i  an element of t h i s  vec tor .  gi is a s c a l a r  
value of g i  where the  c a r e t  no ta t ion  is  used t o  s i g n i f y  an a c t u a l  value 
of the  funct ion.  When g i  operates  on the  vec tor  5 ,  i t  may produce a 
vec tor  ii. The values generated by operat ion of g on 5 form a matr ix,  
ccrresp6nding t o  the  i t h  element of g and the  jth-member of the  population. 
Then t h e  no ta t ion  .j denotes the  coiumn vector  of values f o r  a l l  g  funct ions  
f o r  the  j t h  populai ion member, and the  no ta t ion  gi. represents  the  row 
vector  of values of the  i t h  g funct ion  f o r  a l l  p6pulation members. A 
s i m i l a r  no ta t ion  is  extended t o  the  funct ion  vectors  z and y; b and r 

.., ... ... .., 
parameter vec to r s  may a l s o  have vector  elements. 

In t roduct ion  of the  a b i l i t y  t o  cycle  through a s i n g l e  subsystem a 
spec i f i ed  number of t i m e s ,  with each cycle  processing i n  tu rn  a  member 
of a  population of i d e n t i c a l l y  s t ruc tu red  subsystems, required modifi- 
ca t ion  i n  the  FLEX algorithm. Instead of incrementing k' automatical ly 
a f t e r  each pass through the  subsystem, counter kt' i s  incremented a f t e r  
each pass and then checked agains t  p. The population number, p,  i s  set 
before  a  s imulat ion run. I f  the  subsystem has not  been processed p 
times, then the  g funct ions a r e  c a l l e d  and the  subsystem is  processed 
again. The va lues  G e j  a r e  ca lcula ted ,  the  updated values of x . j  a r e  obtained,  
and k" and j a r e  incremented. Af ter  cycl ing  p times, t he  vec tor  elements 
of g and x have been updated; k' is then incremented and the  next  pass 
through t6e  g funct ions  w i l l  f i x  8- before the  f i r s t  c a l l  t o  the  subsystem 
f o r  t h a t  time s t ep .  

.., 



Although complex, t h i s  procedure is  straightforward.  The matr ix of 
s t a t e  va r i ab les ,  X, i s  updated by column vectors  and the  values 9 a r e  
ca lcula ted  by column vectors .  It implies ,  however, t h a t  i n t e r n a l  s to rage  
loca t ions  f o r  the  values x i j ,  e t c . ,  a r e  wi th in  the  processor.  These 
loca t ions  do not  e x i s t  i n  t i e  current  processor version.  Vector values 
must be s to red  on e x t e r n a l  f i l e s  t h a t  a r e  accessed, manipulated, and 
updated by the  various funct ions  and subroutines t h a t  use them. 

The following procedure is  used t o  implement t h i s  algori thm f e a t u r e  
on t h e  current  processor version.  A t  k' = 0,  the  g funct ions  a r e  c a l l e d  
a s  usual .  I n  a ghost module, each g i ,  may opera te  i n  a d i f f e r e n t  mode. 
A g i  may c a l c u l a t e  gi. a t  t h i s  t i m e  and s t o r e  i t  on an ex te rna l  f i l e .  A g i  
may c a l c u l a t e  only Z s c a l a r  value and have i t  ava i l ab le  i n  the  s tandard 
way f o r  use by o ther  g i l s .  O r  a g i  may be used t o  process e x t e r n a l  f i l e s ,  
i n i t i a l i z e  the  s t a t e  v a r i a b l e  and input  v a r i a b l e  matr ices,  and s t o r e  
them on e x t e r n a l  f i l e s  f o r  subsystem access. Each t i m e  t he  subsystem is  
processed, t h e  funct ions  wi th in  the  subsystem reads ghos t ' s  2. from the  
f i l e .  The g funct ions  i n  the  subsystem generate only t h a t  s6bsystem's 
column vector  i .  j ,  and these  va lues  a r e  s to red  i n  the  processor and a r e  
accessed i n  the  s tandard way. The subsystem's updated va lues  of x e j  a r e  
s to red  on a d i f f e r e n t  e x t e r n a l  f i l e ,  not  i n  the  ghost module. On completion 
of subsystem processing, the  funct ions  i n  the  ghost module may then 
access those f i l e s  a s  necessary. 

The above procedure introduces a new l e v e l  of complexity i n  FLEX 
programing. Much of t h i s  complexity could be avoided by introducing a 
new l e v e l  i n  the  hierarchy,  but  t h i s  e n t a i l s  d i f f i c u l t i e s  a s  we l l  a s  
increas ing  processing time and cos t .  The approach used here  i s  r e l a t i v e l y  
inexpensive and e a s i l y  implemented. 

CORRESPONDENCE OF THE THREE MODEL VERSIONS 
The model f o r  i n t e r a c t i o n  of the  tussock moth l a rvae  and hos t  

f o l i a g e  was o r i g i n a l l y  conceptualized and developed i n  terms of d a i l y  
r e so lu t ion  mechanisms. Table 1 def ines  the  d a i l y  r e so lu t ion  occasion 
s t r u c t u r e  of vers ion  1.2. This model was r e s t ruc tu red  i n t o  the  i n s t a r  
r e so lu t ion  of t a b l e  2 f o r  vers ion  2.2. Only one change i n  the  conceptual 
s t r u c t u r e  is necess i t a t ed  by t h i s  change i n  resolu t ion .  The model 
growth and feeding of t h e  tussock moth is  a l t e r e d  i n  the  four th  i n s t a r  
t o  accommodate the  convolution of l a r v a l  growth with population s u r v i v a l  
over an i n s t a r .  This is  accomplished by assuming t h a t  the  growth r a t e  
i s  constant  throughout t h i s  i n s t a r ,  a t  t he  average of the  two growth 
r a t e s  used during t h i s  i n s t a r  i n  vers ion  1.2. This changes t h e  accumulating 
l a r v a l  biomass, but  only s l i g h t l y  and only during the  four th  i n s t a r .  

The organizat ion of t h e  models by subsystem and funct ion  i d e n t i f i c a t i o n  
i s  shown i n  t a b l e  3.  The subsystems a r e  those of t h e  branch model a t  
both d a i l y  and i n s t a r  resolu t ion .  The g funct ions ,  although represent ing  
t h e  same processes,  do change form from vers ion  1.2 t o  vers ion  2.2. The 
d e t a i l s  of t h e  func t iona l  forms a r e  given i n  the  FLEXFORMS t h a t  follow. 



The functions of version 2.2 are directly transferred into the branch 
model of module S1 of version 3.1 (see figure 3). The only changes 
necessary are: 

(i) some "normal tree" parameters are being brought in as z inputs 
rather than being internal b parameters; 

(ii) the time index is changed from k to k'; 
(iii) the overwintering activities of occasion 10 of table 2 take 

place in the ghost module So of version 3.1. The details of these 
changes are presented in the version 3.1 FLEXFORMS. 

Table 1 --Douglas-fir tussock moth population-branch model, daily 
resolution form, Version 1.2. Occasion/time structure: 
note that occasion t is the interval before time k; 
k = t-1 during occasion t 

Occasion Description 

Initiation Bud burst and shoot elongation complete. 
1 Egg hatch and establishment of first instars. 
2 First day of feeding, growth, and mortality. 

10 Ninth day of feeding, growth, and mortality. 
11 Last day larvae are in the first instar: feeding, growth, 

and mortality. 

Last day larvae are in the second instar: feeding, growth, 
and mortality. 

etc. 

etc. 

Last day larvae are in the fifth instar: feeding, growth, 
mortality, and male pupation. 

. 
61 Last day of sixth instar: feeding, growth, mortality, 

and female pupation. 
6 2 Pupal mortality and adult female emergence. 
6 3 Eggs laid, aging of new foliage, and new foliage 

potential set. 
Redistribution of insects over the stand.ll 

64 Overwinter mortality of folia e. 
Overwinter mortality of eggs ./ 

1/ This is not operative in a single-tree run, only in the stand- 
outbreak model. 

2' Overwinter mortality accounts for all the mortality factors to 
which the egg masses are subjected between the time they are laid in the 
fall and hatch in the spring. In the current version, it also implicitly 
accounts for the mortality between hatching and establishment of first 
instars. 



Table 2 --Douglas-fir tussock moth population-branch model instar 
resolution form, Version 2.2 and 3.1 (module Sl) 

Occasion/time structure 

Occasion Description 

Initiation 
1 
2 
3 
4 
5 
6 

Bud burst and shoot elongation complete. 
Egg hatch, establishment on foliage. 
First instars: feeding, growth, and mortality. 
Second instars : feeding, growth, and mortality. 
Third instars: feeding, growth, and mortality. 
Fourth instars: feeding, growth, and mortality. 
Fifth instars: feeding, growth, and mortality. Male 
pupation occurs after fifth-instar feeding. 
Sixth instars (female): feeding, growth, mortality, and 
female pupation. 
Pupal mortality and adult female emergence. 
Eggs laid, aging of foliage, and new foliage potential set. 
Redistribution of eggs .l/ Overwinter mortality of foliage 
and overwinter mortality of eggs. 

1/ In Version 3.1, the events of occasion 10 take place in module So. 

Table 3 --G function assignment by subsystems for the three model versions 

Subsystems (Sj ) : 1. Foliage dynamics 
2. Population dynamics 
3. Growth and feeding 

Subsystems G Functions Identity 

Versions 1.2 61 2.2 and 
Version 3.1 Lower Module 

New foliage destruction and { :: : production. 
Old foliage destruction and (for 
V1 and V2) mortality. 

3 Aging of new foliage into old. 

Determination of daily larval 
mortality. 
Index of days spent feeding on 
old foliage. 
Fecundity or special occasion 
mortality. 
Total mortality (or egg production). 

12 Nominal larval growth rate. 
13 Achieved larval growth. 
14 Fecundity stress index. 
15, 16, 17, 18 Food demand and function for 

allocation of demand to new and 
old foliage. 

19 Index of day on which foliage 
L was depleted by feeding. 

Version 3.1 Upper Module 

Phase or year of the outbreak. 
Redistribution of insects over 
the stand. 
Old foliage mortality. 
Overwinter mortality of eggs. 



Conceptual resolution Time and population count 

where TMAX is the number of 
Outbreak, stand outbreaks to be simulated -------- ----- ------ 
Phase, tree class q=4; k ' ~  {o, ...,q- 1 )  

where q is the number of 
phases, or years, in an 
outbreak. p = <variable>; 
k " ~  10,. ., p ) where p is the 
number of tree classes in the 
classification structure. 

Module % is accessed each 
time kN or k' of module SO 

Phase, tree class is incremented -------- --------- 
Occasion, branch 

ZCOMP sets the values in Sf of bl,. . . , b6, b34, b35, b36, and r,, . . . , r12 according to 
the value uf z3, and rib,. . . , rle according to the value of  24. Also, the values of 
X5jr Xgj, and xtj o f  So become the initial conditions for XI, xp, and x3 of St, respectively, 
gnd x4 of Sl i s  initialized to zero. 

a external fi le 

Figure 3 .  - -Stand-outbreak model,  V e r s i o n  3.1 : Module 
s t a c k i n g  and sequenc ing .  Note: The o v a l s  marked ZCOMP 
and YCOMP r e p r e s e n t  t h e  FLEX i n p u t  and o u t p u t  v a r i a b l e  
processor  s u b r o u t i n e s ,  r e s p e c t i v e Z y ,  for  each module. 
T h i s  f i g u r e  f o l l o w s  t h e  c o n v e n t i o n  o f  f i g u r e s  5 and 6 
i n  White  and Overton ( 1 9 7 7 ) .  The F ' s  i n  boxes  are  
e x t e r n a l  d a t a  f i l e s  used i n  da ta  s t o r a g e  and module 
c o u p l i n g .  For d e t a i l s ,  s e e  page 46. Coupl ings  between 
SO and SI are  g i v e n  i n  terms o f  v a r i a b l e s  o f  So. 



FLEXFORMS: V1.2; V2.2; V3.1 MODULE So; V3.1, MODULE S, 

FLEXFORM: V1.2 TITLE: DFTM Population-Branch Model, 
Page 1 of 12 Version 1.2 

March 8, 1974 
DATE : 

INVESTIGATORS: Overton. White. Hunt, 

March 15, 1977 (revised) Colbert 

TEMPORAL RESOLUTION: day, occasion; duration of run, one season. 
- - - - - - - - - - - - - - 

SPATIAL RESOLUTION: the hypothetical model branch. 

QUANTITIES MODELED: Biomass (dry weight) of foliage and larva, 

numbers of insects. 

Note: Conceptually this model can be treated as one occasion in an 
annual resolution model, with the annual quantities: 

1. Annual variables 

(i) actual foliage complement 
a) new foliage biomass 
b) old foliage biomass 

(ii) viable egg density 

2. "Phase-specif ic" parameters 

(i) egg-mass size 

(ii) disease, parasitelpredator mortality rates 

(iii) overwinter egg and larval establishment mortality rates 

3.  Parameters that originate as "branch-outbreak" variables or 
parameters 

(i) nominal foliage complements 

(ii) Phase I initial viable egg denssty 

(iii) host specific mortality rates 

(iv) (host species) 



FLEXFORM: V1.2 
Page 2 of 12 

SUBSYSTEMS : 

1. Foliage dynamics 

2. Population dynamics 

3. Growth and feeding 

DIAGRAM : 

DFTM Population-Branch Model 
March 15, 1977 

Symbol Key: 

0 Subsystem designation. 

0 System, subsystem, process or 
function. Numbers in small 
circles are g function indices. 

State variables. 
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VARIABLES AND FUNCTIONS 

Var iab le  Descr ip t ion  

DFTM Population-Branch Model 
March 15,  1977 

New f o l i a g e  biomass (0  < k < 62) and 
new f o l i a g e  p o t e n t i a l  fLr  tce next  
yea r  (k = 63, 64).  

X2 Old f o l i a g e  biomass. 

X3 Viable  eggs (k = 0 ) .  
Es tab l i shed  f i r s t  i n s t a r s  (k = 1 )  . 
Feeding l a r v a e ,  male and female ( 1  < k f 50) .  
Feeding female l a r v a e  (51 5 k 2 60) .  
Female pupae (k = 61).  

Un i t s  

g 

number 

Adult females emerged (k = 62).  
Viable  eggs produced (k = 63).  
Viable  eggs a f t e r  overwinter  m o r t a l i t y  (k = 64).  

X4 Ind iv idua l  l a r v a l  biomass. mg 

X5 Ind iv idua l  l a r v a l  biomass a t  k = 36. mg 

2. Z Funct ions 

No inpu t s  o t h e r  than  i n i t i a l  cond i t i ons  a r e  needed i n  t h i s  
s ing le -year  ve r s ion  of t h e  model. Phase-specif ic  " inputs"  a r e  in- 
corporated a s  parameters.  

3. G Funct ions 

Funct iona l  Form and Descr ip t ion  Uni t s  

Cl + z 3  '38 
b38 

- glgb3dfor  k = 62 

g 

0 otherwise.  

This  func t ion  accounts  f o r  t h e  capac i ty  t o  produce new f o l i a g e  
(g-dryweight) a f t e r  t h e  completion of feed ing  by t h e  DFTM (k = 62) and 
be fo re  t h e  overwinter  needle  drop. I f  feed ing  r e s u l t s  i n  t o t a l  de- 
f o l i a t i o n ,  then  new f o l i a g e  i s  reduced i n  propor t ion  t o  t h e  
number of days of t o t a l  d e f o l i a t i o n  (gig). 
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DFTM Population-Branch Model 
March 15, 1977 

Functional Form and Description Units - 

x2 - b38(1 - for k = 63, 

otherwise. 

Needle drop or litter production (g-dryweight) from the branch. This 
process is required to keep the branch in equilibrium under normal 
conditions. 

x for k = 62, 1 Aging of new foliage to old 

g3 = [ foliage. 

0 otherwise. 

for 1 - < k (60, 

otherwise. 

Destruction of new foliage (g-dryweight) for each day of feeding (1 5 k ( 60). 

min(g18 - g4, x2) for 1 - < k - < 60 and g4 < g16, 

otherwise. 

Destruction of old foliage (g-dryweight) for each day of feeding (1 ( k 5 60) 
for which demand for food can not be fully satisfied by feeding 
on new foliage. 

)(1 - bs ) for 1 < k 5 60, - 
1 

10 otherwise. 

The survivorship per day (d-') associated with disease mortality (rs ) ,  

predator and parasite mortality (r ), and background mortality 
1 

s, + 6 
(bs ). Each is instar specific (see special function s ). 

1 
1 
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DFTM Population-Branch Model 
March 15, 1977 

Functional Form and Description Units 

for 1 2 k 1 6 0 ,  

otherwise. 

The daily survivorship associated with stress from feeding 
on old foliage; instar specific. 

for 1 2  k 5 60, 

otherwise. 

Negative total daily mortality rate. [Assume 0' - 1.1 
for k = 0 or k - 63, 

otherwise. 

(implicitly, x2 (k+l) = x* (k) + g17(k)) 1 

Total number of days (d) spent feeding on old foliage during 
which demands are fully satisfied. 

C 

-b 
39 

for k = 0, 

-b34(1 + g 8 ) for k = 50, 

-b 
26 

for k = 61, 

bZ7 g14 (1 - b3389) - 1 for k = 62, 

-b 
35 

for k = 63, 

LO otherwise. 

number 

This function accounts for changes in number of larvae from 
establishment mortality (k = 0), male pupation (k = 50), female 
pupal mortality (k = 61), viable eggs produced by the remaining 
females (k = 62), and overwinter mortality (k = 63). Fecundity is 
reduced in proportion to the number of days spent feeding on old 
foliage (g ) and the final weight of the female larva (gl4)* 

9 
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DFTM Population-Branch Model 
March 15, 1977 

Functional Form and Descript ion Units  

gll = (g8 + g10)x3 Larval  mor ta l i ty ,  male pupation, number 
pupal mor ta l i ty ,  egg production. 

b22 f o r  1 - < k 5 35, The nominal instantaneous 

= [.23 f o r  36 - < k - < 60, l a r v a l  growth r a t e .  Lar- 
d-I 

0 f o r x  <Oar vae grow a t  the  nominal 
3 - 

x1 + x2 5 0 o r  r a t e  a s  long a s  food is 

k = 0 o r  k - > 61. avai lable .  

b25 
f o r  k = 0 ,  

x4 (e  
(42 

g13 - 1)  f o r  l ~ k ( 6 0 ,  mg 

0 f o r  k - > 61. 

Here 

g4 + g5 for (gI5 + g17) + 0 ,  

= [15g16 + g17g18 

g4 + g5 
f o r  (g15 + g17) = 0. 

g18 

Achieved l a r v a l  growth increment. The proport ion @ is  t h e  
r a t i o  of a c t u a l  f o l i a g e  des t ruc t ion  t o  t o t a l  f o l i a g e  demand; 
i f  l e s s  than one, then the  l a rvae  d id  not  feed f o r  the  f u l l  
day and hence the  growth i s  reduced according t o  the  propor- 
t i o n  $I. 

2x4 g14= max [--1-,O] 
b24 

Fecundity s t r e s s  index, none 
which i s  measured r e l a t i v e  
t o  the  nominal f i n a l  biomass (.b ) . 24 

l i f g  < x  
16 1 The ind ica to r  of a day spent  

g15 

= 1 and 1 - < k - < 60, feeding exclus ive ly  on new d 

0 otherwise. fo l iage .  



FLEXFORM: V1.2 
Page 7 of 12 

DFTM Population-Branch Model 
March 15 ,  1977 

Funct iona l  Form and Descr ip t ion  Uni t s  

f o r  1 < k < - - 

otherwise.  

New f o l i a g e  demand f o r  t h e  day ' s  feed ing  and growth. 

1 i f  g15 = 0 ,  

g17 = [ l - < k - < 60, and (xl + x2) > g18, 

0  otherwise.  

The i n d i c a t o r  of a  day spent  feed ing  on o ld  f o l i a g e  wi th  
demand completely s a t i s f i e d .  

f o r  1 5  k 5 60, 

otherwise.  

Old f o l i a g e  demand f o r  t h e  day ' s  feed ing  and growth. 

- -- 

60 - [x; + gg]  f o r  k  = 62, 

0 otherwise.  

( i m p l i c i t l y ,  x; (k+l) = x; (k) + g15 (k ) )  

To ta l  number of days dur ing  t h e  l a r v a l  per iod  f o r  which food 

demands were not  f u l l y  s a t i s f i e d .  
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DFTM Population-Branch Model 
March 15 ,  19 77 

Funct ional  Form and Descript ion Units  

I 0 f o r  k = 0, x < 0, x + x < 0 ,  or  k 2 61, [ I ]  
3 - 1 2 -  

b22 f o r  k = 1 o r  [x  > ( 1  - b31)g21 4 - 
and 2 5 k 2 351, [2 ]  

Qn(x4/b25) f o r  x4 < (1 - b3$gZ1 and 2 5 k 5 35, [3 ]  
k-1 

f o r  k = 36 o r  [x4 2 ( 1  - b31)g21 and 37 5 k 5 601, [4]  

2n(X41X5) f o r  x ( 1  - b31)g21 
L2:-36 4 

and 37 5 k 5 60. [5 ]  

The modified growth r a t e  of an ind iv idua l  l a rva .  [3]  and 
[5]  a r e  growth r a t e s  f o r  t r a j e c t o r i e s  below t h e  normal; [2]  
and [4 ]  f o r  normal t r a j e c t o r i e s .  

otherwise. 

Nominal l a r v a l  growth t r a j e c t o r y .  

f o r  

f o r  

x4 i f  k = 36, 

g22 0 otherwise. 

Larval biomass a f t e r  35 
days of feeding,  bench- 
mark f o r  determining re- 
duced growth r a t e .  

4' = max [* Ci2: '131 - , ] Fecundity s t r e s s  index. g23'- 
none 

- - -  - 

4' Note: These four g-functions are not operational, but are given here 
to exhibit how variable growth rates for the larvae might be implemented if 
additional food becomes available after foliage is depleted. The functions gZO 
and gZ3 would replace the present g12 and g14, respectively. 
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DFTM Population-Branch Model 
March 15, 1977 

4. F Functions 

Functional Form and Description Units 

See state variables X list, for 

descriptions. 

g 

number 

mg 

mg 

5. Y Functions 

Functional Form and Description Units 

i = 1, 2, 3, 4 See X list for descriptions 
and units. 

6. Special Functions 

Functional Form and Description Units 

[PI + 

The current instar of the 
population. 

none 

PARAMETERS 

7. B Parameters 

bl, - - 9  b22 identical to bl, ..., b22 of Version 2.2. See 

page 7, 8 of Version 2.2 FLEXFORM. 

5' Note: For this function, [x] is the largest integer that does not 
exceed the magnitude of x. 
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DFTM Population-Branch Model 
March 15, 1977 

List Value Description Units 

Instantaneous growth rate for 
36 5 k 2 60. 

Nominal biomass of female larvae 
at the end of the sixth instar, 
k = 61. 

Initial nominal biomass of larvae 
a£ ter establishment. 

mg 

-1 
occasion 

number 

I, -50; 11, 0.62; 
b26 111, .75; IV, -90 

Phase-specific pupal mortality 
rate. 

I, 200; 11, 200; 
b27 111, 150; IV, 150. 

Phase-specific nominal egg- 
mass size. 

b2* (not used) 

b29 
(not used) 

b30 (not used) 

b31 1.0 X 10-~ Error tolerance in larval 
growth trajectory. 

none 

d-l Coefficient of reduction in 
bud capacity from total branch 
defoliation. 

Coefficient of reduction in 
fecundity from feeding on old 
foliage. 

Proportion of larvae that are male 
at the end of the fifth instar. 

none 

-1 
occasion , .  I, .50; 11, .60; 

b35 111, -85; IV, .90. 
Overwinter mortality. 

Phase index. none 

none 

g 

-1 
occasion 

Nominal percent of new foliage. 

Nominal total foliage biomass 
per model branch. 

Phase-specific larval establish- 
ment mortality. 

The values of b37 and b3g are chosen according to the properties of the 
host tree for a particular simulation. 



FLEXFORM: V1.2 
Page 11 of 12 

8. R Parameters 

List Value 

I I1 I11 IV Instar 

DFTM Population-Branch Model 
March 15, 19 77 

Douglas-fir Grand fir 

Description Units 

Instar and phase- 

specific daily 

disease mortality d-l 

rate. 

Instar- and phase- 

specific daily 

predator/parasite d-' 

mortality rate. 

Instar- and host- 

specific daily 

food stress 

mortality rate. 
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71 9. Initial Conditions- 

DFTM Population-Branch Model 
March 15, 1977 

GENERAL RUN INFORMATION 

TSTART = 2 

LP, DUMP frequency: 1 
RUN LOG: This version of the model was developed for documentation 

purposes and was run only to verify model output 
against V3.1. 

Source code file: DAILY 

1' The fullrange of admissible initial conditions is available from the 
authors upon request. 

0 1 

z' LP stands for "line printer". DUMP stands for "dump file", a file used 
for compact storage of the details of a simulation for later review or recon- 
struction. 

2' "Overlay" as used here is the machine-executable code, and is called an 
"absolute element" on some other computers. 
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TITLE: DFTM Population-Branch Model - 
Version 2.2 

INVESTIGATORS: Overton, Colber t ,  White 

DATE: December 1, 1975 

March 15, 1977 ( r ev i sed )  

TEMPORAL RESOLUTION: i n s t a r ,  occasion;  du ra t i on  of run i s  one season 

SPATIAL RESOLUTION: t h e  hypo the t i ca l  model branch 

QUANTITIES MODELED: biomass (dry weight) of f o l i a g e  and l a rvae ;  

number of i n s e c t s  

SUBSYSTEMS: 1. Fol iage  dynamics 

2. Populat ion dynamics 

3. Growth and f eed ine  

DIAGRAM : 

(See t h e  diagram on page 2 of Version 1.2 FLEXFORM.) 

VARIABLES AND FUNCTIONS 

1. X L i s t  

L i s t  Uni t s  

New f o l i a g e  biomass 

Old f o l i a g e  biomass 

Viable  eggs,  k = 0. 

Es tab l i shed  f i r s t  i n s t a r s  (k  = 1 ) .  

Feeding l a r v a e ,  male and female (k = 2,  3 ,  4 ,  5). 

Feeding female l a r v a e  (k = 6) .  

Female pupae (k = 7 ) .  

Adult female moths (k = 8).  

Viable  eggs produced (k = 9 ) .  

Viable eggs a f t e r  overwinter  m o r t a l i t y  (k = 10) .  

I nd iv idua l  l a r v a l  biomass 

g 

g 

number 
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DFTM Population-Branch Model 
March 15, 1977 

Z Functions 

No inputs, other than initial conditions, are in this single- 
year version of the model. Phase-specific "inputs1' are incorporated 
as parameters. 

3. G Functions 

10 1 Functional Form and Description- Units 

C l  + xzb:2b32 I for k = 8, 
- '19~27 

otherwise. 

New foliage capacity. 

b31d for k = 9, Needle drop. x2 - b32(1 - - 
gP) = 

100 
g 

L 
otherwise. 

rxl 
for k = 8, 

g3 = 1 0 otherwise. 

Aging of new foliage. 

min(g16, xl) for 1 - < k 5 6, Destruction of 

g4 = [ new foliage. 

0 otherwise. 

min(g18, x2) for 1 5 k 5 6, Destruction of old 
foliage. 

g5 
otherwise. 

- lo' For more complete descriptions see Version 1.2 FLEXFORM. 
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DFTM Population-Branch Model 
March 15, 1977 

Functional Form and Description Units 

(1 - rk)(l - ~~+~)(1 - bk) for 1 - < k 2 6, 

g6 = [ 
0 otherwise. 

Daily survivorship after disease, predator/parasite, and background 
mortality. 

Daily survivorship after food stress. 

none 
otherwise. 

Negative total mortality rate for an instar. [Assume o0 1.1 

1 O for k = 0 or 9, 
- 

- L C *  + g 
1 17 

otherwise. 

(Implicitly, xT(k + 1) = x?(k) + g17 (k)) 

Total number of days spent feeding on old foliage during 
which demand is fully satisfied. 

Special Occasion Processes: 
r 

-b 
36 for k = 0 ,  Establishment mortality. 

-b30(1+ g8) for k = 5, Male pupation. 

-b 
34 for k = 7, Female pupal mortality. 

b35g14(1 - b28g9) - 
for k = 8, Viable eggs produced. 

for k = 9, Overwinter mortality. 

none 

lo otherwise. 
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DFTM Population-Branch Model 
March 15, 1977 

Functional Form and Description Units 

Larval mortality, male pupation, number 
pupal mortality, egg production, 
and overwinter mortality. 

for x < 0, 3 - 
(xl + x2) 2 0, or k > 6, Instantaneous 

for 1 5 k < 4, daily growth 

for k = 4, rate. 

for 4 < k 5 6. 

for k = 0, 

for 1 ~ k i 6 ,  

for k > 6, 

where 

Achieved larval growth increment for an instar. The pro- 
portion $ is the ratio of actual needle destruction to 
total needle demand; if less than one, the larvae did not 
feed all 10 days, and the number of days spent growing is 
reduced according to the proportion +. 

- 
g14 - max [ -  - 1, .3 Fecundity stress index. none 

a where a E (0, 1, ..., 10) is 

= i the largest integer such that 

g15 
UVl(k, x, b, a) < xl, .., - 

0 for k = 0 or k > 6 or if no a exists that 
satisfies the above inequity. 

Time spent feeding exclusively on new foliage. 
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DFTM Population-Branch Model 
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Funct iona l  Form and Descr ip t ion  Uni t s  

UVl(k, x ,  b ,  min[g15 + 1, 101) 

= 1 -., ... 

'16 
f o r  x > 0 and 1 z k z  6 ,  

1 
0 o therwise ,  

To ta l  new f o l i a g e  demand. 

F where rl E {O, 1, ..., 10 - g15) 

I i s  t h e  sma l l e s t  i n t e g e r  such t h a t  

[UV2(k, 5 ,  b,  g15, n + 1 )  - 
- - 

(xl - UVl(k, x ,  b ,  g15))1 > x2 and 
U U 

otherwise f o r  15  k 5 6,  

f o r  k = 0 o r  k 7 6. 

The number of days spen t  feed ing  on o ld  f o l i a g e  f o r  which demand is  
f u l l y  s a t i s f i e d .  

To ta l  o ld  f o l i a g e  demand f o r  remainder of t h e  i n s t a r .  

f o r  k = 0 o r  9 ,  

'19 = 1; f o r  k = 7 o r  8 ,  

X* + 10 - [g15 + gl71 otherwise.  

( I m p l i c i t l y ,  x$(k + 1 )  = x$(k) + 10 - [g15(k) + g17(k)l)* 

To ta l  number of days dur ing  which demand f o r  food is  no t  
f u l l y  s a t i s f i e d .  
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DFTM Population-Branch Model 
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4. F Functions 

Functional Form and Description Units 

£l,l = g1 - 84 I g 

£1,2 = 83 
f = - g 5 - g 2  232 g 

£3,3 = gll 
number 

f4,4 = g13 mg 

See state variables, X list, 

for descriptions. 

5. Y Functions 

i = 1, 2, 3, 4 See X list for description 
and units. 

6. Special Functions 

Functional Form and Description Units 

where 

1"' E l + $1 (e u(x, b ,  k) =r g12 - l)x x 

21 
3 4' 

IL ' - gge 
and 

UV1 = 0 for k 6 { 1, ..., 6). 
Total new foliage demand for an instar. U is the food demand 
for metabolism and growth, V1 is the product of the destruction1 
consumption ratio and the convolution of daily larval growth and 
daily larval survivorship during feeding on new foliage. See 
814 and 815- 
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Functional Form and Description Units 

UV2(k, 5 ,  b, a, n) =U(x, b, k) . V 2 ( b ,  a, n, k). - - g 

where U is given in UV1 above 

and 

V2 (b, a ,  17, k) = b12+kg6e 

UV2 = 0 for k d { 1, ..., 6) 
Total old foliage demand for an instar. U is the food demand 
for metabolism and growth, V2 is the product of the destruction/ 
consumption ratio with the convolution of the daily larval growth 
and daily larval survivorship during feeding on old foliage. 

PARAMETERS 

7. B Parameters 

List Value 

Ins t ar 

4th 
5th 
6 '"1 th 

Description 

Instar-specific background 
daily mortality rate. 

Instar-specific 
destruction/consumption 
ratio for feeding on new 
foliage. 

Instar-specific 
destruction/consumption ratio 
for feeding on old foliage. 

Units 

none 

none 
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List Value Description Units 

b19 1.19 Assimilated food, growth coefficient. none 

b20 0.081 Assimilated food, respiration coef- d-l 
f icient . 

b21 0.10 Assimilation efficiency. none 

0.1147 d 
-1 

b22 Instantaneous growth rate for first 
three instars. 

(not used) 

Instantaneous growth rate for fourth d-I 
instar. 

-1 
Instantaneous growth rate for fifth and d 
sixth instars. 

Initial biomass of larvae at hatch. mg 

Nominal biomass of female larvae mg 
at the end of the sixth instar. 

Coefficient of reduction in bud d-I 
capacity from total branch defoliation. 

Coefficient of reduction in fecundity d-' 
from feeding on old foliage. 

Phase index. none 

Proportion of larvae that are male none 
at the end of the fifth instar. 

Nominal percent new foliage. none 

Nominal total foliage biomass. g 

-1 
Phase-specific pupal mortality rate. occasion 

Phase-specific maximum egg-mass size. number 

-1 Phase-specific establishment mortality occasion 
rate. 

-1 
Phase-specific overwinter mortality occasion 
rate. 

A L I  - Note: bgl and b3* have values that depend on the host tree being 
simulated and are chosen, accordingly, prior to a specific simulation. 
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List Value 

- Phase - Ins tar 

DFTM Population-Branch Model 
March 15, 1977 

Douglas-fir grand fir 

Units 

Instar- and phase- 
d -1 specific daily 

disease mortality rate 

Instar- and phase- 
specific daily d-I 
predatorlparasite 
mortality rate 

Instar- and host- 
d 
-1 

specific daily food- 
stress mortality rate. 
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March 15, 1977 

GENEFXL RUN INFORMATION 

TSTART = - 0 

TMAX = 10 - 

Q = - 1 

LP, DUMP: All y's; all g's 

LP, DUMP frequency: 1 
RUN LOG: This version of the model was developed for the 

purpose of documentation and was run only to verify 
this model form against V3.1. See appendix B for veri- 
f ication output. 

Source code file: INSTAR 

FLEX3 overlay: *INSTAR 

- 12' These initial conditions, along with the phase I 1  b and f parameters 
for grand fir, were used to develop the appendix B verification output. 
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TITLE: DFTM Stand-Outbreak Model Version 3.1 

~utbreakl~tand Module. 

INVESTIGATORS: Overton, Colbert, White 

DATE: September 17, 1976 

March 15, 1977 (revised) 

TEMPORAL RESOLUTION: Outbreak/phase. 

SPATIAL RESOLUTION: Stand (by tree class). 

QUANTITIES MODELED: Biomass (dry weight) of foliage and larvae, number 
of insects per model branch, for each tree class. 

DIAGRAM: See figure 3. 

VARIABLES AND FUNCTIONS 

1. X List 

List Description 

Phase 

Weighted mean number of eggs 

per model branch over the tree 
C 

classes of the stand. 

Units 

number 

The vector variables below contain an element for each tree class: 

X 
-5 Actual new foliage potential (on entry to S1). g 

Actual new foliage biomass (on exit from S1). 

56 Actual total foliage biomass (on entry to S1). g 

Actual old foliage biomass (on exit from S1). 

57 Number of viable eggs. number 
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13/ 2. Z Functions- 

L i s t  

DFTM Stand-Outbreak Model 
March 15, 1977 

The number of t r e e  c l a s s e s  i n  the  s tand f o r  the  
current  model run. This number is  entered by 
the  user  during a model run. This value i s  s to red  
i n  b57 f o r  use i n  computing the  f i n a l  weighted mean 
number of eggs. This i s  a l s o  t h e  value of p i n  the  
input  command f i l e  and must be s e t  before a model run. 

Units  

number 

The vector  va r i ab les  below contain an element f o r  each 
t r e e  c l a s s :  

z Nominal percent  new fo l iage .  -2  
none 

Nominal t o t a l  f o l i a g e  biomass. 

z Number of t r e e s .  -4 
z Weighting f ac to r .  
-5 

number 

none 

26 
Host species  ( 1  = Douglas-fir, 2 = grand f i r ) .  none 

3. G Functions 

Functional  Form and Descript ion Units 

Phase index. number 

f o r  k' > 0, 

otherwise. 

none 

Redis t r ibut ion  of v i a b l e  eggs over the  s tand.  (~mplemented by 
a c a l l  t o  s p e c i a l  funct ion REDIST.) 

- ' " I  Note: t h e  z v a l u e s  a r e  e n t e r e d  by t h e  u s e r  i n  s p e c i f y i n g  a  s t a n d -  
ou tbreak  model r un .  

- 14' Func t ions  g 2 ,  g3,  and g4 p roce s s  a l l  t r e e  c l a s s e s  on t h e  f i r s t  Pass  
through t h e  g f u n c t i o n s  each phase .  
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Funct iona l  Form and Descr ip t ion  Uni t s  - 

Old f o l i a g e  surv ivorsh ip .  

f o r  k '  > 0, 

otherwise.  
number 

Overwinter s u r v i v a l  of eggs. 

4. Y Funct ions 

YCOMP c a l l s  REDIST f o r  computation of t he  mean f a l l  egg dens i ty  
over  t h e  s t and  a f t e r  phase I V .  No y func t ions ,  per  se, a r e  included i n  
t h i s  module. I n s t ead ,  YCOMP accesses  c e r t a i n  s p e c i a l  f unc t ions  t o  produce 
s p e c i a l l y  formatted ou tput  t a b l e s .  These a r e  documented elsewhere 
( see :  Logical  Unit  Manipulation by User-Specified Funct ions) .  

5. Spec i a l  Funct ions 

Subrout ine REDIST(~ ' ,  n ,  b ,  x) 
-, - 

This subrout ine  f i r s t  computes t h e  mean egg d e n s i t y  over 
t h e  s tand  as fol lows:  

.. N 

where 

and N i s  t h e  number of t r e e  c l a s s e s ;  z4j  i s  t h e  number of t r e e s  i n  t h e  
j t h  t r e e  c l a s s ;  z i s  t h e  weight a s soc i a t ed  wi th  a  t r e e  of t h e  j t h  t r e e  

5 j  
c l a s s ;  x  i s  t h e  number of v i a b l e  eggs l a i d  f o r  t h e  j t h  t r e e  c l a s s ;  and 

7 j  
xk, i s  t h e  f a l l  mean egg dens i ty  over t h e  s t and  i n  phase k ' .  

The subrout ine  then  r e d i s t r i b u t e s  t h e  eggs over t h e  s tand  according 
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PARAMETERS 

6. B Parameters 

Value 

Ins t ar 

DFTM Stand-Outbreak Model 
March 15, 1977 

Phase 

Instar-specific 
disease mortality 
rate. 
(rl, ..., rg in 
Version 2.2) 

Instar-specific 
predatorlparasite 
mortality rates. 

F (r7? - * - ?  r12 in 
Version 2.2) 

Units 

(continued) 
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Value 

Ins tar Phase 

b37 0.001 Is t 

b38 0.002 

b39 0.003 

b40 0.010 4th 

b41 0.016 5 th 

b42 0.042 6 th 

Units 

-1 
Pupal mortality rate. occasion 
(b34 in Version 2.2) 

Maximum egg-mass size number 
eggslmass (b35 in 
Version 2.2) 

Number of tree classes (see z functions) number 

Phase 

Overwinter -1 
mortality rate. occasion 
(b37 in Version 2.2) 

Redistribution dispersal factor none 

Establishment -1 
mortality rate. occasion 
(b36 in Version 2.2) 
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Value Descript ion 

I n s t a r  

Ins  ta r -spec i f  i c  d a i l y  food 
s t r e s sQ. /  mor t a l i t y  r a t e s  f o r  

t 
Douglas-fir hos t  spec ies .  
(r13, ..., r18 i n  Version 2.2) 

Units  

none 

none 
r 

7 
1.0 1s t 

r8 
0.8 Ins t a r - spec i f i c  d a i l y  food 

r 
9 

0.5 s t r e s a g 1  mor ta l i t y  r a t e s  f o r  
r 

10 
0 .1  4th the  grand f i r  hos t  spec ies .  

r 
11 

0.0 5 t h  (r13, ..., r18 i n  Version 2.2) 
r 

12 
0.0 6 t h  

r 
13  

0.02 1st 
r 

14 
0.02 Ins t a r - spec i f i c  d a i l y  background none 

r 
15 

0.02 mor ta l i t y  r a t e .  (bl, . . . , b6 i n  
r 

16 
0.02 4 th  Version 2.2) 

r 
17 

0.02 5 t h  
r 

18 
0.02 6 t h  

8. I n i t i a l  Conditions 

See appendix C f o r  an example of t h e  s p e c i f i c a t i o n  of i n i t i a l  
condit ions.  

- 15' S t r e s s  from f eed ing  on o l d  f o l i a g e  du r ing  e a r l y  i n s t a r s .  
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GENERAL RUN INFORMATION 

Module Sequence Number = 0 

TMAx=L q = k  

Module type: ghost  

Var iab les  t o  be  monitored: none. 

Var iab les  t o  be  dump f i l e d :  none. 

FILE NAMES 

FLEX2 func t i on  over lay  name: W31SO 

Source f i l e  name: V31SO 

COMMENTS 

Model behavior  w i l l  be documented i n  a  s e p a r a t e  paper.  A record  of 
t h e  model runs  made i n  s tudying  behavior  w i l l  be  included t h e r e i n .  
Appendix A con ta in s  t h e  source  code f o r  Version 3 .1  and t h e  command f i l e  
f o r  i n i t i a l i z i n g  a  s imula t ion .  Appendix C con t a in s  t h e  i n p u t s  and ou tpu t s  
from a v e r i f i c a t i o n  s imula t ion .  



FLEXFORM: V3.1 TITLE: DFTM Stand-Outbreak Model. 

MODULE : 
S1 

Page 1 of 5 

Version 3.1, ~ree/~ranch Module 

INVESTIGATORS: Overton, Colbert, White 

DATE: September 17, 1976 

March 15, 1977 (revised) 

TEMPORAL RESOLUTION: Phase/instar, occasion. 

SPATIAL RESOLUTION: Tree class/hypothetical model branch. 

QUANTITIES MODELED: Biomass (dry weight) of foliage and larvae, number 

of insects. 

SUBSYSTEMS: 1. Foliage dynamics 

2. Population dynamics 

3. Growth and feeding 

DIAGRAM : 

(See the diagram on page 2 of Version 1.2 FLEXFORM.) 

VARIABLES AND FUNCTIONS 

1. XList 

List Description Units 

New foliage biomass (k' = 0, ..., 8). g 
New foliage potential for next year (k' = 9, 10). 

Old foliage biomass. g 

Viable eggs (k' = 0). 
Larvae (kt = 1, ..., 5). 
Female larvae (k' = 6). 
Female pupae (k' = 7). 
Adult female moths (k' = 8) . 
Viable eggs produced (k' = 9, 10). 

number 

Individual larval biomass. mg 
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2. Input  Var iab les  

Z Funct ions  

DFTM Stand-Outbreak Model 
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Func t iona l  Form Desc r ip t i on  

z = z  i n s  
1 2 j  0 

Nominal pe r cen t  new f o l i a g e .  

z = Z  i n s  
2 3 j  0 

Nominal t o t a l  f o l i a g e  biomass. 

z 3 = g  i n s  
1 0 

Phase index. 

'4 = '6j in o Host s p e c i e s  index. 

Parameter Assimments 

B Parameters 

[bl, ..., b6]  = [r13, ..., r ] i n  S 18  0 3 

r e s p e c t i v e l y ,  f o r  z = 1, 2, 3, 4. 
3 

b35 = 

i n  S i f  z = 2,  
0 3 

b55 
i n s  i f z  = 3 ,  

0 3 

Uni t s  

none 

none 

none 

Value, Desc r ip t i on ,  and Uni t s  

See V3.1 FLEXFORM, Module 

So, f o r  t h e  v a l u e s ,  descr ip -  

t i o n s ,  and u n i t s  of t h e  

ass igned  b and r parameters .  
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in S respectively, for z = 1, 
0' 3 

in S respectively, for z = 2, 
Lrl, * * * '  r6] = 

0' 3 

in S respectively, for z = 3, 
0' 3 

b24 in S respectively, for z = 4. 
0 '  3 

[[bZ5, ..., b30] in S respectively, for z = 1, 
0' 3 

[b31, ..., b361 in S respectively, for z = 2, 
[r7, . , rl21 = 

0' 3 

[b37, .. . , b42] in S respectively, for z = 3, 0' 3 
l[b43, .. . , b48] in S respectively, for z = 4. 

0' 3 

3. G Functions 

81' - - = ,  are the same as in model Version 2.2, except that g and 
the portion of g10 accounting for occasion 10(k=9) gave been 
moved to the upper module and the following substitutions 
have been made: 

Version 2.2 

b31 

Version 3.1, 51 

Because processing in this module takes place using the 
lower level, k is replaced by k' in all of the g functions. 
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Functional Form and Description Units 

See state variables, 

X List, for description 

by corresponding indexes. 

g 

g 

g 

number 

mg 

5. Y Functions 

yi = X i' i = 1, 2, 3 See X list for description and units. 

6. Special Functions 

The special functions UV1 and UV2 are the same as those used in 
Version 2.2 except that k in the call string has been replaced by k'. 

PARAMETERS 

For values and definitions, see Version 2.2 FLEXFORM. 

7. B Parameters 

List Description 

Carried in S and assigned as a variable input. 
0 

As in Version 2.2 FLEXFORM. 

- 16/ Because q = 10 for this module, each update is multiplied by 10 to 
nullify the automatic division by q (see Abstract of the FLEX Convention for 
further discussion). 
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rl' " ' 9 '6 
Car r ied  i n  S and ass igned  as a v a r i a b l e  i npu t .  

0 
r 13, * - - ,  r 

18  

9. I n i t i a l  Condi t ions  

See appendix C f o r  an example of t h e  s p e c i f i c a t i o n  of i n i t i a l  
condi t ions .  

GENERAL RUN INFORMATION 

Module Sequence Number = 1. 

T M A X = l  q = l O  TARGET 

Module type:  t e rmina l .  

Var iab les  t o  be  monitored: yl, y2, y3. Resolut ion:  1. 
Var iab les  t o  be  dump f i l e d :  yl, y2,  y3. Resolut ion:  1. 

FILE NAMES 

FLEX2 f u n c t i o n  ove r l ay  name: *V31S1. 

Source F i l e  name: V31S1. 

COMMENTS 

Model behavior  w i l l  be  documented i n  a s e p a r a t e  paper.  A record  
of t h e  model runs  made i n  s t udy ing  behavior  w i l l  b e  included t h e r e i n .  
Appendix A con ta in s  t h e  source  code f o r  v e r s i o n  3 .1  and t h e  command 
f i l e  f o r  beginning a s imula t ion .  Appendix C con t a in s  t h e  i n p u t s  
and ou tpu t s  from a v e r i f i c a t i o n  s imula t ion .  



LOGICAL UNIT MANIPULATION 
BY USER-SPECIFIED FUNCTIONS 

The DFTM stand-outbreak model, V3.1, makes extensive utilization of 
logical units (LUNs) in storing various vector values and in producing 
specially formatted output tables. Much of the information concerning 
these LUNs is summarized in table 4 and figure 4. This section details 
the information stored on some of the LUNs and the user specified 
functions that produce that information. 

Table 4. Logical un i t s :  assignment l i s t  
Note: A l l  LUNs a r e  equipped a s  l i n e a r  access f i l e s  except 
LUN 25, which is a random access f i l e .  

Logical Unit 

Number (LUN) Description Data Format 

Phase I i n i t i a l  condit ions 
Phase I outputs  
Phase I r ed i s t r i bu t ed  i n sec t s  
Phase I1 i n i t i a l  condit ions 
Phase 11 outputs  
Phase 11 red i s t r i bu t ed  i n sec t s  
Phase I11 i n i t i a l  condit ions 
Phase I11 outputs  
Phase I11 red i s t r i bu t ed  i n sec t s  
Phase I V  i n i t i a l  condit ions 
Phase I V  outputs  
Phase I V  r ed i s t r i bu t ed  i n sec t s  
Mortal i ty  and top-k i l l  f o r  

Douglas-fir host  species  
Mortal i ty  and top-k i l l  f o r  

grand f i r  
Table 1 : Insect-f o l iage  

outbreak summary 
Table 2 : Foliage-stand 

outbreak summary 
Table 3: Simulation run model 

parameterization 
Screen display format of table 1 
Scratch pad fo r  temporary s torage  
of modul: So funct ion g3 output 
values (g3. 

Table 4 : - (opt ional)  d e t a i l  
output of s t a t e  var iab les  during 
each phase 

S t a t e  var iab le  values a t  each 
occasion f o r  each t r e e  c l a s s  and 
phase i n  a simulation 

Screen display format of 
table 2: pa r t  I 

Screen d isp lay  format of 
table 2: p a r t  I1 

Screen display format of 
table 2: pa r t  I1 

State-variable values:  input  
f i l e  f o r  t ab l e  4 generation 

var iab le  BCD 

va r i ab l e  BCD 

var iab le  BCD 

var iab le  BCD 
(1F12.6) 

var iab le  BCD 

var iab le  BCD 

va r i ab l e  BCD 

var iab le  BCD 

binary 



LUN 1 Annual LUN 2 Annual 
' 

resolution : 

Phase I - 

Detailed state Binary 
LUN 20 variabk values 
Table 4 output in BCD 
Detail run 
information 

Figure 4.--Stand-outbreak model, Version 3.1: 
LUN assignment and identity. 

LUNs 1, 4, 7, and 10 contain phase-specific initial condition 
information for phases I, 11, 111, and IV, respectively. The variable 
identity, by record on the LUN, is: 

where j is the tree-class identification index, and all variables are 
those of module SO. 

LUNs 2, 5, 8, and 11 contain phase-specific output conditions from 
phases I, 11, 111, and IV, respectively. The variable identity is: 

where all variables are those of module S1. 



LUNs 3, 6, 9, and 12 contain outputs from the insect redistribution 
process. The variable identity is: 

from module SO. 

LUN 19 is used as a "scratch" pad and stores the values i3. of 
module So for each phase, with each successive phase-specificNoutput 
vector written over the previous vector. 

Information is read from and/or written on the LUNs in the following 
order as a simulation run proceeds (see fig. 3): 

(1) Module So: 

Z Functions : ZCOMP~/ calls special function TABLE31. 

Subroutine TABLE31 

This subroutine writes most of table 3 g /  on LUN 17. The parameters 
that are local to the lower module S1 are written from that module. 

G Functions: LUN 1 has been constructed before the simulation and 
contains the initial conditions for phase I. Only g l  returns a value at 
this time, the other g functions produce no (zero) outputs at k' = 0. 

(2) Module So (phase I): 

Z Functions: ZCOMP, on the initial entry only, makes a call to the 
special function TABLE32. 

Subroutine TABLE32 

This subroutine writes the portion of table 3 that contains the 
destruction/consumption ratios and the larval growth rates on LUN 17. 

F Functions: Function f4,4 makes a call to special function S2. 

Subroutine S2(b) -., 

This subroutine writes the value of each state variable for each 
occasion ( k t )  on a random access file, LUN 25, in binary and a duplicate 
output on LUN 21 in BCD. The material on LUN 25 is then available for 
access by an external program TABLE4 that will produce detailed infor- 
mation on any state variable at any occasion for each tree class during 
a simulation; this is produced as output table  4 on LUN 20. 

- 17/ Two special-purpose standard FLEX subroutines, ZCOMP and YCOMP, are 
associated with each module in a model. ZCOMP is processed first and YCOMP 
last in each time step. ZCOMP handles all input-variable processing, and 
YCOMP handles all output-variable processing. 

1 0 1  - To distinguish computer output tables from the tables in this paper, 
the computer output tables will be written in italics, table. Subroutines are 
given in all cap., e.g., TABLE32. 



Y Functions: YCOMPEI writes the values of yl, y2, and y3 on LUN 2. 
These are the year-end values of the variables, that is the phase- 
specific population-branch model outputs. 

Module S1 is processed once for each tree class with no calculation 
of any g function values in module So during this processing. 

(3) Module SO: 

G Functions: Function g2, through special function REDIST, writes 
the values g2. on LUN 3. - 

Function g3 writes the values g3. on LUN 19. - 
Function g4, utilizing the information on LUNs 1, 2, 3, and 19, 

writes new values on LUN 4, where x5 is replaced by the tree class 
specific values of yl from LUN 2, x6 is replaced by g3. from LUN 19 and 
57 is replaced by the values g4. p$oduced by this fuGction. LUN 4 now 
contains the initial conditioik for phase 11. The replacement done by 
this function constitutues the updating of variables x T 6 ,  and x7; 
this is normally an automatic part of the FLEX algori&, but because 
of the vector manipulations occurring in this module, the updating must 
be done by a user-defined function (see Vector Processing in  FLEX^). 

All other values are simply transferred unchangkd from LUN 1 to 
LUN 4. 

(4) Module S1 (phase 11): 

F Functions: Function £4 4 makes a call to special function S2. 
3 

Y Functions: YCOMP writes the values of yl, y2, and y3 on LUN 5. 

Module S1 is processed once for each tree class with no calculation 
of g function values in So. 

Module SO: 

G Functions: Function g2 writes the values g2. on LUN 6 -  

Function g3 writes the values g3. on LUN 19. 
w 

Parallel to what is done in (3) above, function g4 writes the 
values i4. on LUN 7, as well as transferring other appropriate inf orma- 
tion from LUNs 4, 5, 6, and 19 to LUN 7. LUN 7 contains phase-111 
initial conditions. 

- 19' Refer to footnote 17 on previous page. 



(6) Module S1 (phase 111): 

F Functions: Function f4,4 makes a call to special function 52. 

Y Functions: YCOMP writes the values of yl, y2, and y3 on LUN 8. 

Module S1 is processed once for each tree class with no calculation 
of g function values in SO. 

(7) Module So: 

G Functions: Function g2 writes the values g2. on LUN 9. .., 

Function g3 writes the values g3. on LUN 19. 
Function g4 writes the values g4. on LUN 10, as well as trans- 

ferring other appropriate informati6n from LUNs 7, 8, 9, and 19 to LUN 10. 
LUN 10 contains phase-IV initial conditions. 

I 

(8) Module Sl (phase IV) : 

F Functions: Function f4,4 makes a call to special function S2. 

Y Functions: YCOMP writes the values of yl, y2, and y3 on LUN 11. 

Module S1 is processed once for each tree class with no calculation 
of g function values in So. 

(9) Module So: 

Y Functions: YCOMP calls REDIST for computation of the mean fall 
egg density over the stand after phase IV. REDIST then computes the 
redistributed egg density for each tree class and writes them as x7 on 
LUN 12. 

YCOMP then calls the special function subroutines TABLE33 and 
TABLE12 to complete table 3 and produce the output tables 1 and 2. 

Subroutine TABLE33 

This subroutine completes table 3 on LUN 17 by writing the fall 
mean egg density per model branch over the stand for each phase. 

Subroutine TABLE12 

This subroutine produces the annual input-output summary of the 
model branch for each phase and tree class as table 1 on LUN 15. It 
also determines the postoutbreak probabilities of primary and secondary 
mortality, probabilities of degrees of top-kill, height- and diameter- 
growth reduction factors for each tree class, all according to the 
classification structure provided by Boyd Wickman (1963, 1978a, 1978b). 



The mortality and top-kill parameters associated with this classifica- 
tion structure are stored on and input to this subroutine from LUNs 13 
and 14. This in£ ormation is used in producing outbreak impacts as table 2 
on LUN 16. 

Additionally, table 1 is output on LUN 18 in a format suitable for 
viewing from an interactive terminal screen. This is done for table 2 
as well, but with the requirement of outputting it in three parts on 
LUNs 22, 23, and 24. 

STAND-POSTOUTBREAK MODEL 
The stand-postoutbreak model is the filter that takes the defoli- 

ation history from an outbreak simulation and associates with defoli- 
ation for each tree class the expectations of: direct and secondary 
mortality; degrees of top-kill; and radial- and height-growth impacts. 

The development of the mortality and top-kill expectations are 
based on the history of host tree plots associated with the DFTM out- 
break of 1972-1974 in eastern Oregon (wickman 1978b). The model branch 
defoliation is translated into crown defoliation via the branch-tree 
relationship. 

For each tree class, branch defoliation is converted into crown 
defoliation using the logistic equation 

where for x,y~[O.l]: 

x: model branch defoliation as a proportion 
of nominal. 

y: proportion of crown totally defoliated. 

These parameters were obtained by nonlinear least squares curve fit to 
means of data from the six crown-defoliation classes of Wickman (1978b). 
Crown defoliation determines one of seven possible effects vectors. The 
vector is used to partition the trees of the tree class into direct and 
secondary mortality or a range of top-kill and growth loss. The set of 
vectors that determine these losses is derived from the input files 
read from LUNs 13 and 14 given in appendix C. The same al&orithm is used 



for each host-specific file. The information on these files is structured 
as follows: the first seven contain direct mortality and top-kill 
information; the remaining two contain secondary mortality information. 
Letting A(i,j) be the jth entry from the ith row, one has the following 
correspondences: For i = 

1: all parameters correspond to trees (a tree class) with 
less than 15% of the crown totally defoliated, 

2: all parameters correspond to trees with between 15% and 35% 
of the crown totally defoliated, 

3: parameters for trees with between 35% and 65% of the crown 
totally defoliated, 

4: parameters for trees with between 65% and 85% of the crown 
totally defoliated, 

5: parameters for trees with between 85% and 95% of the crown 
totally defoliated, 

6: parameters for trees with between 95% and 99.5% of the 
crown totally defoliated, 

7: parameters for trees with greater than 99.5% of the 
crown totally defoliated, 

and for each of the above values of i, the following definitions are 
given of A(i,j) for j = 

1: expected proportion of trees for which mortality is 
directly attributable to defoliation, 

2: expected proportion of trees with no top-kill damage, 

3: expected proportion of trees with leader-kill, 1 year's 
growth only, 

4 :  expected proportion of trees with top-kill less than lo%, 

5: expected proportion of trees with top-kill less than 25%, 

6: expected proportion of trees with top-kill less than 50%, 

7:  expected proportion of trees with some top-kill, 

8: expected loss in diameter growth from defoliation. 

The last two records in these files contain the information neces- 
sary to remove secondary mortality from the arrays described above. 
They are as follows: A(i,j) for i= 

8: expectations of secondary mortality associated with 
bark beetle attack, 

9: expectations of secondary mortality from all other 
causes, e.g., windthrow, winterkill, natural attrition, 



and f o r  j = 

1: expec t a t i on  f o r  trees wi thout  t o p - k i l l ,  

2: expec t a t i on  f o r  trees wi th  l e a d e r - k i l l  only,  

3: expec t a t i on  f o r  t r e e s  w i th  more than  l e a d e r - k i l l ,  
bu t  less than 10% t o p - k i l l ,  

4 :  expec t a t i on  f o r  t r e e s  w i th  t o p - k i l l  between 10% and 25%, 

5: expec ta t ion  f o r  trees wi th  t o p - k i l l  between 25% and 50%, 

6 :  expec t a t i on  f o r  trees wi th  t o p - k i l l  g r e a t e r  than  50%. 

Because t h e  t o p - k i l l  information on t h e  e x t e r n a l  f i l e s  i s  cumulat ive,  
d i f f e r e n c e s  a r e  taken between succes s ive  c l a s s e s  t o  g e t  t h e  number f o r  
each i n t e r v a l .  From t h e  r e s u l t i n g  c l a s s e s ,  secondary m o r t a l i t y  is  
removed a f t e r  combining t h e  two secondary m o r t a l i t y  fac tors - - tha t  caused 
by bark  b e e t l e s  and t h a t  caused by o t h e r  f a c t o r s  such a s  windthrow, 
snow, f i r e ,  and o t h e r  "unknown" causes.  

The two forms of secondary m o r t a l i t y  a r e  assumed t o  a c t  indepen- 
den t ly ,  hence t h e  two v e c t o r s  a r e  combined by t h e  r u l e :  

The sca l a r -  o r  dot-product of t h i s  v e c t o r  w i th  t h e  i npu t  vec to r  of 
r e s i d u a l s  of d i r e c t  m o r t a l i t y  is then used t o  compute secondary m o r t a l i t y  
f o r  each d e f o l i a t i o n  c l a s s :  

Here ri is  t h e  v e c t o r  of r e s i d u a l s  ( i t h  record  of LUN 13  o r  LUN 1 4 ) ,  
j 

and s i  is  t h e  der ived secondary m o r t a l i t y  t h a t  w i l l  be  used i n  table 2 
of s imula t ion  output  (appendix C ) .  

A f t e r  secondary m o r t a l i t y  has  been sub t r ac t ed  from t h e  r e s i d u a l s  of 
d i r e c t  m o r t a l i t y ,  t h e  remaining numbers a r e  t he  expected propor t ions  
t h a t  are t o  r e c e i v e  va r ious  l e v e l s  of t o p - k i l l ,  and one c l a s s  t h a t  
i n d i c a t e s  t h e  propor t ion  r ece iv ing  only growth reduc t ions .  

Growth reduc t ions  a t t r i b u t a b l e  t o  d e f o l i a t i o n  a r e  changes i n  
diameter  growth a t  b r e a s t  he igh t  and he igh t  growth. Growth reduc t ion  is  
a func t ion  of maximum model branch d e f o l i a t i o n .  These assumptions 
r e s u l t  i n  t h e  fol lowing t a b l e  of p o s s i b l e  e f f e c t  vec to r s .  One vec to r  is 
chosen by spec i e s  and d e f o l i a t i o n .  

An example of d e f o l i a t i o n  impact summaries i s  given i n  table 2 of 
t h e  ou tput  s e c t i o n  of appendix C.  



Output expectations o f  mortali ty and top-k i l l  by tree  defol iat ion 

Doug1 a s - f i  r hos t :  

Expected t o p - k i l l  

Percent 
of crown D i r e c t  Secondary Top- k i  11 impacts 1-10% 10-25% 25-50% 50-90% Growth Leader of 

t o t a l  l y  mor ta l  i t y  mor ta l  i ty ( t o t a l  ) only o f  o f  o f  
d e f o l i a t e d  crown crown crown crown 

Grand f i r hos t  : 

Expected t o p - k i l l  

Percent 
o f  crown D i r e c t  

t o t a l l y  m o r t a l i t y  
d e f o l  i a t e d  

Secondary 
mor ta l  i ty 

Top- k i  11 
( t o t a l  ) 

Growth 
impacts 
o n l y  

1-10% 10-25% 25-50% 50-90% Leader of 
b i l l  0 f 0 f o f  
R I  I I crown crown crown crown 
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APPENDIX A VERSION 3.1 SOURCE CODE 

Command file 

DFTM stand-outbreak model 

Module S 
0 

Module S1 

Stand-postoutbreak model 

Module S 
0 

Module S1 

Subroutine TABLE12 flowchart 
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EOD 'IN INPUT U h T T  
3 0 0 0 1  - Y U O U L E t E + (  )=I 
'3OP02 -N I )Y3F?=? 0=4  uG3!1LtTYPE=1 P=?4 
O Q f  9 3  - T + l A Y = I  FUNLOAD=*J31??  
0 0 0 0 $  - Y M A % = 3  N03UYp NULOG T T v O F p  NOSUYYARY 
O C O  0 5  - T I T L E =  5 G ' e V I S F D  S T A N 7  OVT3HEAY YCPULF 
0 0 E 0 5 - 3 0 = ( i * r  J . 9  t * ,  C . 9  6.9 0.9 - 0 %  2 . 9  5 .9  
2 C 0 0 7  - ~ ~ 0 f l i r C * J t l r @ ~ C O 2 , ? ' , 3 C 3 , ~ * C j 6 ,  2. 3 1 3 , 5 : ' 7 ~ 9 ~ * ? 2 ? +  2 * < ' 5 9 s : * ? ? 9 ,  
Q G C O 9  - O . O 2 1 r ~  *O3L*13.0 '35,C_*335,3.0,  3 0 ' 5 , ( 2 * Q , ~ . t . ? e C , C  . ~ r  
aggo? -0, G.,:,. Q . , ~ . ~ ~ I , ~ , ~ ~ I + J . D C I ,  a . o c 2 , r 0 i ' ? c 3 , ~ . u i i 3 ,  
JULI~ - 0 ~ f 1 6 ~ ~ ~ ~ 4 2 r l ~ 3 ~ 5 ~ ~ j ~ ~ 2 u h ~ C ~ Q I : 7 r J ~ r l 2 1 ~ C ~ O 3 3 ~ O ~ ~ 5 6 ~ G ~ 5 ~ ~ . 5 ~ ~  
E0011 - 0 . 7 5 9  l . ~ O r 2 ~ 1 3 . r  ~O0.,15r!,,15'3.,S.,ei.~;ij,;.6?,;.3~, 
3 O C i Z  - 0 . 9 C 9 ~  
C O P 1 3  - S f ) =  1.49 C r a 5 ,  ? * I ,  z . 9  L.?  G o ,  i e ~ l *  iI:5, 3 . 5 9  G r l r  
O O r l ' +  - 1 . 9  3.9 P.id2t 3 . 3 2 -  2 . C 2 7  b.C'2r  3 . 3 2 9  : r Q 2  
D C G  It: - Y r ) n l J L E G E T (  )=I. ,i 
O G F 1 f i  - N 3 Y P E I = L  Qf13 T A 9 C F T  
0 O f  17 - T Y d Y = I  F U N L O C C l = * V 3 I S l  
O O r !  1 A  -T)UMPL11).!=47 
C O l ? i Q  - O = Y T i )  C = V ( 2 )  9 = Y ( 2 )  

o 00 z i  -LP=Y ( i 
O C G  22  - O = Y  ( 1 )  
J O C Z 3  - S t b = .  3 

L P = V ( 2 )  L"=Y ( 3 )  
C = V ( 2 )  0 = Y ( 3 3  
r , 2 7 9  .?2, e F 2 t  * 0 7 ,  2  5 . 6 1  c . 2 5 9  5 * Z t r  2 . 7 1 ,  
9 2 . 2 9  7 . 4 ,  5 ? 2 5 r  6.251 3.69: 7 . 2 9 ;  Y * J t  1.19. * 2 9 I r  
c l i b i ' e  CY96, + t b Z 5 ,  ,$9?+ 5<.,E2693,+ a?.? r ? ; * D L + d * ' r  0.53 
I M I t L A T T C h  ON THE . i fJTbrSr Y03zL  VfriS. 3. 
hOSUVU AF Y 

3 0 P 3 2  - I N P U T = 5 C  
EGF CN I 4 P U T  U F I T  



0 0 0 0 1  -C 
O O O O f  -C *+* S t 0 1  MODULE V 3 . i  O F T M  WOEEL **' 
0 0 0 0 3  -C 
0 8 0 0 4  - SUSROUTTMF ZCCWP I K 9 X  ,SrS,ZqTO ,TIC) 
0 0 0 0 5  - DIMENSION X I i ) , B t i )  q R ( I . ) r Z t I ) , C l i )  
0 0 0 0 6  - WQTTEfh l , i lOO0)  
O O O O f  - 20R0 FORMAT(# ENTFP NUVRER OF TREE CLPSSES I N  STAND*)  
0 0 0 0 8  - Z ( l ) = f F T N f 6 O )  
0 0 0 0 9  - B 1 5 7 3 = Z 1 1 1  
o o o i t  -c 
O O O 1 1  -I: *** WPfTE THE SEGINNTNG PF TAPLE 3 **" 
130012 -1: 
OOOiZ - C A L L  T A R L F 3 1  
oonir(  - RFTURN 
0 0 0 1 5  - FNIJ 
0 0 0 1 E  - C  
0 0 0 1 7  -C 
00013 -C 
0 0 0 1 9  -C 
0 0 0 2 C  -C 
0 0 0 2 1  - FUNCTION G O I I Y ~ X q O q P , Z , K P )  
0 0 0 2 2  - nIYFNSTOM X f 1 )  , R l l )  q9 i1 )  q Z ( 1 1  
0 0 0 2 3  - GOl=Ft04T t K P + 1 1  
00024 - RETURN 
0 0 0 2 t  - FND 

F U N C T I O N  G 0 2  (Kw X,RqR,Zq KP) 
D I H E N S I Q V  X f l )  , B I I )  qR (1) r Z I I )  
6 0 2 = 0 o  
IF (KP, EQ .IPHASE) RETUQN 
I F  ( K P e F U o O )  QETURN 
Z N U M = I F f  X 1P(579) 
C4LL E f ) I S T  tKP+INUM, 'StX 1 
TPHASF=KP 
RFTURN 
f ND 

F U N C T I O N  G 0 3 f M q X  q R * Q q Z q K P )  
O T Y E N S I O N  X ( 1 )  , S ( i ) , S t I I r Z f i )  
G 0 3 = 0 .  
IP=KP+I 
IF ( T P * E Q , f P H 4 S E )  RFTU?N 
fF(KPoEQ.D) R F l U R N  
N N = I F T X  17 (1) 1 
L U N = ( I D g 2 )  * ?  
L  UNI.=LUN+ I 
LUN2=LUN+? 
t U N 1 9 = 1 9  
REWTNP L U N 1  
R E W I N D  L U N 2  
R E W I N E  L U N 1 9  
Dn 10 J= I ,NN 
R E A D t L U N I ~ I O O 0 )  2 3 - 7  3 
F O ? Y A T i 2 4 X ,  2 F i i . 5 )  
R F A O ( L U N ? t l O D I )  X 6  
F O R M A T ~ I 2 X ~ I F I Z s  6 )  

FUNCTTON f 041Y,X,9,?,7,KP) 
D I V E N S T O R  X ( 1 ) ~ S t i )  ,341) 1 Z t 1 1  
G04=0. 

ZF 
IF 
b: N = 
L U N  
L UN 
LUN 
L UN 
L U N  
LUQ 



0 0 0 8 1  - RFW IN33 L U N i  
0 0 0 5 2  - !?€WIND LUN2 
OQOR:! - R f W I N E  LUM3 
031084 - FEWIND t U N 4  
0 0 0 8 5  - R E W I N C  L U N I 9  
OOOt3E - 00 120 I = l , N N  
0 0 0 8 7  - PFAD ( L U N I  200Q) I Z F j 7 Z 4 , Z 5 9 Z 2 r Z 7 , J  
o o o w  - 2 0 0 0  F P R M I T  (I I ~ , Q F I I . ~ , ~ ~ x , ~ I ~ ~  
0 0 0 8 9  - RFAD ( L U N 2 ~ 2 2 0 0 )  X5 
0 0 0 9 C  - R E A C  (LUN39 2 2 0 0 )  G 2  
0 0 0 9 1  - REAQ tCUNI9 ,2?BO3 6 3  
0 0 0 9 2  - 2 2 0 0  FnRMAT ( i f 1 2 . E )  
0 0 0 9 3  - TPP=IP+56  
00094 - X?=(i.-4( T P D )  )+G2 
0 0 0 9 5  - X h = G 3  
0 0 0 9 E  - 1 2 0  W Q I T F t L U N 4 r 2 3 0 P )  T Z S r Z t q Z S t Z 2 9 Z T t X 5 r X 6 , X 7 r J  
0 0 f l 9 7  - 2300  FOSMAT I 1  I 2 , 7 f i l . S r l I 3 1  
0 0 0 9 F  - RFWIND LUh14 
00099 - T P H A S E = I P  
OOIOC - RETURN 
013101 - END 
001r32  -r; 
0 0 1 0 ?  -c 
0 0 1 0 4  - SURQnUTINE YCQWPIK? X?R,RqY 9 X S q T )  
0 0 1 0 5  - D I M E N S I O N  X ( 1 )  r R . 1 f l  r R f i ) q Y  (1) , X S ( i )  
n01oE:  - Y P=4 
0 0 1 0 7  - T P 5 7 - T F I X  ? 0 ( 5 7 ) )  
O r l l Q t ?  - CALL R~DIST(KP,I l357,! ! ,X ) 
o l ? i o c  -C 
0 0 1 1 0  - C  **' FTNTSH T A e t E  3 9  CN L U N  17 +* i 
D O i i l  -C 
OD112 - CALL T 4 E t E 3 3 1 X 9 0 )  
0 0 1 1 3  -C 
0 0 1 1 4  -C *** WPITE T A P L F S  i AND 2 +we 
00115 -C 
0 0 1 1 f :  - C A L L  T A B L E 1 2 ( P )  
0 0 1 1 7  - O F T U R N  
0 0 1 1 ~  - FNI) 
0 0 1 1 4  -C 
0 0 1 2 c  -C 
0 0 1 2 1  - SUBROUTINE 9 E B T S T ( K P ,  TNUP9QgX) 
0 0 1 2 2  - D T M E N S T O b i  B4 13 , X f l l  r X Y C O M P I 4 3  
r31T12t - C  
00124 -C T N I T I A L I Z F  t U N  VALUE? BND REWIND 
0 0 1 2 5  -C 
0012C; - L U N l = t K P - I ) * 3 + I  
0 0 1 2 7  - C U N 2 = ( Y D - 1 )  *3+2 
0 0 1 2 8  - L U N 3 = ( Y m - l )  * 3 + 7  
0 0 1 2 C  - R F W I N D  L U N i  
00130  - HFWIWT! LUNZ 
0 0 1 3 1  -C 
00132 -C  *%* R E O l S T P I S U T f  ON OF FGGS 
r3013!! -C INIT IALI7E LOCAL V B R  fAPLES 
n o 1 3 4  -C 
0 0 1 3 5  - S U W = T O T S T F Y ~ D  .O  
00136 -C 
0 0 1 3 7  -C CALCULATF TPTAL EGGS OVER STAND (SUM)  
0 0 1 3 e  -C RNO TOTAL WtIGH+FD SUM OF T!?EEcITCTSTEMl 
00134;  -C 
0 0 1 4 0  - 00 10 J = l r I N U M  
0 0 1 4 1  - R F A D ( L U N t , I O O I )  2 4 7 7 5  
0 0 1 4 2  - 1 O O i  F f l R V A l t 2 X r 2 F 1 1 * 5 )  
0 0 1 4 Z  - ?FAD t L U N 2 ~ 1 0 0 0 )  X 7  
0 0 1 4 4  - 1 0 0 0  FOSYAT 4 2 4 X , F 1 2 * 6 )  
O O 1 t a  - SUM=SUY+X 7 * Z 4 + 7 5  
0014E. - T n T S T E M = T O C S T f P + Z 4 * Z 5  
0 0 1 4 7  - t O  C Q N T I N U E  
0 0 1 4 F  -C 
0014.9 -5 CALCULATF X (KP) HH!3?F KP I 5  P S F V I O U S  PHASF 
0 0 1 5 0  -C STORE t O C f i L L Y  I N  X Y I O H P ( K P )  U N T I L  PHASF I V  
0 0 1 5 3  -C TO P ~ E V F ~ T  xs=n FTOP ER~SING STORED V ~ L V F S  
0015; -C 
0 0 1 5 b  - X Y C O M P t  KP) = S U F I 1  OTSTFP 
f lO154 - REWINE! t U N 2  
0 0 1 5 5  -C 
(1015E -C C A L G I f L A T f  VALUES OF G t 2 , J )  FOP SO H F S E t  
0 0 1 5 7  -C IFJSTFAO O F  TN FUF!C'ITl)rJ GO2 CODE 4ND WRTTF Oh' LUN 3 
0 0 1 5 8  -C 
0 0 1 5 9  - on 20 ,I=I,TNUM 



0016C - 
0 0 2 6 1  - 
0 0 1 6 2  - 
00163 - I 0 1 0  
0 0 1 5 4  - 2rT 
n o 1 6 5  - 
0 0 1 6 E  - 
00167 -C 
0 0 1 6 9  - C  
f l0169 -C 
00170 - 25 
0 0 1 T i  - 
00172 - 7 0  
00173 - 
0 0 1 7 4  - 
EOF CN INPUT 

TRAKTFEQ V&CUES F R O C  LOCAL STORAGE T O  X A R R A Y  

DO 70 T = l r 4  
X I I ) = X Y C O Y P ( T )  
C O N T I N U E  
P E T U Q N  
E b' D 
U N I T  



0000;  -c 
O 0 0 0  r -C FLEX FUNCTIONS FOR V 3 a 1  QFTP YOEUCE S ( 1 )  
00003  -C 
0OOOt -c 
OD005 - SUBSOUTINE ZCOW 1 K r X , 9 , r Q t Z l T O l T , G )  
O G O O €  - D f H E N S I O W  X I 1 3  y B ( 1 )  r R ( l ) r Z I I ) , G ( i )  
0 0 0 0 7  -C 
0 0 0 0 9  -CC*+ READ I N  T H E  Z VECTOR* I N I T I A L  X VECTOR *'* 
0 0 0 0 9  -C 
o a o i o  - CALL V A R T N  t 7 ( 3 ) * ~ ( 1 )  
D O O i I  - IPzIFIX 4 Z( 3 )  
0 0 0 1 2  - t U M I = t T p - 1 ) + 3 + 1  
0OOI.Z - RFAE ( L U N I n  1 O g O )  ISPECtrSrZ(t) , 7 ( 2 1  r X t i ) r X ( i ) r X 1 2 1  
0001: - i D D O  FDRHdT ( 1 1 2 1 2 r X , 5 F 1 1 . 5 )  
0  001 - Z ( 4 ) = F L @ & T t  ISPECTES) 
000ig - X(4)=0 ,0  
00317 -C 
0 0 0 1 t ?  -G *** SET PHASE-SPFC I F I C  DAQAPETEQS 5 ( 2 Q )  AND 9(3&--36) 
0 0 0 f 9  -C 
IS002C - ? ? ( 2 9 ) = Z 1 3 )  
0 0 0 2 1  - C A L L  V A K f N I 5 ( 3 4 )  , R 1 T P + 4 6 ) )  
0 0 0 2 f  d CALL V P R Z N  ( 0 ( ? 5 l y B I I P + 5 2 )  1 
0 0 0 2 c  - CALL VARTN I % f  263,B(IP+E2) 1 
ODn24 - C  
0 0 0 2 5  -C*++ R f b 3  I N  HQST A N D  PPASE S P E C I F I C  t 4 O R T A L f T Y  VECTORS +** 
0 0 0 2 f  -C 
001327 - no 6 J = l r 6  
DOft2P - I I = J + ( I P - 1 )  *6 
0 0 0 2 0  - T ? = J + t T P + 3 1 * 6  
0 0 0 3 0  - L 3 = J + l f  S P E C I E S - 1 )  +fi 
0003; - CALL Y A P I N  1 P ( J ) ~ R ( J + 1 2 ) )  
0 0 0 3 ~  - C4tL VARTN t R t J 1  l !? ( I I ) )  
00033 - CALF V A Q I N  (R(3+639R(I2)) 
0 0 0 3 4  - 6 CaLL V 4 R I N  ( R I J + I 2 )  9 R ( 1 ? ) 1  
0003 -  - TF IY.NE, Q) RFTURN 
0 0 0 3 E  - C  
6 0 0 3 7  -C *** F I N I W  TPBLE 3 ON L U N  17 *** 
0 0 0 3 8  -G 
0 0 0 3 C  - CALL t b R L F . 3 2  (PI 
0 0 0 4 0  - RFTUSN 
'00041 - E NO 
00042 -1: 
O O f l 4 ?  -C 
0 0 0 4 4  -C 
0 0 0 4 5  -C 
0 0 0 4 5  -C  
0 0 0 4 7  - F U Y q T I O N  GO1 4YyX+R,RrZ,KP) 
0 0 0 4 e  - OJMEMSfflM X 1 1 )  r S ( i )  r Q t 1  ) r Z l i )  
00049 - t O l = O o  
0 0 0 5 0  - T F ( K P , € Q . S )  G O l ~ = : ( Z ( 2 ) * Z f i ) / I O O o  ) * ( ( X ( i . ) + X ( 2 ) + 2 ( 2 ) ) !  
0 0 0 5 1  - a 4 2 , a Y z 1 2 1  ) - G I I ~ I * ~ ( ~ ~ , D  
0 0 0 5 2  - RFTURN 

F U N C T I O N  t03 ( K j X ? B , ? r Z , K P )  
DTP1ENSTCIN X 1 1 3 * 9 ( 1 b * ' i ( i ) r Z ( i )  
GO3=0oO 
If ?KPsEQ.8) G 0 3 = X ( l )  
RFTURN 
END 

FUNCTION GO5 I K r X , P r Q + Z g K F l  
DIMENSTON X ( 1 )  , B ( 1 ) 9 R ( 1 )  r Z i i )  
GTrS=OoO 
IF (KPoGE* l .eANC.KP*LE*63  G 0 5 = F M I h ( G ( l f 1  , X  (2)) 
RET UQN 
E N D  



F U N C T I O N  GO6 (KqX,B,TqZ*KP) 
n Z Y E N S I O N  X ( 1 )  r R ( l )  rP( I .1  , Z ( I )  
COh=Oo 
T F t K p - f r o  O*ANC*UP.LE,6)  G06=(1*-R(KP) ) * ( I o - R ~ K . P + O ) l * ( l ~ ~ r S ~ i ( ~ ~ ~  
RETURN 
FND 

FUNCTTCIN Gf!7 ( K q X g 9 t S , Z r Y P )  
OTMENSION X ( l )  , f ? ( l ) r ! ? { ~ ) v 7 ( L )  
G1317=0* 
IF( KPeGT, F e A N D a K P * L E I h )  GO?= ia - f ?1K0+12 )  
RFTUQY 
END 

FUNCTION C a p  ( K q X * R + Q T Z ~ K P )  
DIMENSTON X ( l 1  r B l 1 )  , S ( l ) r 7 1 1 )  
G08=0o 
TF (KP*FQoOeOP,KPaGTe6) RETUSN 
G D S = C ? 6 ) + " 1 O . - l r  
If (G(15B ~ N E e l O ~ o ~ N ~ ~ G ~ 7 ~ ~ I d f ~ O ~ ~ G O ~ ~ ~ C f f ! ) ~ ~ l O ~ ~ * ~ G ~ 7 l * * ~ i O ~  

G - G ( 1 5 ) ) ) - 1 *  
I F  I G ( 7 )  *EQ.O.oANDoGI 15) eNEo10.  G l l 8= - i o  
RETURN 

FUNCTION 
DIHENSTOM 
TF(KPoEQ* 
GTOT =GTOT 

FUNCTION C i O  (K *X9B+QrZ ,KF)  
!?INENSION X t 1 3  9 t 3 ( I ) , R ( I ) , Z ( l )  
G lO=O* 
T F f KP*FQ.  0 )  G  lO=-a(  3 6 )  
IF4YPeEQ.5) Gl@=-(l,+G4d1)*RI30) 
T F ( U P . E Q .  7) G 1 0 = - R i 1 4 )  
I F (  KPoEQ. 81 G t U =  (R~35)'G114)"$1.0-s(281*G(c3.13-1.O) 
R E T U Q N  
€ ND 

FUNCTION G I 1  (K,X,B,RrZqKF) 
PIMENSTON X ( l )  ,B(l.) R ( 1 ) r Z C l )  t i i = ( ~ l ~ ) + ~ ( i ~ ) ) * x ( t )  
Q F T  U R N  

0 0 1 3 2  - F M D -  
0 0 1 3 ?  -I: 
0 0 1 3 4  -C 
0 0 1 3 5  - 
OOIfd - F U N C T I O N  G I 2  I K , X g B , T r  Z9 KP) 
00137  - DIMENSION X i l ) ~ B 4 1 3 r f ? t l ) ~ Z ( l )  
0 0 1 3 8  - G 1 2 = 0 *  
00159 - I F t X I 3 )  o L E o O a o O R o X ( I )  + X t 2 )  oLEoOe)  GO f C 10 
0014C - I F f Y P o G E o I o A N D o U P * L T . 4 )  G 1 2 = P ( 2 2 )  
OOi4i - I F  ( K P a E Q I  4) G12=P(23) 
0 0 1 4 2  - I F t K P * G f  o4oANDeKPoLE,h)  G12=8( 2 4 )  
00143 - 1 0  PETUPN 
0 0 1 4 4  - F M O  
0 0 1 4 F  -C 
O O i Q E  -c 
0 0 1 4 7  - C U N C T I O N  5 1 3  1K,X,BqR,Z ,KPI 
0014e - n I M E N S I O N  X t 1 )  *%(I) , R t i ) , Z l l )  
0 0 1 4 9  - G I  3=0 .  

OoiSE -c 
0 0 1 5 7  - FUNCfTnN G I 4  (K, X t B r R g Z q K P )  
0 0 1 5 P  - D T M E N S T O N  X 4 1 )  ,@(I) t S ( l ) r Z ( i )  
fl0159 - G l I , = F N A X ( ? . + X f 4 1 1 8 t 2 6 ) - ! 0 ~ O . )  
0 0 1 6 0  - RETURN 



0 0 1 6 2  - C  
0 0 1 6 2  -C 
0016: - F U N C T I O N  GI5 f K * X ,  W,Q,Z,KP) 
00fb4 - D f M E N S I O N  X ( 1 )  ~ S ( i ) r Q ( i ) , Z ( l )  
0 0 1 6 f  - IF(Y0,EQe flmORaKPwGTo5) G O  T O  15 
n o 1 6 7  - D O  i n  1=0,10 
0016F! - ALPHA-FLOATt lO-1)  
OD169 - C i S = A t P H A  
0 0 1 7 0  - TF(UV1(KPr  X t R r  ALPHA) . t T  e X ( i  1 )  QETtlRN 
0 0 1 7 1  - 1 0  CONTINUE 
00172 - RFTURN 
0 0 1 7 2  - 1 5  G15=0*  
0 0 1 7 4  - RFTURN 
00175 - FMD 
O O i l C  -C 
0 0 1 7 7  -r: 
O O i t d  - F U N C T T O N  c16 t K ~ X ~ 9 ~ P , Z I K P )  
00179 - D I 9 E N S I O N  X ( 1 3 1 9 { 1 )  r R ( 1 ) , 7 ( 1 )  
o o i e e  - Gih=Oo 
0 0 1 8 1  - IF( KPeEQ. OoORoKP.GTw5)RETUQk 
OOIR2 - nLPwA=FMIW(G( I S 1  +I** I @ * )  
Urll8t - I F I X P I )  . G T e  90 F ) G l h = U V i I K P q X 9 q ~ A L P H A )  
0 0 1 8 4  - RETURN 
0 0 1 8 5  - E W D  
ODlSO -C 
0 0 1 0 7  -C 
0 0 1 8 ~  - FUNCTION G17 (K,XqR,R*Z,KP) 
O O I e C  - DIMENSTON X ( l ) r R { l )  ~ 9 f l ) r Z ( i )  
0 0 l ~ C l  - IF(KPwEQ*f leQReKPwGT.h) G O  T O  20  
0 0 1 9 1  - G i 7 = 1 0 * - G  ( 1 5 )  
Of2192 - ALpHArG(15)  
0 0 1 9 2  - N = I F I X {  I O e - G i  15) 1 
o o i s t  - DO i o  T = U , N  
0019 - FTA=FLOAT I I !  
o c i s F  - fTADLUS=ETA+I  8 

0 0 1 9 7  - T F ( ~ U V ~ ( K ~ ~ X ~ P ~ A L P H A ~ F T A P ~ ~ S ) ~ ~ X ( ~ ~ ~ U V ~ ( K P + X ~ R ~ A L P H ~ ~ ) )  
0019e - C,GTwX42)) GO TO 15 
0 0 1 9 9  - 10 CONTYNUF 
0020C - R E f  URN 
0 0 2 0 1  - 1 5  G t T = F T A  
002152 - RFTURN 
0 0 2 0 3  - 2 0  G17rU.  
00202 - RFTUQN 
0020 - F ND 
0020F - C  
0 0 2 0 7  -C 
0 0 2 0 8  - F U N C T I O N  C I S  fKsX+B,Q,ZqKP) 
O(120C - D J M F N S T O N  X ( 1 )  ~ B f l ) q Q ~ l ) r Z l l )  
00210 - C10=0. 
f)O211 - T F  (KPmEr ) * f l * l?RoKPeGTwf . )  R E T U R N  
00212 - ALPYB=G (15) 
0021: - ETA=IO* -ALPHA 
0 0 2 1 %  - GIR=UV? ( K P ~ X ~ ~ , A L P H B , ~ T A ~ - ~ X ~ I ~ - U V I ( K P ~ X , P ~ R L P H A ) )  
rJ0215 - TF ( G l R * L T *  0, 1 G I R = f l ,  
01321E - RETURN 
0 0 ? 1 1  - f btD 
00219  -C 
OOZI'? -I: 
OP220 - F U N C T L n N  G i 9  ( K , X , B , R ,  Z , r P )  
0 0 2 2 1  - P I H F N S I O N  X 411 ,St11 t Q i i  1 r 7 t l I  
00222  - 1FlKPeTQeO~CR.KPoEQ *9) C T C T = O *  
00223 - TFfYPwGTo O w A N D ~ K P ~ L E o 6 ~ G T O T = C ~ O T + ( 1 O o - I C (  1 5 1 + G f l 7 1  9 1 
013224 - G 19=GTrl T 

F U N C T I O N  FOIOI(YqX,3,PqZqKP) 
nIMFhlSIOh!  X ( 1 )  r R l 1 J  rQ~1.1 ,71:1)  
F R l D I - I F .  O + t G ( I ) - G t 4 1 )  
PETURR 
F N n  

FUWCTTqN Fl ! I02(KqXqSrP,Z*KP)  
D I M E N S I O N  X l l ) ~ S ( l l ~ ~ ~ l ~ , Z I l )  
F P l U 7 = l O W  P+G(3) \ 

RFTURN 
E M D  





- 
WJ 

u ' 
LL 

C 

X 
u ' 
LZI 
h 

W 
LL - 
u r', 
* a 

CL m 
0 LL 
W 
r X  

X Cr\ 
F- fi 

C * 
W N 
n L * L! 
r L 

X LL 
IL? U 
rc N 

C r 
H Y 
k1F.P. 

.mbac? 
Ll'aLCHd 
3=-Hwt 
r g  n W- 

CPH N U '  
FA C 

,xax- 
cZ?a-icza 
~ r t d r " ? C u  
4 r+ *d 
4% )*?+.rr 
rDb r 

h ' + & d ' - h &  
,---r' 
*C+ k-w 
b!< W a d  
CTb-Tb 
nc%HBcn 
Cr_O[YOCK 
Zk=5.LL=r 



OOOBO - 1 1 3 0  F O S M f i V l f  f ,  ? O X  , # f I I t r h X  , # O F , G F # t 5 5 X q F 5 * 3 )  
0 0 0 8 :  - W R I T E  i 1 7 , 1 1 2 5 )  R ( 5 7 )  
0 0 0 8 ~  -1125 F 0 9 M A T  ( f  f ~ 3 O X ~ # I V # ~ ? X ~ # D F , G F # v 5 5 X q i F 5 * ~ )  
0 0 0 8 3  -C 
OOfl84 -C W ? I T C  OVFRWTNTEQ EGG F O 2 T A L T Y Y  R4  TFS 
0 0 0 8 5  -C AFTER PHPSES I ,  11, T I 1 9  I V  
O F O 8 F  -I: 
O U O S ?  0-  W R I T E  ( 1 7 r 1 1 3 0 )  * 1 5 S )  
00088 - 1130 F n Q Y A T ( $ 0 # 1 9 X I # O V E R W T h ' T E R # 9 9 X ~ t I  - I I # , = X ~ # D F I G F # , ~ ~ X , F " . ~ )  
0 0 0 8 C  - W?ITf f i ? ,  1 l b O )  9 ( 53 )  
D009C - ills F O R Y b T l f  f ,?7X,f  IT - I I I # , ~ X V ~ ~ F ~ G F ~  , 6 7 X t F 5 * 3 1  
a o o q  - WRITE I I T , ~ ~ ~ F )  ~ ( 6 0 )  
0 0 0 9 ~  - 1150 F P R M A T t f  # , 2 7 X , f I I I  - I V  D F , G F t r h 7 X  v F S * J )  
n o o s 7  - WQITE (17,11551 ~ ( 6 1 )  
0 0 0 9 4  -1155 F q P Y A T  4f # , 2 7 X , # T V -  # , 5 X 9 # D F v G F f  9 6 7 x 1  I F : - 3 )  
O O q 9 c  -C 

W R I T F  N C v T N B t  E G G  MATS S I Z E  
P Y A S f S  1 9  I T ,  1 1 1 9  I V  

00095 - W S I T F < 1 7 r  1 i 6 O f  R (53) 
O O i O D  - 1 1 b O  FnRMAT(# f t 2 4 ? f - f ) / # U  N O P I N A L  FCC M P f S  S I Z F f r F X ,  
O O i O i  - C # f # ~ ? X ~  # D F q G F f  * ' 3 2 X 9 F 5 m 1 )  
OCl102 a W R I T E  1 1 7 , 1 1 7 0 )  R(54) 
O O I O ?  - 1 1 7 0  F C Q M h T l  # f t 3 0 X t f I f # , 7 X , # D F 9 G F f  9 8 2 X , F 5 *  1) 
0 0 1 0 4  - W Q I 7 E I L 7 ~ 1 1 S O )  P i 5 5 1  
0 0 1 0 5  - 1 1 8 0  FOP,'lA'ff# f 7 3 0 X  9 * 1 1 ? # , 6 X  ,#OF , G F f  ,€'2X,FSol) 
D O I D E  - WPITE ( 1 7 , 1 1 9 0 )  p(56) 
0 0 1 0 !  - 1 1 9 0  F O R M P T  ( Z l X q  f I V # r 7 X ~ f O F 9 G F # T 8 2 X ~ 1 F 5 m 1 )  
n o i o .  - RFTUQN 
O O i O C  - END 
C O D  CN T N P U T  U Y I T  
001301  - S U B R O U T I N E  T P B t E 3 ? ? X ,  P) 
O O F r J 2  - D I Y E N S T O N  X l i )  9 9 l i )  
0 0 0 0 3  -f: 
0 0 0 0 4  -C COMPLET'F TASCE 3 B Y  WRITING THE P H A S F - S P E C I F I C  MEAN 
0 0 0 0 5  -C F G G  D E N S I T I E S  F O R  P H P S E S  I, 1 x 9  I T I r  f W r  AN@ THE 
o o n o e  -c  AN^ T H E  O U T ~ S E  A K  R E C I S T  RIRUTION COEFFICIENT 
0 0 0 0 7  -C 
0 0 0 0 6  - W Q f T F I l 7 r 3 0 0 0 )  ( X q I )  I = 1 , 4 )  
O OOO? - 3 0 0 0 - F O R M A T (  t O i .  1 3 5 ( # - # ) / f -  PHASE S P E C I F I C *  I 
Q C O I ~ ~  - .,2 H F a N  F G G  OEP'SIfIFSt I = f r F 7 . 3 r #  T I = t r F 7 * 3 ,  
0 0 0 1 2  - ITI=f q F 7 - 3 ,  t I V = ? ,  I F 7 0  3 )  
O O f l 1 ~  - NRITF (17,29991 @ ( 6 ? )  
0 0 0 %  3 - 2999 FORMnT i # O S E D I S T R f  BUTTON COEFF I C I E N 7  FCQ T H E #  9 
3 0 0 1 4  - C# O U r W F A K t  f ,F7,3) 
!I0015 - R f  PUPN 
O Q O i t  - F N D  
E C Q  CN INOUT U N I T  
O O O O i  - S U 3 R q U T I M E  T P Q L E I 2 Z P )  
OC002 -c  
013003 -C TYTS R O U T I N E  WQITES THE TWO SPECIALLY F O R Y d T T E O  O U T Q R E 4 K  
OOr304 - C  SUMPASTES ?EFEPSE!I TO PS TAPLES 1 AW9 2. 
OOOOE -rl: T A q L E  1 f IVcS THF I N F U T / O U T P U T  V P R I A 3 l . E  V R t U F S t  BY DWASf r 
rJ000E -C OVER THF C O U P S F  OF THE QUTSRCAK, T A S L E  ? CONDENSES T H I S  
0 0 0 0 7  -C I N F O 4 M A T I f N  ~ U Q T H E R  ANC G I V E S  T H F  MI)STAL ITY  A N 9  TOP KILL 
0 0 0 0 8  -C E X P E C T 1  OFS N H I C H  C O P P R I S E  THE ?TA AD POST-OUTRREAK I " f l C E L o  
OCOOC -C 
OO0l.C - C f Y E N Y T O N  R(1) 
O O O l j  - O I Y f N S I O N  ISPECIES-Ib)  , I C ( l 5 *  33 AI i . 5126 )  r C  Z1E:qS) rdNOQf ( 1 4 . 5 1  
0 0 0 1 ~  - D T Y E N S T O N  WT (15) 
9 0 f l I Z  - O I Y E N S I O N  I P H b S E  4 4 )  q P P f Z 1  1 2 )  
0 c n i :  - p D T A ( f I P H A 5 F 1 T )  t T = 1 , 4 ) = f T  $ 1  f * # I 1 1  # , f T V  $ 1  
n o f l i ,  - DATA ~~TSP€CIE5(T),T=1,E)=#DOUG#I#fLAS-#t~FIR * r f  G R A f t  
0 0 3 1 6  - !' $NFI F # , # I R  t) 
0 0 0 1 7  -C 
0 0 0 1 8  -C Q R T P I N  T I P F  AND D 4 T E  
013nic -c 
0002C - T I V E = O s  
00021 - EAT 5 = 0 e  
0 0 0 2 ;  - FU=0. 
0 0 0 Z C  - C A L L  X Q F Q f 3 3 8 9  0, O , E V r T I Y E )  
0 0 0 2 4  - C a L L  XREQ (3?P,F, O1E-, P 4 7 E )  
OOfl25 -5 
6 0 0 2 5  -C OPT A T  N 7HF T O P - K I L L  1AHOQT) AND SECDNDASY 
0 0 0 2 1  -C H O ~ T P L I T Y  t F B I  D T  ~ T R I ~ U T I O N S  FOQ T H ~  *OOFL 
OOn.28 -C  AWfJQT V A L U E S  A 9 F  R E d Q  I Y  A 5  F O L L Q W E *  
3 0 f l 2 F  - C  F Q O M  LtfN 13  I O O U G t A C  F I R  M O R T A L T T Y  I N F O o ) :  
0 0 0 3 1  -C A M Q R T  (1931 I,J=1, 7 C O N T A I N  F I R S T  7 FFCOQES 



S R t I q J )  J=1* .o*h ,  I = 1 , 2  C O Y T A I N  L B S T  2 RECORCS 
FPOH LUN f 4  {GRAND F I R  MOqT4LTTY I N F O m )  3 
A P O R T I 1 , J )  J=t,...r7, I = R , *  *.,14 C C N T A I h  F f S S T  7 Q E C D F D S  
E B ( I , J )  J=7,0mm ,129  T = l , 2  CONTAIN L A 5 T  2 RECORDS 

T V d P I F S  W I T H  P F r Z C f F T  OF CRCWN f?EFOLIdTED: 
1 OP 3 3 3 0 - 1 5 % :  2 O F  9tI16-35%: 3 CR 10?t36 -65%:  
4  OR 1 1 l : t 6 - R 5 % :  5 0 6  $ ~ 1 : ~ 6 - 9 5 % :  6 OR 1 3 2 2 9 6 - 9 9 . 5 % :  
7 OQ 1 4 3 t 5 9 o 5 - 1 O C 4  

VALUES RFAI! I N  FCR A V C Q T 3  
AMOPT I T *  I ) = E X P f  C T A T I C N  O f  D I R E S T  PC?TbL ITY  
F O L L O W I N G  PRE C C N C I T T O N A L  E X P F C T A T I D N S  9 G I V E N  
Y U Q V I V A L  OF O I R F C T  YPqTALTTY 
AMOPT I T 3 2 1  =NO TOP KILL n A Y A G E  
APflPT fT,3)=CEBDER Y I L C  
AMqPT ( 1 1 4 )  = I - 1 0 %  TOP K I L L  
A M O R f  ( 1 1 5 1 = I - ? 5 %  TOP K I L L  
AMOPT (1*61=1-50% TOP KILL 
A P O R T I I ; ~ ) = ~ - ~ ~ %  TOP KTCC 
YALUFS OF P Y O i i T  4 S  RECLILC1JLATEO F O R  OUTPUT 

AWlST I 1 9 1  9 = E X P E C T A T I O R  O F  D I Q E C T  MGRT4LTTY FRPM Df TP 
A ~ C o T f I q Z ) = f X P E C T A T I C N  OF S F C O N D A R Y  M q R T * ,  ALL CAUSES 
A H O P V ( I q 3 ) = E X P E C T B T I @ N  Q F  TOP K T L L ,  ALL ELGREFS 
d W ? T ( I , % ) = F X P E C T f i T I P N  O F  GqOWTH R E O U C T I C N  ONLY 
A M O R T ( I , S ) = f X P E C T A T I O N  9 F  t E P @ E f ?  K I L L  CNLY 
4 V Q R T  (I , 6 ) = E X P E C T A T I O N  OF 1 - 1 O Y  TO@ KILL 
A M O ~ T I T , ? ) = € X P E C T A T I 9 h  O F  1 1 - 2 5 %  T O P  KILL 
Aw9YT (I* 8 l = E X P E C T A T T O N  OF 2 6 - 5 0 ?  TOP K I L L  
A M O R T ( I t 9 ) = E X P E C T A T I O h  OF 5 1 - 9 9 %  TOP KTLt 

FnR P Q  A R R P Y  I = i  SIGNIFTES SECONEARY Y O R T A L I T Y  
DUF T 0  B d Q K  FFETLE 
I t 2  S IG V T F I F S  SFCON t A Q Y  M O R T A L 1  T Y  CUE TO OTHE? CAUSES 
PBI  T 7 J = I  O R  7 ) = F X P E G T *  OF SECOND. POQT. r f  I V F N  
NO T O P  Kf LL DAHAGE 
PR(T ,J=2  OR p ) = E X P E C T ,  C F  S E f O N C *  WORT., G I V E N  
ILFADFR K T L L  
@ 9 1 T , J = 3  O R  9f=FXP'CT, S F C O N f *  PORT. G I V E N  0-10% TOP KILL 
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Subroutine TABLE12 flowchart 

START 9 
OBTAIN 
TIME AND I 0.7 

READ IN TOP- 

MORTALITY 
DISTRIBUTION I I 
SET UP A 
POSTOUTBREM 
MODEL TABLES 

REWIND 

INITIALIZE CROWN 
DEFOLIATION 

WRAMETERS 

INITIALIZES OUTPUT 
FORMAT CONTROL 

BEGIN NEW PAGE 

IFLAG = 0 

BEGIN NEW LINE 
1 = 1 + 1  

READ IN ONE 
RECORD (TREE 
C U S S )  FROM 
OUTBREAK 
SIMULATION 
RUN DATA FlLES- 
CALCULATE ALL 
OUTPUT VALUES 

POSTOUTBREAK 
DISTRIBUTION 

Note: The numbers inside symbol are statement labels in the code for 
the subroutine TABLE12. c' 



Subroutine TABLE12 flowchart (continued) 

t , t 
WRITE LINE I WRITE BOTTOM 
ON UPPER HALF 

LINE I BEGINS NEW 
PAGE, TRANSFER 
TO LlNE 1 STORAGE 
VARIABLES 

HALF OF PAGE J = J + 1  
A JMPFLAG = PI 

I t 1  

I WRITE NEW 
PAGE HEADING 



APPENDIX B VERSION 2.2 VERIFICATION OUTPUT 

Model parameterization 

Simulation output 

Page 

77 
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Inputs : 

LUNl 

LUN13 

LUN14 

APPENDIX C VERSION 3.1 VERIFICATION 
INPUT AND OUTPUT 

P a g e  

Outputs : 

T a b l e  1 

T a b l e  2 

T a b l e  3 

T a b l e  4  



LUNl  
- - - -- - -- - -- - - - . - - -  - -  . - - *----a ---- 

f l O O O 1  - 2 i d  1.0 35.0 144.0 5 1 3 e G G  93060 0.1 i. o c @ o ?  - 2 7 -  1 9 0 .  52.{.-1$!+9D 5GF*40---$$.:-g1 P - * 5 - - - 1 . . - . . -  
b d O a 3  - 2 - 1.0 1.d 4 . 3  5C.4C 1.k 3 
5 0 0 0 4  - 2 1.0 1.0 35:9 lk4.O 5(!,+3 93.60 2.6 4 

QC.4 5- I. 4 -..-a- -, 0 .  . - ..-.- &-$--.--a I .-. . s Q , . u T - . - & v & - S - - - - - p  
0 0 0 0 6 - 2  1 0 0  is!? 35.6  IbQmO 5C.40 93.60 3.5 6 
C 0 0 0 7 - 7  1 1 . G  35.0 4 5 0 . 4 0  93.60 G.0 7 fjfjffeq - 1 - 1.4 - -C*-*----*-*&-*-F--*---- 

o o o o s  - 2 1.9 1.0 3 5 . 0  144:3 h : 4 ?  93:60 5:u 9 
I 2-2- --f-* J---- o f l o i o  - 2 1.3 -Ie[- -+w - - - -  f&:# *-$u ;::gi- -gtt--+: . 43 

06012 - 2 1 . 3  i m 0  35.0 144.0 5 0 . 4 0  93.61; 1 D . C  12 
. , , . --&..Q- -'.-- r ~ - n ~ M ~ " o - a - ~ - ~ n ~ .  

O O O l t - I  1.0 1 33.0 l l i G . 0  3 0 . 0  7 0 . 0  0.5 14 
OiOG15 - 1 1.0 1.0 30.0 106 .0  30.0 

- -+ ---- ** ---- 7G.f l e i 2  IS 
t +--3-h-6--- -to c . e +%------ c" . e--t6------ 

60617 - 1 1:0 1.0 3 5 . 0  100.0 30.5 70.0 3. G 17 
aoo 18 - .+A+ i 

- -nao-r-s - fz+---jw-- --~~--~+++&&--- 
0 0 0 2 0 - 1  I:O 1.0 30.0 1 0 0 d  30.0 70.0 4.5 20 - - -  5 - - 
00022 - I 1.0 1.C 3 0 . 0  100.0 3w f 0. O 6 e 0  2 2  
06023 - i 1.0 1.0 30.0 100.0 3 0 . 0  

-- -*-+--***---*--=*-.-* " 70.C 8 a O  23 
1- 56.u . r6-i;6 . t t I d  c 1  

EOF ON INPUT U N I T  

0 0 0 0 1  - 3 . 0 3 1  
0 6 0 0 2  - O * O O O  
0 0 0 0 3  - 0 . 0 0 9  
OD004 - 0 .020  
00005  -0.173 
00606  -0eh77 
00007  -0.923 
oCco!3 - 0 1 0 6 4  
00609 - 8  a076 
€OF CN INPUT 

O Q O b 1  -0.000 t.940 D o 0 3 5  0,013 0 .017  3e021 0mQ25 
00g02 - O . t C O  0.867 O * C 9 0  5.331 6.639 3 * 5 * 1  0 . 0 4 2  
O O u Q 3  m O e ~ F 9  G e 7 i i !  0.138 0 . 0 9 5  3 r i 2 8  0mf41. 0.150 
6 6 0 0 4  -am028 C.569 0.183 ileili Om157 0.209 D e 2 Q 8  
00005 -0 .173 C.493  fie260 0 . 0 7 5  O e P O S  0 . 1 2 3  8 .267 
OtC06 -0.477 G o 4 6 0  00139 C . 0 9 1  0.135 C.135 9.351 
00P07 -0 .923  G o 4 6 0  ~e 189 9 . O B l l / ( i * l 3 5  0.135 5.351 
0 0 0 0 9  - 0 o i i i 4  C.005 C ,  ~ 2 2  0 . 3 3 3  O e C 5 . 3  0.b72 
3 O M 9  -0 .629  C o o 2 1  0 . 1 3 2  C o 8 6 C  O e O D O  011+3 
tOF ON INPUT U K f T  

The value 0 . 3 3 3  for this parameter was used for validation simulations. 
The updated value 0 . 0 3 0  should be substituted for any further use of this 
parameter. 
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FOR THE GRANO F I R  35.000 / 65.000 TREE CLASSES 
- - . - . - - - . . .- - - -- - - 

SF I PHASF I1 
OUTPUTS INPUTS OUTPUTS ---------------------------------------------.----------------------------.---------*------------------------------..--------.--- 

TREE NUNSEEOF VIABLE TOTAL PERCENT OEFOLIA- VIAALE REOIS- VIABLE TOTAL PEQCENT DEFOLIA- VIABLE REDIS- 
CLASS EGGS FOLIAGE NEW - T ION S T E W S  _ _ EGGS TRI3UTED EGGS FOLIAGE NEW TION EGGS T R I  BUTEO NO. 3 f b l l P a S  r ' b t r l f c  C-- 

(NO.) (GRAMS) ( % )  ( X )  1NO.k (NO01 (NO.) (GRAMS) ( % I  ( f  1 (NO.) (NO.) 

11 1. O O D  217.221 9 7 0 0 4 2  36.994 63.828 l 0 98 m098 e015 86.404 39.715 40.001 a0 0 3  . 0 0 3  -.-. ..--.---. ---. .----.->. -"."..-, 
1 2  1.000 204.226 76.869 42.057 71.615 .Oh6 e046 .OD7 73.227 44.182 49.150 0 0 0 1  o 0 0 1  





00 - -..-.. t sa lFg-2,_-$? z t ? y -  - 7- 
lo 

. - - - - - - -- - - - - - FOR THE GRAND F I R  35.000 / 65.009 TREE CLASSES 

--%!i!ks WPW:: : m r o  L N By PHASE t l-------------------------------...--.-...... T OF t PROPORTION OF TREFS RFCFTVING: 

NO. TREES PER FGGS t--------------------~-~.----- TOTALLY 8 DIRECT SECONDARY TOP ONLY GROWTH 
- - - - . -- - . --- - -- T~~~~ T  T T T T - T T V  - . -  M n O f d l T T V  . 

- - - 

TPE? NUMSER WEIGHT INITIAL 8 PROPORTION CF TREES sv r GROWTH IN SURVIVING a DIAMETER G R O W T H  IN 
-RE%u€F€eW-f- 

ct NO. - TREES 0 F  PFR OR- - -m= .----- ----------------- m f !---!iI:-I?!.$ikk 
TREE "HASE I r 0.C 5.0 17.5  37 .5  76.0 3 OIAMETER HEIGHT . - ." ---. - - -" 

8 PERCENT OF NOMINAL -*---.------------------.-------------.------.----.----.----.---------------.----------------.----------------------.--- 
1 - 1 a& -- - A ~ &  - d l - - - d U z - . n n . .  R , Mi!! ~ ~ . o n  qn.0 A qn, na 
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TABLE 48 M I A I L  RUN INFOClMArIONt PAGE 1 
- -. -- - - T O U R # ~ - ~  

m G E  F % NFW F - 
T RE€ CLASS I I 1  111 I V I I I I11 IV I I I 1 1  1 I V 

-- T"I RD ISJSTmT -I---"-- ". am----- - -- ----.- TmmmT-l A ' .-"" "" 
FOURTHAR L A N V A ~  

F B 6 E - U C & F I S - I n - n n v - E U - F - Q C I m -  - - F Q r Z ~ 4 S - E I R 3 Q + o 4 % X M f C C I ~ E -  -- F O R D O b l G h 4 , S F I R 3 4 . 0 6 % N E L 3 F Q L I A G E  

TREE CLASS I I I I1 I - -- --I" - I I I I 1  I I I I I1 I I V 
-- .- - _._. . . I" 

- -- - - 

FALL PUPAE 

~ o ' ~ - m - m - - m  .---35-;1)m-m w m L I-acr . - -. - . . . - - - - - -  " - .  - -  . " 

r n F F u - -  -- -. -1. -. -- . --= 11L - I u 

FALL PUPAE 
- - - - - - - - - - - - - - --- - -- - - - - - -- - - - - - . - - - - - - .- - - -- 

FOR DOUGLAS F I R  30.00% NEW FOLIAGE 
- T W  <!%f - - -  -- f 3 4  - -  ---- -- - -- ---- - - - - ---- - 



The mission of the PACIFIC NORTHWEST FOREST AND 
RANGE EXPERIMENT STATION is to provide the knowl- 
edge, technology, and alternatives for present and future 
protection, management, and use of forest, range, and related 
environments. 

Within this overall mission, the Station conducts and 
stimulates research to facilitate and to accelerate progress 
toward the following goals: 

1. Providing safe and efficient technology for inventory, 
protection, and use of resources. 

2. Developing and evaluating alternative methods and levels  
of resource management. 

3. Achieving optimum sustained resource productivity 
consistent with maintaining a high quality forest 
environment. 

The area of research encompasses Oregon, Washington, 
Alaska, and, in some cases, California, Hawaii, the Western 
States, and the Nation. Results of the research are made 
available promptly. Project headquarters are at :  

Anchorage, Alaska 
Fairbanks, Alaska 
Juneau, Alaska 
Bend, Oregon 
Corvallis, Oregon 

La Grande, Oregon 
Portland, Oregon 
Olympia, Washington 
Seattle, Washington 
Wenatchee, Washington 

Mailing address: Pacific Northwest Forest and Range 
Experiment Station 

809 N.E. 6th Ave. 
Portland, Oregon 97232 



The FOREST SERVl 

# k y  greater service to 

W i o n a i  origin. 




