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1.0 INTRODUCTION

1.1 Background

_ Root diseases are pervasive throughout most of the
forested lands of western North America. Smith (1984)
estimated that root diseases cause an annual average timber
loss in the western United States of almost 240 million
board feet. 1In British Columbia alone, estimates of losses
of Douglas fir to one root disease species - Phellinus
weirii - exceed 1 million cubic meters annually (Wallis,
:1976).. Problems with root diseases occur throughout the
province, with coastal stands being primarily attacked by
Phellinus; while interior stands may be subject to Phel-

linus, Armillaria, blackstain, or tomentosus root diseases.

In response to the effects of root diseases, the U.LS.
- Forest Service and ESSA Ltd. recently completed development
of a simulation model of root disease impacts to be used in
-silvicultural planning. This model simulates the spread of

‘Armillaria-and Phellinus root diseases, and calculates their

impacts on stand growth, yield and mortality. The model was
developed through cooperation between root disease and stand
growth research scientists, silviculturalists, and forest
pest managers.  Members of the development team included
‘staff from the B.C. Ministry of Forests and Lands, and the
Canadian Forest Service. The model development effort also
included model sensitivity analysis, development of model
user guides, improved root disease inventory procedures, and
é model communication package. The resulting model
represents the best current understanding . of root disease
dynamics in western North America. It is now being used by
silvicultural planners in the USFS on a pilot project basis.

1.2 Project Obijectives

Discussions between BCMFL staff members and ESSA Ltd.
indicated substantial interest in using this model for

“exploring alternative management regimes in B.C. stands.



~Interest was expressed in using the model initially as a
technology transfer tool, to help make forest and pest
managers more aware of the effects of different management
activities on root disease. Through a preliminary explora-
tory application of the model, the BCMFL wanted to assess
how useful the model was to managers, and to develop a stra-

tegy for model implementation in the BCMFL, based on the
need for such a modeling tool.

Therefore, the objectives of this project were to:

1. develop and simulate a number of root disease con-
trol and management scenarios for some example
B.C. stands;

2. present the results of these scenarios, along with
a description of the root disease model to groups
of forest and pest managers in workshop sessions;
and

3. assess the utility of the root disease model for

: B.C. ' based .on the results of these workshops, and
develop recommendations for implementation of a
root disease model in the BCMFL.

1.3 Description of this Report

' The remainder of this report consists of three main
sections. Section 2 gives a detailed description of the
structure and operation of the root disease model. Section
3 presents the scenario results and discusses the implica-
tions of the results for root disease management in the B.C.
Interior. Section 4 summarizes the discussions held during
the workshops on the utility of the model Ffor forest
‘managers in B.C., and outlines a process for an implementa-
tion of the root disease model into the BCMFL system.



2,0 DESCRIPTION OF THE ROOT DISEASE MODEL

2.1 Overview of the Model

The root disease model (McNamee et al. 1986) simulates

the dynamics of infection and spread of Armillaria spp. and

Phellinus weirii root disease from tree to tree inside

centers or patches of infection. The model uses the spatial
relationships between location of inoculum patches, and the
distribution, species, ahd sizes of trees in the stand (as
well as other factors) to predict the spread of infection.
Persistence of infection between stand rotations is also
- simulated.

The major relationships captured in the model are: the
relative susceptibilities of trees to infection and death
resulting from root disease attaék, disease related growth
reductions, decay of infected root systems, and lifespan of
root disease pathogens. Physical or biological events that
weaken or Kkilil trees (including windthrow, and attack by

» i.pine-beetles.or bark. beetles).can optionally be included in

the simulation.

Major Model Components

The system of models that collectively comprise the
root disease model are shown in Figure 2.1. The stand growth
model to which the root disease submodels are attached is
responsible for simulating stand growth and mortality dynam-
“ics,tandﬁfor implementing stand management actions (such as
‘harvesting, thinning, regeneration, etc.). A brief descrip-
tion of the PROGNOSIS stand model (to which the root disease
model is currently attached) is provided in section 2.2
below.

The root disease model itself is divided into the fol-
lowing three major submodels:

1. Stand Interface. This model computes the sum
' effects of root disease and other agent impacts on
the stand growth and yield indicators;
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Figure 2.1. Primary components of the root disease model.
The major root disease components are enclosed
by elipses; the major stand. growth components
are shaded. Also shown are the types of infor-

" mation that pass between model components.



2. Root Disease. This submodel computes the spread
- of root disease and its impact on the .stand, given
the. nature of the host stand and management
actions taken in the stand. It can simulate the
dynamics of either Armillaria spp. or Phellinus
weirii; and

3. Other Agents. This submodel computes the impact
of other major sources of timber mortality in the
~stand which may influence root disease dynamics.

Figure 2.2 shows the order of calculations in the combined
" root ‘disease/stand growth model. Tt delineates those major
calculations which already exist in stand growth simulators
(such as PROGNOSIS), and those which were developed as part
of the root disease modeling project.

‘The major root disease submodels are described in more
detail in sections 2.3 - 2.5 below.

. Management Actions and Indicators

There are two major classes of management actions in
the model (Table 2.1): actions that influence the nature of
the forest and actions that directly influence the spread
and. impact of root diseases. Most of these management
actions are under the control of the stand growth model
itself. The root disease model implements only one manage-
ment action specifically used for control of root disease -
~that of "pushing” or removal of infected stumps and their
‘root systems. This option can be requested in specific
years and with a factor specifying the efficiency with which

roots are removed.

Management indicators are those variables which are
used to evaluate the consequences of management actions on
the stand and on root disease. Thére are two classes of
indicators in the model (Table 2.2): indicators of the bio-
logical status of the timber resource, and indicators per-

taining to the progression and impact of the root disease
itself. '



"READ INVENTORY, GET INITIAL CONDITIONS
ESTABLISH DEAD TREE/STUMP LIST
FOR FACH GROWTH CYCLE
APPLY STAND MANAGEMENT
UPDATE DEAD TREE/STUMP LIST
_ESTIMATE NORMAIH%ROWTH AND MORTALITY
COMPUTE RADIAL EXTENT OF ROOTS
UPDATE DEAérTREE/STUMP LIST
CALL OTHEP!' AGENT SUBMODEL
CALL ROOT é&SEASE SUBMODEL
SPREAD MODEL
WITHIN CENTER MODEL
CARRYOVER MODEL

CALCULATE ACTUAL TREE MORTALITY
CALCULATE REAL%EED TREE GROWTH
' UPDATE DEAD TREE/STUMP LIST
.CALL ESTABLISHMENT MODEL
UPDATE STAND ATTRIBUTES

DISPLAY INDICATORS

END GROWTH CYCLE LOOP

y

END
‘Figure 2.2. Order of calculations in the root dlsease/stand
model. Italicized steps are contalned in

Progn051s



-Table 2.1. Management actions for the stand and for
root disease.

A. Species Manipulations
- shelterwood
- clearcut, plant species
- clearcut without planting
- selective thinning
-~ understory fire
- seed source selection
- fire management
- sanitation cutting
- diseased trees
- Site Preparation
- burning
- fertilization

—~ scarification

2:w BeoDirect Root Disease Treatment

- stump removal




Table -2.2.

A. Stand

Management indicators for the modeled stand
as a whole and for root diseased areas.

sample tree attributes

- growth rate

- mortality rate

- height

- diameter

- volume

stand attributes

- periodic annual increment
- volume

~ species composition

- diameter distribution
- basal area

~- tree height

= stand density

B. Root Disease

area infected

$ infected stumps/unit area, by
diameter class and species
spread rate

number of trees killed

volume of wood killed

number of root disease centers

basal area inside root diseased area
wood volume inside root diseased area
density of infected and uninfected
trees inside root diseased areas



Spatial Resolution of the Model

The model provides a detailed representation of timber
and root disease dynamics within a single stand. This is
an area ranging in size from 5 to hundreds of acres, and can
be considered homogeneous in terms of physical characteris-
tics such as slope. This level of spatial resolution is
most useful for silvicultural planning, and at the same time

preserves the essential spatial dynamics of root diseases.

Within the modeled stand, the model maintains essen-
tially two separate areas: those areas not currently
infected with root disease (areas ‘"outside" root disease
centers}, and those areas "inside" root disease infection
centers. The infected portion is further disaggregated into
separate circular infection centers, each characterized by
the location of their centers and their radii. This spatial
" resolution ~allows :expanding-infection ‘centers to be modeled
as unique entities with expansion rates which can be calcu-
lated . according to certain rules (see section 2.4.3 below).

..In addition, the residual distribution of inoculum in the

stand (e.g. after a clearcut) can be considered, and the
probability of new infection centers being initiated at
various locations can be estimated.

This structure can be used to represent a wide contin-
uum of root disease situations:

1. 'a stand with a series of discrete ‘infection
centers which may or may not overlap;

2. a stand with scattered mortality throughout and no
discrete centers. This can be considered as one
large infection =zone with a certain level of
infected and wuninfected trees, and infected dead
trees and stumps; and

3. . a young stand with a large amount of inoculum from
- 'disease centers in the previous stand which will

'give rise to a number of new infection centers in
the region of previous infection. :



" Time Scale of the Model

The time horizon of the model is from 80 to 300 years.
Within these time frames, users can examine the effects of
different management actions over one or several stand rota-
tions.

The root disease model runs on the same time step as
the stand model to which it is attached (in the case of
-PROGNOSIS a- typical time step is 10 years). If root disease
carryover from one rotation to the next is simulated (see
section 2. ), the user must run the model in shorter time
steps (e.g. 5 year steps) in order to effectively character-
ize disease in the new, developing stand. Particular root
disease processes, such as spread rate, are simulated on an
annual basis and extrapolated for the length of the model

time step.

" 2.2'The ‘Stand Growth Model

Underlying the root disease model 1is a stand growth
simulation model that simulates the growth, yield, and
regeneration of the stand, and implements the various
management actions selected by the user. After the root
disease model cbmputes the impacts of root disease 1in
infected areas of the stand for a given growth cycle, it
‘passes:-measures of tree growth and mortality back to the
stand model such that the state of the stand as a whole can
be updated.

The root disease model is designed to be linked with
any stand model that supports descriptors of trees or tree
classes (including species, density, DBH, height, etc.) and
which can operate on the spatial and temporal scales
'required by the root disease model. Currently, the root
- disease model is 1linked to the PROGNOSIS (version 5.1 )

stand growth model (Stage 1973; Wykoff et. al. 1982; Fergu-
son and Crookston 1984}).



The PROGNOSIS model is designed to project the develop-
ment of mixed species, even and uneven aged stands. The
model .is initialized with a list of sample trees which col=-
lectively represent what the results of .an inventory of that
stand would be at various points through time. Information
about sample trees is used in conjunction with a description
of the inventory sampling design to estimate stand statis-
‘tics such as volume per unit area. Other information about
sample trees, (e.g. total height, crown ratio, past growth
increment), and about the site of the stand (e.g. slope,
aspect, elevation, and habitat type) may dptionally be pro-
vided by the user. PROGNOSIS produces stand yield estimates
that are weighted average effects of the various factors
that influence stand growth. One or more "extensions" to
PROGNOSIS can be used to explicitly include interactions

- between the stand and events such as establishment of regen-—

“erating stands, pest outbreaks, and understory development.

1In addition, the results of PROGNOSIS runs can be evaluated

by a separate economic analysis program. For further infor-
~mation about PROGNOSIS, see Wykoff et al. 1982 and refer-
ences cited therein.

2.3 Stand Interface Submodel

The stand interface submodel integrates the effects of
. root- disease ‘impacts, other agent impacts, and root disease
management on the growth, and yield of the stand and its

root systems. In particular, this submodel:
1. sets up initial stand and root disease ' conditions
inside root disease centers.

2. maintains a dead tree/stump list as sources of
inoculum for root disease transmission;

3. predicts radial extent of tree roots;
4. reconciles mortality predicted by the stand model

with that predicted by the root disease and other
agents submodels; and



5. simulates growth losses due to root disease.

Dead Tree/Stump List

PROGNOSIS describes the stand as a list of tree records
representing the current state of a separate tree class
tabulated at the time of inventory. Each entry in the 1list
is characterized by a series of attributes such as DBH,
height, density, and live crown ratio. Trees from these

- .tree records become dead  trees and stumps = in the root
disease model.

Two assumptions in the root disease submodel dictate
the " nature of the dead tree/stump list. First, a dead tree
or stump becomes an inoculum center only if its root system
was colonized by root disease before its death.  Second, the
» dynamics of root disease spread through a dead root system
- are independent of how the infected tree died. Therefore,
"“the'dead tree/stump list is formed strictly from infected

trees inside the root disease areas which die from any
cause. Trees which die outside the root diseased areas or

“-uninfected. trees which die. inside the root disease centers

cannot become inoculum centers.

The attributes of each element maintained in the dead
- tree/stump list are the:

1. number of dead trees/stumps in the element;
2. type {(e.g. heartwood or non-heartwood):;

3. DBH;

4. root radius; and

5. year in which the tree was killed.

~Root Extent

Root extent equations in the model are linear functions
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of DBH for trees greater than 8.9 cm DBH. Tree height and
stand basal area are used as the predictors for trees less
than this DBH: ' ' |

R=e (-62 log(Ht) + .04 log(BA) - .81)
where,
R — root radius:

Ht - height; and
BA - stand basal area.

The equations for root extent in the model predict
extent of roots 0.5 cm or more in diameter. This diameter
is assumed to be near the lower limit of substrate suitabil-

ity for root disease spread.

- Reconciliation of Mortality

The PROGNOSIS stand model calculates an expected proba?
bility of mortality for each tree record in its tree list at
the beginning of each growth cycle. These mortality func--
tions were developed from inventory data which accounts for
all mortality sources (including root diseases and  other
pests). Mertality from all these sources may be thought of
as the "natural" mortality projected by PROGNOSIS. In order
“that the total- .mortality .applied at the end of the growth
cycle does not exceed the number of trees represented by the
tree record, mortality from the three sources: "natural",
explicit root disease mortality, or explicit other agent
mortality, must be reconciled. Also, the proper mortality
sources must be applied to each 'type' of tree in the stand.
That is; infected trees within the root disease centers must
receive mortality from all three of the above mortality
sources, while wuninfected trees inside the root disease

centers, and trees outside the root disease centers must

receive mortality only from causes other than root disease.



Realirzed Tree Growth

Root disease affects both diameter and height increment

—of infected trees and these effects are modeled as a func-

tion of the proportion of the tree's root system that is -

colonized (Figure 2.3). These relationships are applied
only to infected trees. The actual growth increments for
the +tree records are calculated as tree density weighted
averages of infected trees, uninfected trees inside the root
disease centers, and trees outside the root disease centers.

2.4 Root Disease Submodel

The root disease submodel provides a dynamic represen-

tation of the spatial epidemiology of Armillaria or Phel-

linus weirii within the stand. Figure 2.4 shows a diagram-

- matic example of root disease infection and spread through
‘trees in a disease center, (as well as subsequent tree mor-
tality) as it would be simulated by the model. The model is
vpresently parameterized to reflect the best current under-
: standing of Armillaria and Phellinus weirii epidemioclogy in
‘rthE'InlandFEmpire' region ‘of - the Western United States.

These parameters can be easily adjusted to more accurately

*~ reflect particular pathogenicities and stand conditions.

The model is based on the concept that the distribution
of root disease in a stand can be characterized as a number
of spreading root disease centers, each of which contains
both infected and uninfected trees and other inoculum
sources. The ‘disease patches are defined by their Ilocations
in the stand (spatial coordinates) and their size (radii).
This structure can be used to represent the different situa-
tions and spatial characteristics of root disease:

1. a stand with a series of discrete centers of
infection which may or may not overlap;

2, a stand with scattered mortality throughout and no
. well-defined root disease centers. This can be
considered as one large infection zone with a cer-
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Figure 2.4,

Diagrammatic representation of root disease
infection and spread through trees in disease
centers., Top panel shows 4 trees infected
(light shading); bottom panel (several years:’
later) shows 11 infected trees, and 3 trees
killed (dark shading). Different tree species
are shown with different shapes. Not illus~
trated here are the growth reductions caused
by root disease. '
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tain 1level of infected and uninfected trees and
dead trees and stumps; and

~3..  a young -stand with a large amount of inoculum from
disease centers in the previous stand. This will
give rise to a number of new disease centers in
the regions of previous infection.

Figure 2.5 shows the order of calculations in the root
disease submodel. There are three main sections which arise
from the structure described above:

1. calculation of the - expansion rate of spreading
centers and modeling that spread;

2. simulating the dynamics of infection and inoculum
inside root disease centers; and

3. . handling the "carry over" from one stand through a
clearcut to a new stand with new infection
centers.

All three of these components are complex functions of
mtheuﬁsfzesﬁwdistributionsiwand:specdes,of"theftrees, and. the
sizes, distributions and species of the inoculum sources,
all of which vary through time. In view of this complexity,
the approach taken in the model is to simulate small por-
tions of the stand in explicit detail, noting the exact
position of a number of trees and the spatial relationships
of their roots. The results from these small scale detailed

simulations are then expanded to represent their effects on
.the stand as a. whole.

2.,4.1 Initial Conditions for Root Disease

_ In order to initialize the model for root disease,.four
points must be considered: the number, location, and size
of disease centers; the numbér of live, uninfected trees in
infection centers; the number of live, infected trees in
infection centers and their degree of infection; and the
number of dead infected root systems (and their size and

species) inside infection centers.



ESTIMATE SPREADING
RATE OF INFECTION
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| | SPREADING
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Figure 2.5, Order of calculations in the root disease submodel.

These calculations take place once each growth cycle.



~ Specification of Centers

The root disease centers in the model are each speci-
fied by three parameters: the X and Y coordinates of the
center, and the radius of the center. The model assumes
that the stand is square with the specified area. In prac-
tice, the model user may specify either all three parameters
for each center, or the total area in root disease centers
and the number of centers. In the latter case, the model
assumes all centers are the same size and are randomly dis-
»tributed- across the stand.

2.4.2 Progress of Infection Through Root Systems

- Figure 2.6 shows the basic relationship which describes
the way 1in which live root systems become infected, trees
are killed, and the way the infection spreads in dead,
infected roots. In the model the gquantity of inoculum is

measured in aerial extent since this is assumed to be

midirectly reliateds to the probability of-overlap and infection

{see below).

A major assumption of the model is that the pathogenic
strains of Aymillaria and Phellinus which are modeled will

not attack and colonize totally uninfected dead root sys-—
tems. They will only attack live root systems, and in the
case of Armillaria, will completely colonize the remaining

portions of the infected root system after death. Phellinus

is assumed to be a relatively poor saprophyte and is unable
to compete and colonize the dead root system,

The relationship shown in Figure 2.7 for the progress-
of infection and decay after death specifically relates to
Armillaria; there are two major differences for Phellinus.

First, the maximum proportion of the root system which
becomes infected is that which has occurs at the time of
death. Second, the minimum length of time for which active
inoculum lasts 1s 20 years. The shape of the various por-

tions of this relationship is a function of the size,
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Figure 2.7

DBH When infected (in)

Time from infection to death

for Douglas-fir on Douglas-

fir habitat with Armillaria.

This relationship is modified

for different habitats, tree
species, and root disease pathogen.
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" species, and origin of the tree in question. These rela-

tionships are described in more detail below.

‘Number 'of Years to Kill

The number of years it takes for Armillaria to kill a

Douglas Fir on Douglas Fir habitat in the interior region of
the western United States is defined in the model by the
relationship shown in Figure 2.7. This relationship is then
modified for other species of trees, root diseases and habi-
tats., The rationale for this is that all trees react to
infection in a fundamentally similar way until they are
larger than 10 cm. Table 2.3 shows the factors used for
various tree species, pathogen species, and habitat types.
For Phellinus infecting cedar, it 1is assumed that trees
older than 50 years will not be killed and will reach a max-
imum level of infection of 10%.

Proportion of Root System Infected at Death

The average'proportion of the root system which must be
~infected at the time of. death caused by the pathogen is a
function of the pathogen and the tree species as shown in
Table 2.3.

'Time for Total Root Colonization

Following death, the progress of the disease depends on

- the species of the pathogen; for Armillaria the fungus

rapidly colonizes the complete root system within a period

of 1less than 5 years. For Phellinus the proportion of
infected roots at the time of death (for any reason) does
not increase, due largely to competition with saprophytic
fungi. For both species of pathogen the inoculum then

reduces fairly rapidly from its maximum extent.

Lifespan of Effective Inoculum

The maximum lifespan of effective inoculum is a func-—
tion of the stump size and the species of the tree as shown

in Figure 2.8. The tree species are grouped into heartwood
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types and non-heartwood types. The heartwood species are
bouglas Fir, all pines, western red cedar, and western
larch. The non-heartwood species are true firs, hemlocks,

and spruce.

The inoculum is assumed to decay such that after one
third of the total lifespan only 25% are left, with the rest
decaying over the remaining time. For Phellinus the minimum
lifespan of inoculum is 20 years.

2.4.3 Spread of Infection Centers

The simulation of spread falls into two main com-
ponents: the estimation of the average rate of spread of the
diseased centers:; and the translation of that rate into an
area of new stand encompassed, and the number of new trees
infected.

Estimation of Spread Rate

_+owoto.Spread. rate .is. estimated: by simulating a small portion
of the stand explicitly for a number of years and determin-
ing the length of time it takes for the infection to spread
across the simulated portion. 1In order to control the exe-
cution time of the code which implements this algorithm, the
number of trees in a simulation remains fixed and the area
which is simulated is adjusted to maintain this number; the
total number of stems per acre in the tree list is calcu-
lated by the stand interface model.

Selection of Trees in the Simulation

The entire tree list is scanned in order to select
trees for the simulation. For each tree class where there.
is more than one tree on the area being simulated, that
number of trees is placed in the simulation. In each simula-
tion, if there is a fractional number of trees left after
assigning the integral number of trees per class (or in the
case where there is less than one tree on average in = that

area), a random number is drawn to determine whether or not
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to include another tree of that class. The probability of a
given tree being included in this way is directly related to
the number per area; if there are on average 0.25 per simu-

lated area, the chance of inclusion is 25%.

Distribution Pattern of Stems

The model allows one of two different distribution pat-
terns of stems in the stand:

a) completely random distribution in the simulated
area; or
b) uniform distribution on a grid with a certain

level of "fuzz" on each point in the grid.

In general, the random pattern is most useful here as
grid patterns of planted trees are never perfect, especially
when there is some natural regeneration. However, this
flexibility allows users to investigate the effects of dif-
‘ferent-distribution. patterns: on spread rates of root disease
through the stand.

Probability of Infection

The root systems of trees are assumed to be circular
for the purposes of estimating the probability of disease
transmission. Given the known radius of an inoculum source
and the root radius at an uninfected tree from the stand
‘model, it can be determined whether there is root overlap.
If there is root ovérlap then there is a certain probability
of transmission in each year. In the current model this
probability is set +to 75% for.all tree and root disease

species for a 10 year period; this can, however, be made
species specific.

Simulation of Spread

Each tree in the simulation is represented by five
characters:
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a) the X coordinate of the tree;
b) the Y coordinate of the tree;
c) the radius of the root system;

d) the radius of the infected portion of the root
system; and

e) . the tree species.

The model is initialized with all trees whose roots
contact the baseline (the bottom of the simulated area)
being infected in 1% of their root systems. The model is
then run for twenty, 5 year time steps or until the infec-
tion has reached the opposite side of the simulated area. In
either case, the rate of movement across the simulated area
is used as the estimate of the rate of spread of the root
disease in the stand.

voo: o Spread sig simulated simply by increasing ' the area of
infection of each infected root system appropriately and
then checking to see which other uninfected root systems are
contacted by this. In this model, the probability of patho-
gen transmission is assumed to be 100% if the root systems
overlap.

In order to make the simulation as rapid as possible,
the tree locations are first scanned and the five nearest
neighbors to each stem are noted. Then, in searching for
contacts between the root systems of trees, it is only
- necessary to check the five nearest  neighbors rather than
all other stems.

Spread into Uninfected Areas of the Stand

The spread rate is converted to an increase in the
radius of each disease center for the time step of the main
model. These increased radii are then converted into an

increase in area wusing the area estimation algorithm



described below, taking account of overlaps between root
systems.

Given the increased area inside infection =zones, the
tree list 1is processed and the number of new trees of each
class now inside the centers is estimated. The model assumes
that a certain proportion of all new trees encompassed by
the spreading center are infected directly as the center
expands, ' this 1is the same as the probability of infection
described above (75%).

2.4.4 Dynamics of Root Disease Inside Infection Centers

The purpose of this section of the model is to simulate
the transmission of the pathogen to uninfected root systems
inside infection centers. The transmission process is han-
dled by simulating a small area in explicit detail in a
- similar fashion to that used in the estimation of spread

rates.

The simulated plot is set up with representative inocu-
lum selected from the dead tree/stump list in the same way

‘that live trees are selected in the spread rate simulation

described above. Each piece of inocculum is represented by -

‘its X and Y coordinates and its radius.

Following the construction of the inoculum test plot,
the tree list is processed to estimate the probability that
trees of each class will contact the inoculum. A total of
13,500 stems distributed eqgually among the tree classes are
positioned randomly on the test plot. The proportion of
those which touch an inoculum source is taken to be the pro-
portion of the uninfected trees inside centers which will
become infected in this time step. As before, the probabil-
ity of pathogen transmission is taken to be 75% if the root

systems overlap for a period of 10 years.

2.4.5 Infection Center Expansion on Cutting

At the time of a clearcut it is assumed that there is a
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ring of root systems around the outside of each infection
center that represent those ‘trees which have just been

infected, For Armillaria this means that there is a whole

ring of trees through which the root disease will spread
very rapidly when they are killed. This will effectively
cause the infection center to jump out when the stand is
clearcut. This 1is handled in the model by estimating the
Tean diameter of all root systems in the uninfected stand at
the time of the cut and using this as the distance by which
the radii of infection centers increase.

It 'is possible that the rapid spread of Armillaria
through dead and dying root systems after a clearcut may
temporarily continue so that more than a single 'ring' (i.e.

roots of the trees immediately adjacent to a patch) of root
systems is spread through. This is simulated in the model by
allowing the user to specify how many rings of root systems

will be infected by spread; the current default is one.

. 2+4.6: Root, Disease Carryover Between Rotations .

The way in which root disease centers are affected by
clearcutting and the regeneration of a new stand is
currently not well understood. The model can simulate three

different scenarios:

a) Scenario 1 - the root disease patches from the old
stand cease to exist after a clearcut and the
disease in the new stand arises in a small number
of centers located inside the previously infected
area;

b) Scenario 2 - root disease patches from the old.

' stand retain their integrity, and as the new stand
grows up, the patches spread out again starting at
the old boundaries; and

c) Scenario 3 - after a «c¢learcut and regeneration,
the root disease patches form around inoculum
throughout the o0ld areas of disease and gradually
expand until they coalesce.
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These three scenarios are in pact part of a continuum
-which depends upon the density of inoculum and the probabil-
ity of a piece of inoculum initiating a new spreading
center. If the inoculum is very dense and the probability of
initiating a center is high, then it is wunlikely that the
old center will entirely lose its integrity (scenario 1) and

one of the other two scenarios is highly likely. 1If, on the

other hand, inoculum (stumps) is actively removed following - -

a clearcut, then it is unlikely that the centers will remain
effectively wunaltered (scenarioc 2) and one of the other two
scenarios is likely depending on how successful inoculum
removal was, and on the density of the regenerating stand

and the resistance of the new trees to root disease infec-
tion.

The current version of the root disease model addresses
this complex problem by simulating the processes of infec-
tion from an infected stump at the time of cut in some
detail in a separate model (the carryover model). The basic
~structure is.that the root disease model takes a snapshot of
“the stand at the time of cut and then keeps track of estab-
lishment and mortality in the developing stand until the
time of root «closure and the initiation (in the model) of
new infection centers. At this point the entire time since
the cut is recapitulated within the carryover model with an
emphasis being placed on the events surrounding each type of
infected stump.

The wunderlying question which the carryover model
attempts to address is:

What is the probability of each type of inoculum
present at the time of cut initiating a new
spreading infection center at the time of root

closure?

The model attempts to answer this by considering each type
of inoculum (classified by stump size and type) and estimat-

~ing the probability of infection still being present in some



- 31 -

form at the time of vroot closure and initiation of new
.centers. Given this probability and the quantity of inocu-
lum present at the time of cut, the number of new spreading
centers can be estimated. As in the root disease model, the
carryover model assumes that infection may arise from con-
tact between the root systems of regenerating trees and
either the infected stumps from the previous stand, or
.infected trees and stumps from the new stand.

In the model the weighted mean probability of center
initiation is used as the measure determining the outcome at
- 'root closure. Depending on this mean probability each of
the three scenarios described above and all the gradations

between can be simulated:

a) If the mean probability is low then only a small
number of new infection centers will be initiated
within the area of the 0ld root disease patches

and the disease will spread from these new
patches.

‘b) Tf the mean. probability is - somewhat higher then
many new ‘root disease centers (up to 100 in the
model) may = be initiated. These eventually
coalesce.

¢) . If the mean probability is close to one then  a
large number of infection centers are initiated,
as for (b) above, but the sum of the area of these
hew centers is close to the sum of the areas of
the old centers prior to the clearcut.

The Carryover Model

In many ways the carryover model resembles the entire
root disease model in that it must simulate the processes of
infection, death and decomposition due to root disease; the
relationships used to represent these processes are identi-
‘cal to those used in the main model. There are two critical

differences between the carryover model and the main model:

1) while the main model considers a stand potentially
containing many stumps, the carryover model fol-
lows the gradual decomposition and subsequent
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infection of other nearby trees for one stump of
each class from the time of cut; and

2) the carryover model estimates the probabilities of

- infections. occurring and the probability of

infection persisting at a particular stump rather

than estimating an actual number of infections.

That is, the carryover model produces an estimate

of the number of new infection centers through

probabilistic calculations rather than through the

more explicitly spatial simulation used in the
main root disease model. '

Since the the number of infected stumps in a cut stand may
be guite high it is important to estimate the probability of
carryover for each type even though this may be quite small;
 the probability of infection persisting may be only 1 per-
cent but if there are 1000 infected stumps then this would
result in approximately 10 new infection.centers.

The carryover model loops over finer time .steps than
the, main root disease/stand growth model and simulates the

period from the clearcut to root closure. The time step used

~may be defined by the user; the current default value is 5

years. The basic structure of the carryover model is shown
in. the form of a flowchart in Figure 2.9. In general, the
model loops over each stump type and estimates the probabil-
ity of infection persisting for the period of the simulation
for that type. '

The model first reconstructs the pattern of root
growth, establishment, and mortality for the period to be
simulated, based on information supplied by the stand model.

It then simulates forward separately for each stump type.

_ In each time step of the simulation, for each stump
type, the model estimates the probability of infection of
each element in the tree list given that it has not been
infected in previous time steps. The probability of root
overlap between an uninfected tree and an element of inocu-
lum is estimated by assuming that the trees are randomly
distributed so that the distribution of the probability of
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~contact at different densities can be derived; this proba-
bility distribution was estimated using monte carlo simula-
tions outside of the main model.

The inoculum that is available to infect uninfected
elements of the tree 1list is summarized in the form of a
table of the expected number of sources of inoculum of each
of eight size classes; the midpoints of the sizes in each of
these classes is (in meters): .30, .60, .91, 1.52, 2.44,
4,57, 6.10, 9.14. The probability of infection of an element

<Of the tree 'list in a given year is thus the sum of the pro-
babilities of infection by each of these classes. Note that
sources of inoculum can be the original stumps, infected

trees or stumps from infected trees killed in the new stand.

The probability of infection in each time step for each
element of the tree list is stored and the subsequent his-
tory of that element, infected at that time, is simulated in
terms.of root'grqwth,,the,progress.of-infection, and mortal-
ity. (To facilitate the calculations the number actually
stored by the model is the probability that the element is
NOT infected - one minus the probability that it is
infected).

Location of New Centers in the Stand

The assumption made in locating new disease centers
~within the  stand is that they have an equal probability of
occurring anywhere there was root disease 1in the previous

stand, and a zero probability of occurring elsewhere.

The stand is divided up into 400 equally sized cells.
Each of these cells contains inoculum if its center is
within a previously existing épreading center. The probabil-
ity of any one of these cells containing a new spreading
center is estimated from the number of new centers forming
in the stand (from one of the methods discussed above)
divided by the number of cells containing root disease ino-

culum. Thus, if there are 20 cells containing inoculum and
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approximately 10 new infection centers are expected, then
there is a 50% probability of each cell containing a spread-
ing center.

The model allows more than one center per cell up to a
maximum number of venters in the stand of 100. The location
of centers within each cell is delimited using uniform ran-
dom numbers.

Invoking the Carryover Model

It is most important to invoke the carryover model when
~root closure-suddenly disappears as a result of cutting and
the remaining trees (if any) are unable to exhibit a suffi-
cient growth response to achieve root closure again. Under
other conditions, the rest of the root disease model,
including the spread and within center dynamics are able to
simulate root disease dynamics. Therefore, the carryover
model should be invoked after a clearcut, but should not be
invoked after a pre-commercial thin. The spread rate (which
is . closely related to'root closure) immediately after the
cut. is used to determine whether the carrycover model should
be called. The carryover model 1is called only if this

spread rate is less than 0.3 cm per vyear.

2.5 Other Agents Submodels

The collection of submodels which make up the other
agents component of the root disease model are used to simu-
‘late the influence of a variety of physical and biological
agents on root disease and stand dynamics. Some agents
{such as bark beetles, or windthrow events) may act to pro-
mote the spread of root disease by weakening or killing
trees and thus providing a food source for the fungi. Con-—
versely, agents such as other root diseases may act to limit

disease spread through competition.

The other agents submodels compute mortality to one or
nmore of the following tree lists:
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- the infected trees inside disease centers;
- the uninfected trees inside disease centers; and

- the trees outside disease centers.

The mortalities are used by the stand interface submodel to

calculate the actual mortality of root disease to infected -

and uninfected trees.

Although there are many potential agents which could
interact with root disease, simulation models of the dynam-
ics of Windthrow and three functional types of bark “beetle
interactions are the only ones that have been developed as
part of the current version of the root disease model.
These models are outlined below. For a more complete
description of these and other possible models, see McNamee
et al. 1985.

‘~4g2%5fl2Windthrow-Submodel.

The windthrow model simulates major blowdown eventg in
the stand, using three parameters to determine the magnitude
of an event:

1. the size criterion for stem dominance;

2. the proportion of dominant/codominant stems to
windthrow; and

3. a minimum event criterion (i.e. the minimum number
of stems to windthrow).

The user specifies the magnitude of a windthrow event in the
model; computations then allocate the effects among the
various three classes within the stand. This allocation is
first performed between species according to their relative
susceptibility to windthrow, and then among the - individuals

of a species.

The windthrow model operates on all stems which are

defined by the user as being dominant or codominant within
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the stand. Stems represented by a record in the tree list
are defined as dominant or codominant if the basal area per-
~centile for that record equals or exceeds a user-defined
criterion for dominance within a stand (usually 80% - 100%).
The total number of susceptible stems of a given species and
of all species in the stand can be computed by summing the
number of trees 1in the tree 1list which meet this
dominance/codominance criterion. The total number of trees
to windthrow is then calculated as a user-defined proportion
of the total stems susceptible to windthrow. If this number
is less than a user-specified minimum, then no further
action is taken. The model will be called once each time
step until either the criterion is met or the end of the
simulation occurs. If the magnitude of the event exceeds
the criterion, windthrow occurs, and the model allocates the
effects among the various susceptible tree classes by con-
sidering such factors as the relative susceptibility of the
.species to windthrow,  the crown length/height relationship,
and the proportion of the root system infected by root
disease.

For windthrown trees, the model also determines ~the:
number that tip over as opposed to snapping off in order to
- estimate the number of windthrown trees which become disease:
centers. Windthrown trees which tip over are assumed to
remove the major portion of their root system from the soil
and ' therefore not contribute to the spread of root disease.
Infected windthrown stems which snap off become infected
stumps which c¢an then act as inoculum sources. In the
model, the probability of a stem being uprooted is equal to
the proportion of its root system that is infected.

2.5.2 Bark Beetle Submodels

Three functicnal types of bark beetles are simulated:

l. Type I - dependent only on the density of suscep-
tible stems; :



- 38 -

2. Type 1II - dependent ‘upon windfallen stems as
refugia for the beetle population; and

3. Type III - dependent upon stems infected by root
disease.

In general, criteria for susceptibility are a function of
species and tree size (DBH), and the criterion for permit-
ting an outbreak to occur is simply a user-specified minimum
density of susceptible trees. The combinations of beetle-
tree interactions simulated, their functional types, suscep-
- tibility: criteria, and ~mortality rates are summarized in
Table 2.4,

To use the bark beetle models, the user specifies the
growth cycle during which the beetles are at epidemic lev-
els. Additional criteria are evaluated to determine whether
an outbreak should occur for Type II and III beetles. If

the criteria are met, the extent of stem mortality 1is com-

~. puted :tand applied. to: the stand. No further action is taken

if the criterion are not met. 1In this case, the model 1is
invoked in subsequent growth cycles until the criteria are
..met or the simulation terminates.

Type 1 Beetles

Mountain pine beetle targeted on lodgepole pine stands
is wused as the prototype Type I beetle interaction. Moun-
tain pine beetle and western pine beetle targeted on Pon-

derosa pine are also modeled as Type I interactions.

The number of trees in the target species which are
susceptible to attack is computed as the sum of the trees
greater than or equal to a user-specified minimum DBH cri-
terion., Tree mortality is computed only if this sum is
greater than a user specified minimum tree density. Tree
mortality is applied only to susceptible tree list entries
by multiplying the stem density in that class by a mortality
rate for the epidemic period (Table 2.4). '



fable 2.4.

beetle

Bark beetle-tree species interactionsin the
other agents submodel.

BEETLE TREE FUNCTIONAL MORTALITY MINIMUM & ROOT
SPECIES SPECIES TYPE RATE DBH INFECTION
Mountain Lodgepole I 0.85 8 n/a
pine pine

beetle

Mountain  Ponderosa 1 0.85 8 n/a
pine pine

beetle

Douglas- Douglas-fir 1II 0.88 10 n/a
fir

beetle

Mountain White 111 0.04 8 0.75
pine pine

beetle

Scolytus Grand III 0.4 0 0.75
- ventralis fir

Western ‘Ponderosa I 0.9 20 n/a
pine pine
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Type I] Beetles

Douglas-fir beetle targeted on Douglas fir is wused as
the prototype Type 11 beetle interaction. Outbreaks of this
beetle are precipitated by a windfall event, (implying that
the windthrow model must be invoked when this model is
invoked). A minimum size (DBH) criterion is applied to both
the windthrown trees which provide refugia for the beetle
population, and to standing stems subject to subsequent mor-
tality.  If the number of windthrown trees of suitable size
exceeds the criterion, an outbreak of the beetle is assumed
to occur and the number of live trees killed in each of the
three succeeding years is calculated depending on the number
of windthrown stems and the number of live trees meeting the

minimum size criterion.

Type III Beetles

w-8colytus ventralis on Grand -fir  is used as the - proto-

tYpe Type 1II beetle interaction. For S. ventralis, the
model simply kills 40% of the stems which have more than 75%
of their root systems colonized by root disease. The same
functional relation is used for mountain pine beetle attack-
ing white pine except that this mortality is further res-
tricted to trees with a DBH greater than 20 cm.

. Because the pattern of action for Type III beetles is
determined by the presence of sufficiently infected trees,
the model remains active at all times during a scenario

unless otherwise desired by the user.

2.6 Using the Root Disease Model

Model Inputs

To run the current version of the root disease model,
users must first describe the stand inventory to the PROG-
NOSIS model through the wuse of a keyword system (fully
described in Wykoff et al. 1982),. Secondly, users must pro-

vide a root disease inventory for the stand such that the
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- model can build an internal representation of diseased areas
in the stand (see below). This inventory is also provided to
the model in the form of keywords. Finally, users can con-
trol the operation of the root disease model, and modify
various parameter values through a number of keywords. The
specific details of the keywords needed for operating the

root disease model are described in detail in Sutherland and
McNamee (1987).

Root Disease Inventory

To make projections for stands with root disease, the
root disease model requires 4 types of inventory of root

~disease infections and extent to characterize a scenario:

1. root disease type (Armillaria or Phellinus);

2. number and location (X and Y coordinates) of root
diseased patches {(centers), as well as the radius
of each center;

3. density of 1live -infected and uninfected trees
(trees/ha) inside root disease patches (as well as
the extent of infection in infected trees): and

4. . characteristics of -dead infected trees and. stumps -

in root disease centers:
- stump type (heartwood-non-heartwood)
- DBH for the stump class

- number of stumps represented by the stump
class.

In practice, the requirements for item 2 above (number and
location of centers) can be considerably relaxed. The user
may specify all three parameters for each center (X coordi-
nate, Y coordinate, and radius), or simply the total area in
root disease and the number of centers. In the latter case,
the model assumes all centers are the same size and are ran-
domly distributed across the stand.



Model Output

Currently, output from the root disease model displays
output in tabular form summarizing conditions in the stand
during the period covered by the simulation. The outputs
specific to the root disease model are: a keyword summary
echoing the keywords in effect for the simulation, a summary

 table displaying the effects of root disease inside disease
centers, and a detailed table describing species-specific
consequences of root disease infection on growth and mortal- -
ity.

The summary output from the -goot disease model is
designed to illustrate a number of important indicators of
root disease effects in the diseased areas of the stand:

i. measures of the extent of root disease infection,
including the number of inoculum centers, the
annual spread rate, and the total area of the
stand with root disease.

2, - the number of infected stumps, and the basal area
of those stumps.

3.  the density of trees killed by root disease in the
current growth cycle and the timber volume loss
represented by those trees. Note that the number
of trees killed by other agents (if called) are
not included here; those losses will be reflected
in the stand averages summarized by PROGNOSIS.

4, the density of uninfected trees inside the disease
patches.
5. -the number of infected trees in the patches and

the average percentage of their root systems which
are infected.

6. indicators of the volume, and total basal area of
live trees in diseased areas.

All the root disease summary outputs are aggregated across
the tree species 1in the root diseased areas. An example

summary table from the Yoot @isease model is shown in Table
2.5. |
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'The detailed output table displays some measures of the.
‘effects of root disease for on the attributes of each tree
species in diseased areas. At stand inventory, and at the
end of each cycle, the numbers of trees killed during that
cycle, and the numbers of alive uninfected, and alive
infected trees are displayed. 1In addition, the 5 percentile
classes for tree DBH are presented, along with the size of
the largest tree in the class, for both the trees killed and
live trees. This is intended to illustrate species specific

. growth effects in the root diseased areas of the stand.



