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Abstract

A dynamic mode! of budworm-infested spruce-ir forests is described.
The Green Woods Model zllows managers and analysts (o predict forest
composition and strecture that result from various harvesting and protec-
Hon strategles. The forest structure is fepresented as a distribution of ares
and yolume by age class, species, and forest type. This structure changes
through time as the natury! brocess of forest development {growth,
‘budwivm-caused growth {oss and tree mortality. and regeneration) interact
with management strategies {timber harvesting and protection). The modet
by inberently Hexible; the rate and timing of virtually all modaied processes,
buth natyrel ang management-related, are controlied by the user. included
15 g example of how the mode! can be applied with conventional forest.
inventory data, The main simulation program is coded in PL-1; auxitiary
snftwarg in WATFIY is available to a5sist users in constructing input data
and summarizing resuits. ‘
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introduction

W‘hen the current spruce bud-
worm (Choristoneurs fusniferana
Clem.) outbreak became savere dur
ing the mid-1870's, managers and
policymakers were faced with a dif-
ticult decision: How much of
Maine’s spruce-fir resource should
he prme.cted against tree mortality
to sustain the present industry? ini-
tially, a conservative stance was
taken, and all infested areas wers
sprayed where the harard war-
ranted. Howaver, the situation devsi-
oped rapidly and by the late 1970's
the need for change in Maine's bud-
worm suppression policy was avi-
dent. Powerful forces, including
environmentalists opposed to large-
scale insecticide applications and
fandowners dissatistied with the
inequitable distribution of budworm
spray costs, ware at work to Himit
the size of Maine’s protection pro-
gram. Legisiation was passed that
changed dramatically the way in
which Maine’s spray program is
funded. The switch from the “tire-
control insurance policy” model 1o
the “‘pay-as-you-spray’ approach
{(Rumpf et al. 1982) forced tand-
owners to limit protection to only
those stands where spraying clearly
was justified.

At the same time, the Green
Woods Project was formed at the
University of Maine’s School of For-
est Resources through funding pro-
vided by the Canada-United States
Spruce Budworms Program
{CANUSA). Green Woods was a joint
effort between spruce-fir forest
managers and scientists to develop
and apply an integrated protection-
management system that would

reduce protection costs ang main-
tain spruce-fir wood supplies. Major
cooperators in this project were
Great Northern Paper Co., Seven
isiands Land Co., and the Baxter
Park Authority. Collectively. these
cooperators manage more than 3
million acres in Maine. The opera-
tional aspects of the program
centerad around harvesting and
spraying treatments that were “tar-
geted” on the basis of the baisam
fir component of stands (Dimond et
al, 1984).

Field application of the
program on three demonsiration
areas was relatively straightforward.
HMowever, soon after the project's
inception it was evident that a major
component of the system was miss-
ing. There was no analytical capa-
hility for forecasting the long-term
outcome of targeted treatments. As
aresult, it was not possible to pre-
dict whether cartain intuitively rea-
sonable harvesting or protection
strategies would reach their stated
goals.

To address this need, the Green
Woods simulation model was devel-
oped. The model was designed o

1. Caplure the general structure and
principal dynamics of budworm.
infested red spruce {Picea rubensy
batsam fir (Abjes balsamea) forgsts.

2. Allow forest managers to predict,
through simulation, the conse-
guences of a wide array of com-
bined harvesting-protection
strategies.

4. stimulate additional research

into particular aspects of spruce-fir
{orest development, with the aim of
improving the managers predictive

capability.

since its creation in early 1980,
the model has been used widely in
Maine. After its initial application’,
several major landowners followed
with analyses of their ownerships,
which encompass more than two-
thirds of Maine's spruce-fir
resource. More recently, the model
was ysed to analyze the supply and
demand of spruce-fir for the State of
Maine (Sewall Co. 1983).

in the course of these appli-
cations, the model has undergone
substantial revision. iis technical
structure has been modified on the
hasis of recent analytical develop-
ments, and auxiliary software has
been added to make it much easier
to use by thiose who have had little
or no experience with computers.
The intent of this paperis {o
describe the model and to facilitate
its distribution to and application by
a much wider audience. The first
section describes the model
structure and iliustrates how it
works: the second shows how it can
be applied to a typical management
problem. Specific functions, sample
worksheets {for summarizing input
Qaza. and programming considera-
tions are included in the Appendix.

__lSeymour, R S.; Mott, D, G.; Kiein-
schmidt, 5. M. Future impacts of spruce
budworm management—a dynamic simu-
lation of the Maine forest 1980-2020.
Unpublished report of the Green Woods
Preject; 1980, 88 p. On fite at the Univer
sity of Maineg, Callege of Forest
RFesources, Orong.




Mode! Description

General Organization

The Green Woods Madet ia o
genaral pradictive {oo! that allows a
manager 1o {orecast the doevel
opment of a spruce-fir forgst in
mesponsag W natual prosesses and
management inputs. The foreat
structure is represented as g distri
bution of area by forest type, age
clags, ardd species. The mode!
grows, kills. harvests, reganerates,
and protecis the simulated farest,
and generates annual doscriptions
of its condition, Including iaventory,
growth rate, recant mortality, age
structurs, specles composition. ang
many other uselul attributes (Fig. 1)
Because the rate and timing of ail

processes are set by the usey. the
modal ¢ mhmmﬂﬂ; Hexible in {ia

ability ia repdicate i;m.:cm!
situationsy
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Forest Struciure
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Though the exact definitions
may be somewhat arbitrary, the
distinction between softwood and
mixedwood types is valuable for
modeling purposes. Softwood and
mixedwood stands differ in site
quality, growth rate, vulnerability to
budworm damage, and ease of
regeneration, and usually are
managed differently as a result.
Separating softwood and mixed-
wood areas in the model allows the
forest dynamics to be modeled
more accurately. Also, because
these types are readily distin-
guished on aerial photos, maps
prepared on this basis generally are
available for most large landhold-
ings in the spruce-fir region, and
forest inventories usually have been
stratified on a forest-type basis.
Thus, the basic resource data
needed to run a simulation already
are available to most managers of
spruce-fir forests.

Age Structure

The next major division of the
forest, and the key to the way it
simulates forest dynamics, is the
distribution of area by age class. All
processes affecting forest devel-
opment and management are
modeled on the basis of age. Rates
of growth and vulnerability to bud-
worm damage are specified as func-
tions of age; the major management
practices—harvesting and budworm
protection—are allocated to
particular age classes; and forest
regeneration is modeled by remov-
ing area from older age classes
after harvesting or mortality and
adding it back to young age classes
the following year.

Because some (Westveld 1953)
have recommended silvicultural sys-
tems based on an uneven-age model
of stand development, the choice of
an even-age paradigm for modeling
spruce-fir forest dynamics merits
turther discussion. Overwhelming
historical evidence (Mott 1980) and
studies of stand development
(Baskervilie 1965, 1975; Mott 1976;
Seymour 1980) indicate that the cur-
rent spruce-fir forest originated from

heavy disturbances that operated on
a scale much larger than individual
trees within stands. L.ogging of the
virgin red spruce from 1870 through
the 1920's, the intense spruce bud-
worm outbreak of 1912-20, and peri-
odic destructive windstorms and
bark beetle outbreaks removed the
mature forest over large areas
essentially at once. Stands that
regenerated afterward have devel-
oped in distinct phases character-
istic of even-aged forests: an early
period when trees gradually occupy
the site; a period during midlife
when height growth accelerates and
merchantable volume accumulates
rapidly as trees cross the ingrowth
threshold; a period during maturity
when height growth siows, no new
recruitment occurs, and volume
growth is limited to accretion in
diameter; and finally, if no
harvesting or budworm attack
occurs, a period of overmaturity
when natural mortality may exceed
accretion and net growth becomes
negative. Although widespread
application of partial cutting has
obscured this pattern in some
cases, a concensus clearly has
emerged that the present spruce-fir
forest is more naturally even-aged
than otherwise.

As used in the Green Woods
model, age classes are actually
stages in stand development. Exact
biological age is not crucial. Once a
simulation is underway, “ages™ of
the various strata are really indexes
of the time elapsed since the begin-
ning of the run. Similarly, for stands
regenerated during a simulation,
“age” is an index of time elapsed
since harvesting or budworm-
caused mortality.

Species Composition

The finai major division of
forest land is between the two
major hosts of the budworm—
balsam fir and spruce. The spruce
component in Maine, for which the
mode! was developed originally, is
primarily red spruce, but other
spruce species could be used.
There are important differences
between balsam fir and spruce in

growth, longevity, regeneration, and
vulnerability to budworm damage.
Maintaining separate areas for
spruce and fir in the model allows
the user to vary these processes in
accordance with iocal experience or
published information.

in the model, the total area in
each age class is allocated to
spruce-or fir in proportion to the
relative stocking of each species. In
terms of simulating forest dynam-
ics, these "model areas’ are treated
as pure “stands” of spruce or fir,
even though no actual stands are
recognized. The model grows, kills,
and regenerates spruce or fir areas
on the basis of age and forest type
only. The relative species compo-
sition of the affected age class is
not a controlling factor.

Conceptually, these spruce or
fir “model” areas represent areas in
the real forest occupied by spruce
or fir trees. Areas defined in this
manner are artificial only in the
sense that they cannot be tied
directly to a stand type map. Thus,
the difference between “real” and
“mode!” areas is simply a matter of
scale. Because the mode! does not
attempt to simulate individual
stands, this is not a serious
deficiency. The purpose of this
modet! is to replicate spruce-fir
dynamics and management prac-
tices on a forestwide basis. This
simple structure eliminates the
need to keep track of areas in
particular species mixtures, with lit-
tle loss in realism in simulating
natural forest-tevel dynamics.

The primary situations where
the true, mixed composition of
spruce-fir stands must be recog-
nized explicitly are in the appli-
cation of management activities—
timber harvesting and budworm
protection—which are applied to
“real” acres. In both of these
instances, mechanisms are provided
for generating realistic proportions
of spruce and fir in the volumes
harvested and acres protected.
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of spruce and fir in the forest. Vol
wines par acre can be input 8% a
percentage ol Moyer's (1929 normal
vield tabies or directly as per-acre
volumes by species, depending on
the nature of the data avallabie (0
the user.

Percent-of normal stocking
option, —Under the Mever percent-
of-normal stocking option, stocking
for each 10-year age class is speoi-
fied as a proportion of the
merchantable volumes given in
Meyer's (1929 normal vield tables.
Stocking pereentages ar given
separately tor each forest type by
10-year age ¢ S A Wesbull distri
bution function fittod by nonbinaar
ragression to Mayer's data for Site
index 50 (softwood ype) and Site

ko)

index 60 Imixedwood typel is used
thAppendix ). Figure 3 5
uries per acrg obtained when 50
percent stocking 15 used for all age
slasses o the softwood type and 30
percent is used for mixedwood.

After total stocking is defined,
argas and volumes are allocated to
indtividual species. Separate arrays
used for both the softwood and
mixadwond types correspond 1o
those used for the age-class distri
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native approach is used.
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and yield, Thus, over an entire
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assumptions used to determine the
species composition of the
regeneration, but are not neces-
sarily the same as the stocking on
regeneration plots taken imme-
dlately after logging. Stand compo-
sition may change by the time trees
reach merchantable size, either due
to differences in natural devel-
opment or because early density-
control treatments were applied to
favor one species. Unlike the real
world, species composition in the
model is fixed until the areas are
old enough to be atfected by
harvesting or budworm mortality.
Therefore, compostion of the
unmerchantable age classes must
reflect the end result (at age 25) of
these early stand dynamics, not the
initial condition.

User-supplied stocking
option.—1f inventory data are
available with volumes of spruce
and fir by age class, these can be
specified directly by the user, elimi-
nating the need to determine
normal-stocking and fir percentages.
When this option is selected, users
input the actual volumes per acre
by species and 10-year age class for
both forest types. The program then
automatically calculates the pro-
portions of spruce and fir, and
distributes the area within each age
class accordingly.

Volumes per acre of a particular
species taken from inventory data
apply 1o the entire area in the age
class (“'real’ areas), not just to the
area actually occupied by that
species and no others (representied
by the pure-species “model” areas).
Thus. spruce and fir stocking levels
obtained from inventory data are
converted by the model to hypo-
thetical pure-stand stocking.

Actual volumes per acre are
multiplied by the factor TAISA,
where TA equals 1o the total area in
the age class and SA equals the
area allocated to the particutar
species {fir or spruce). In effect,

there is higher stocking on fewer
acres, but the same total volume
results over the entire area in the
age class. Since age classes below
25 have no volume, those must be
allocated explicitly as in the normal-
stocking option,

Because these pure-species
model areas (the SA’s}) are deter-
mined by the relative volumes per
unit area, calculated stockings of
spruce and fir expressed on a
model-acre basis are equal with this
procedure. Thus, different total
volumes in an age class result
entirely from having different total
areas occupied by each species.
These assumptions initially may
confuse users who select this
option to stock their simulated
forest, but it is simply the logical
outcome of the fact that spruce and
fir essentially are equally efficient in
growth per unit area.

Examples presented in the
section on applying the model show
these processes in detail. The
following example compares the
normal-yield function and user-
supplied stocking algorithms for
defining initial forest structure:

Both Options

User provides:

1. Total type area = 1,000 acres

2. Proportion of area in 51- to 60-
year-old stands = 0.10

Model calculates:

1. Area in 51- to 60-year-cld stands
= 0.10 x 1,000 = 100 acres

2. Area in each one-year class =
0.1 x 100 = 10 acres

Normal Yield Function Option

User provides (for each
10-year age class):

1. Proportion of normal stocking =
0.50

2. Proportion of age class in fir =
0.40

Model calculates:

1.

2.
3.

Volume per acre = 0.50 x 2,919
(Age 51, from Appendix 1) =
1,460 ft* per acre

Area in fir = 040 x 10 = 4
acres

Areain spruce = 10 - 4 = 6
acres

(Note: Each 1-year, internal age
class has a different stocking under

this option.)

User-Supplied Stocking Option

User provides (for each
10-year age class).

1.
2.

Fir volume per acre = 584 ft?
Spruce volume per acre = 876 ft°

Model calculates:

1.

o

b N

Total volume per acre = 584 +
876 = 1,460 ft?

Proportion of fir = 584/1,460 =
0.4

Area in fir = 0.4 X 10 = 4 acres
Area in spruce = 10 - 4 = 6
acres

Volume of tir on mode/ ‘fir

584 x 10
—

acres’ only =

= 1,460 ft*

Volume of spruce on model
“spruce acres’ only =
876 x 10
———— = 1,460 f{*
&

(Note: Al 1-year, internal age
classes within the 10-year class
have the same stocking under this
aption.)



Natural Processes of Forest
evejopment

Forest Growth

The rate at which the simuiateyd
forest grows is determingd by age.
specigs, and forest type, and may
be reduced for the effects ot
budworm defoliation differentially
on protected and unprolected lands.
Growth rates can be specified
directly on a per-acre basis by
species and age class, or can ba
calculated from an optional mathe-
matical function, The function
currently programmed js a Waibull
formuiation of Meyer's {1929 normal
vield tables, but any function nan be
accommodated. Additional flexibility
is provided by user-controlied
adjustment factors specific 1o each
species and forest type, which raise
or lower growth rales proportionalty
over all age classes. In this manner,
the user can specify both the shape
and tevel of the growth function,
which facilitates the process of zali-
brating the forest to reproduce
historical paiterns, Another possible
use would be to predict the results
of management practices designed
1o increase growth rates on particy-
jar components of the forest.

Uise of a growth funchion to
simulate forest development allows
the major influences to be applied
annually, in any combination. and at
rates which can vary over time. The
forest can ‘react” dynamically to
each; the resulling structure is the
jogical accumuiation of these
perturbations. For predicting and
analyzing budworm impact. this is a
major advantage over models based
on yield-table projections. The lalter
fix stand development for an entire
rotation in advance, and can be oo
rigid to simulate these processes
unless “defoliated” strata are rede-
tined during a simuijation.

Growth rates used as model
inputs are modified nat growth
rates. They are intended to
represent ingrowih plus accretion
minus nommal {noncatastraphic)
mortality only, Budworm-caused
tree mortality Is calculated and
applied separately. The net growth
of the entire forest computed by ihe

. R includ-
model is a true net grow £, '»”d;g
ing the effact of BudwoErTI-Caus
mortality, it any.

I the model, forest @rowthis
the result of two distinct, inde-
pendent processes which ocour
annwally during a sim wiation. F’SFSL
the forest is “aged’ by advancing
the age-class distribution (whichis
maintained internally by 1-year
ciasses) by 1 year. Areas remaoved
from oider age classes by harvest
ing or budworm mortality are ahdded
back (o the first age class 1O simu-
iate regeneration, Second, stocking
jsvels are updated annually DY
adding the net annual growth to the
yoarend volume per acre of the
previous (1year youngery age olass.
For a particular age class, the
product of these two variables
—grea Hmes volume per il

sg. “Growth’ is the difference
hetween the new and previous total
volumes, summed over atl age
classes for each type, bafore har
vesting and budworm o rtality take
place.

Growth function option.—Non-
linear regression was vsed (o fit a
Weibull distribution function to
Meyer's (1929) normal yield table
(Appendix 1) for Site index 80 (used
for the softwood type) and Site
index 60 (mixedwood type). Site
index trom Meyer's tables is the
height of condominant spruce at a
total age of 65. Because the model
requires annual growth, not yield,
the equivalent Weibull density func-
tion {i.e., the derivative of the distri-
bution function, with the same
parameters) is scived repeatedly to
obtain growth rates for each age
class.

Meyer's tables predict growth
for fully stocked “normal’ stands,
and usually must be reduced o
match observed growth on large
areas that are less well stockad.
Four user-supplied calibration
factors, one each for fir and spruce
in both the softwood and mixed-
wood types, reduce or increase the
level of the growth function propor-
tionately over all age classes. Figure
4 shows the growth rates predicted
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show that siands of fir begin o
break up from natural causes

nd age 70, Seegrist and Arnar
23 also present conclusive ey
o that fir has a much higher
bability of dying from natural
caysesn than apruce, especiatly in

the larger diameter classes, Most
smature firy soverely weakaned

hy heart rot and tend 10 break off or
upstnol in windstorms, resuiting in
rmortaiity which exceeds acoretion.
T somglate this process, an "old-
aqae mortality function (Fig. 5.

ridin iy can be applied annually
er's option) (o kil vary-
optrtions of the fir volume
aver age B
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simulated growth rates (6 agree
with observed ones.
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User-specifisd growli rates, —
Instead of using 4 function to pre-
aict growth, o & can input ther
Gwn growth rat recily, This
altows an empirical growth function
to be constructad with data from
remeasured plols that have been
Biratified by eag 2 class Under this
Gption, net growth (in ft¥ag m/y%’ars
ﬂS specified va;)um*{-\!y for fir and

pruce for the following ags
Qmups 25-30. 31-50, 51~ 0 71-90,

and 91-150, Stands under age 25
arow ng merchaniable volume in the
model. These rates should inclyde
all mortality f«m‘e’m that caused by
budworm, If the old. ’:qv fir mortality
function is used, martatily of fir due
Lo wind breakage snd blowdown
also should be exchuded,

An with the Maver option, the
same four adiustment factors can
e invoked to make the growth of
the simulated forest agree with
observed trends, I growth data are
dearived directly from the forest
Heing simulated, no adiustment
snould be required, je., all factors

should be 100 percent. The old-age
fir mortality function also can be
applied a3 av gption depending on
whether the smmf ed gmwi!'x rates
for old firinclude mortality. f the
growth rates for fr a(,“ classas over
58 include all mortality {excep!t bud-
WO caused), old- age m ortality
should not be applied

When the model calculates
growth and adjusts por-acre stock-
ing, volume is added separately (o
the pure-species {fir or spruce)
“rpodel’ acres, not (o the entire
area in the age class. Therefore,
yser-subdplied gmwth rates,
expressed on the basis of real (not
modelt acres, must be adjusted to
make them compatible with the
model-based rates. This s dong as
inliows: the user-supplied growth is
muttiptied by the factor TA/{;A‘
wher2 TA equals the total area in
e ape class by forest type) and
o squals the area allncated to the
particular spet ies (fir or spruce). In
effect, there is a higher growth rale
on fewer acres, but the same tolal

rowth i’f‘suif‘:* aver the entire area
in ihp df}@ 3G 5.

When Meyer's function is
selected, the rates calculated
already are 00 8 pure-species Dasis,
50 no adiustmant is needed.

Fores! Regenaralion

Hegeneration is modeled by
transferring the argas removed from
oider age classes (through *mrvwb
ing or budworm-caused tree mo
fatity) to the young end of the
age-class distribution, During this

ansition, a number of thmg can
tiappen, areas can changs forest
type, regenaration can be delayed,
or the relative spruce-fir composi-
tion of the new age class can be
attered. These dynamics are apaci-
fred entirely by the user on the
basis of actual regeneration pal-
tarms observed on the forest being
simulated,

reas thal griginate from simu-
ated harvesting oparations are

aé,tcumui ted it two “pools,” one
for ach torest type. Softwood areas
can be converted to mixedwood
land, which has the effest of reduc-
ing the spruce-tir productivity of
thase acres when they becomse
merchariable al age 25, This is
designed to model the component
of the real torest where, for what-
ayer reason, long-lived hardwood
species bhecome a permanont part of
stand composition aller harvesting
on what was formerly pure spruce-
fir land during the previous rotation,
Mixedwood culovers aiso can be
converted to the hardwood type to
mode! the well-established difﬁr}.u%ty
of regenerating spruce and fir i
standds with a strong rmrdws@d
component (Wastvetd 1931}
Recause the hardwood type is not
simulated by the model, these areas
are effectively fost from the spruce.-
fir resource base, Both processes
are controlied by specifying
separate proportions of the 1otal
cutover area in each type that ate 1o
B converted annually.

Once the forest-type distri
bution of the regenerated argas is
determined, specified proportions of

eanh can be forced o undergo a
simulated regeneration tag. The

duration of the lag period (which
can range from 1 1o 30 years} and
the proportion of the total cutover
area to be lagged, are specified
separately for each type.

From the standpoint of the
model, lag periods are the “extra”
time after harvesting that s required
for the regenerated areas 1o become
synchronized with the developmen-
tal track defined by the growth func-
tion. in effect, areas undergoing a
iag have “negative” ages. For
exampleg, assume the growth rate
for 31- to 50-year-old fir is set at 50
ft*racrelyear, but that 40 percent of
the stands cutover in 1850 do not
begin {o grow at {his rate until 1990,
not 1980 as predicted. This can be
modeled by specifying a 10-year lag
on 40 percent of the acreage. In
effect, the lag period aliows the
stand establishment period to
cleviate from the “‘normal” pattern
on a certain percentage of the
forest, to reflect regeneration fail-
ures, effects of competing vege-
tation, and other factors that are not
simulated directiy.

When regenerated areas are
added to the first age class, eithsr
immediately or after undergoing a
lag, the relative amounts that
become fir or spruce “model” acres
are specified by the user. Specif-
ically, the value needed is the
proportion of the total regeneraied
area that is fir; the balance auto-
matically becomes spruce. The
same value applies to both the soft-
wood and mixedwood types.

These regeneration processes
are primarily natural ones, but can
be altered substantially by cultural
practices such as cleanings,
precommercial thinnings, or herbi-
cide spraying. The assumptions
used must mimic the net effects of
both natural development and
cultural practices on the species
compoesition and stocking when
Stands reach merchaniable size.
Thius, the correct input is the
expected composition at age 25, not
the stocking immediately after
harvesting.

0



Regeneration after budworm-
caused mortality is treated differ-
ently from that originating after
simulated harvesting. Unlike cutover
areas, stands kilied by the budworm
regenerate in a predictable manner,
Advanced regeneration, established
during the years preceding the out-
break, is not physically affected by
budworm attack {as in logging) and
tends {o retain control of the site
after the overstory trees are killed
{Ghent ef al. 1957, Baskerville 1975},
in the modet, budworm-regeneraied
areas remain in the same species
and forest-type categories, and do
not undergo a fag. If the budworm-
caused mortality process were
altered such that areas were
removed from age classes below 50,
this algorithm also would need to
be changed to allow more flexibility
in the way these areas are handled.

In general, the protection
status of regenerated acreage is the
same as that of parent stands, thal
is, areas harvested from protected
fands remain under prolection aiter
regenerating, even though they
probably would not need 10 be
sprayed untit tater in their devel-
oprnent. An exception to this rule is
made if no protection is specified
for the 0-40 age classes: in this
case, all regeneration is added to
the unprotected lands. By detinition,
all budworm-killed areas originate
from unprotected land, and regen-
arate inte this category.

Onee specified, all parameters
controlling regeneration apply with-
out change over the entire simu-
iation. Areas can be added to the
respurce hase by simuiated conver-
sion of nonhost (no spruce-Hn
forest types. This is accomplished
by “planting” a fixed number of
acres per year with pure spruce.
When these acres become
merchaniable at age 25, they will
grow at the same rate as “"natural”
spruce areas. as speaified by the
growth function. All planted areas
are regenerated into the protected
tands if an outbreak is underway.

{f data were available, a more
realistic mode! could be con-
structed in which these processes
vary as functions of the particular
harvesting strategies used. For
exampie, advanced regeneration in
younger stands, especially of
spruce, frequently is insufficient to
regenerate a fully stocked stand
after clearcutting, To simulate this
process accurately, the percentage
of the harvested arga that under-
goes lag, as well as the percentage
of fir in the regeneration, could be
increased as the age of the stands
cut becomes younger.

Effects of Budworm Attack

The Green Woods Model does
not simulate the actual dynamics of
spruce budworm populations. The
timing and severity of outbreaks are
specified by the user on the basis
of current or expected trends. The
model predicts only the major
affects of budworm defolia-
tion-—tree mortality and growth
reduction—on the evolving forest
structure.

When a simulaied outbreak
beqgins, a protection strategy must
be specitied. This partitions the
furest into two categories:
protected tands on which there is
no tree mortality, and unprotected
lands where tree mortality begins
after a specified lag period. Growth
reduction also begins at rates that
can vary belween protected and
unprotected components of the
forest.

Tree mortality. —Siudies of out-
breaks reviewed by Maclean {1980)
and histerical records for Maine
{(Seymour 1980) show that tree
mortality from uncontrolled bud-
worm outbreaks ¢an vary by host
species. forest type. and stand age.
The model is structured so that
survival on unprotected fands can
be specified separately tor each of
the 12 components of the {forest

Softwood Mixedwood
type type
Age Fir Spruce Fir Spruce
class
0-40 e .
41-70 e
714 e [

These categories correspond
directly to those used o allocate
forest protection. The survival rate
is the percentage of each category
the user expecis to be alive after all
budworm-caused mortality is
finished.?

Because the budworm feeds
primarily on current foliage of fir
and spruce, tree mortality is a
gradual process that extends over
many years, as oid foliage is
consumed or lost to natural atirition
and is not replaced. This is modeled
by distributing the total mortality (as
given by the user-supplied survival
rates) over a B-year period according
to the following annual rates;

Year of Proportion of  Adjusted
mortality total mortality for previous

sequence (unadjusted)  mortality
1 0.05 0.05
2 AG 105
3 .20 235
4 25 .385
5 30 750
6 10 1.000

T An eartier version of the program
used four reverse logistic equations to
predict mortality by species and forest
type as a function of age. Severity fac-
tors were used 10 calibrate these func-
tions. but recent tesia have shown them
10 be too restrictive. primarniy because
they cannot be made to predict the high
mortality rates that have beeon observed
in young stands during the current out-
broak.



in stands not previously
attacked by the budworm, trees
begin to die 3 to 5 years after the
onset of defoliation (Belyesa 1852;
Blais 1958; Baskerville and Maclean
1979; Maclean 1980). However, this
lag pericd may be substantially
shorter for trees removed from pro-
tection that do not have a full
complement of foliage. In the
model, the time between the onset
of the budworm outbreak and the
first year of tree mortality on unpro-
tected lands can range from zero to
8 vears. Separate mortality lag
periods can be applied o spruce
and fir, and can be changed each
lime lands are withdrawn from pro-
tection.

The actual mechanism used {o
simulate mortality depends on the
age of the affected areas. In age
classes over 50, areas are “kilied”
by removing them from the vulner-
able age classes and “regenerated”
by adding them back to the first age
class the following vear. The scale
and spatial distribution of mortality
are not modeled explicitly. Simu-
lated budworm-caused maortality
remnoves area formerly allocated to
the dead mature trees and transfers
it to 1-year-old advanced regen-
gration that begins to grow
normaltly. In effect, this creates two
age classes {the survivors and
regeneration) where only one
existed prior to the budworm attack
(Ghent et al. 1957). The volume lost
to mortality is calculated by multi-
plying the area killed by its corre-
sponding stocking per acre. Thus, in
age classes over 50, the proportions
of the area and volume killed are
eqgual, which leaves the surviving
model area stocked at the preout-
break level.

in younger spruce-fir stands,
budworm mortality has somewhat
ditterent effects. Advanced
regeneration is less abundant or
might be totally delicient. Due to
the lower vulnerability of young
trees, only a portion of the overstory
might be kitled. Unless it is unusu-
ally severe, budworm mortality in
these age classes resembles a

heavy thinning; the surviving over-
story is understocked, but no new
age classes are regenerated
(Baskerville and Maclean 1979).
This is modeled by removing only
velumes from age classes below 50
in which there was budworm mortal-
ity; areas are unaffected and con-
tinue to advance in age. Because
less volume remains on the same
area, stands in these age classes
become understocked. Although
growth may return to preoutbreak
rates after mortality is complete,
this understocking persists until the
age classes are harvested.

This aigorithm for simulating
mortality is not without certain defi-
ciencies. Because all age classes
under 25 have no merchantable
volume, they are essentially immune
to budworm effects. Experience
from the current outbreak shows
that stands in this age class can
suffer nigh mortality if defoliation
persists for a sufficiently fong
period. Also, the threshold of age 50
for determining whether areas
ragenerate after budworm mortality
is somewhat arbitrary. In practice,
this would be affected by past silvi-
cultural treatments and the current
stocking of the younger age
classes. The model could be modi-
fied to remove area from a/f age
ciasses after mortality, or perhaps
more appropriately, to put all areas
iost to mortality from young age
classes through a regeneration lag.
The basic problem here is not the
inadeguacy of the model to mimic
the real world, but a lack of
research and experience 1o describe
the underlying dynamics,

in the mode!, areas that survive
the 6-year sequence of tree mortal-
ity cannot sustain another tree-
killing outbreak for the remainder of
the simulation. This feature was
incorporated on the grounds that a
single outbreak usually would purge
the unprotected forest of its vulner-
able components, rendering it
invulnerable to further tree mortab
ity. This may not be realistic for
stands that are attacked by the bud-
worm when young and again during

a second outbreak much later in
life. Clearly, most if not alf of the
treas over 70 years old in the pres-
ant spruce-fir forest survived the
1910-20 outbreak; many of these
same trees, especially the older fir,
are now being killed in the current
cutbreak. However, this does not
prevent a realistic simulation of
mortality in the current outbreak,
because the model does not
‘know” that these older stands
have a history of budworm attack. it
would effect only the vuinerability
of the now young age classes to an
outbreak that might occur during
the 21st century.

Because areas that have
survived tree mortality are stored
separately in the program, this aigo-
rithm could be changed to allow
areas to experience multiple tree-
Killing sequences. A provision could
be added to transfer areas formerly
attacked by the budworm to the
vulnerable components of the
forest, perhaps only after a mini-
mum period of years had elapsed
since the previous outbreak.

Growlt reduction.—¥Forest
growth can be reduced to account
for the effects of budworm defolia-
tion, Four user-supplied factors—
one each for fir and spruce on
both protected and unprotected
lands—are used to reduce growth
proportionally over all age classes.
Growth reduction begins automatli-
cally 2 years after the onset of an
outbreak, and continues for a period
which can vary among these four
components of the forest. After
mortality on unprotected lands is
complete, growth reduction can siill
be applied. With this provision,
users can simulate reinfestation
from surrounding protected lands,
or mode! the effects of under-
stocking {resulting from mortality)
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cftects of natura! mortality), growth
raduchion factors have a different
interpretation Detween profected
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Forest Management Practices

Forest Protection Against Budworm

The goal of forest protaction is
i prevent or Hmit the destructive
affects of uncontrolied budworm
outbreaks In the mode!, different
levels of forest protection can be
atlocated 1o each forest type and
species, and to age classes §-40,
41-70, and 71+ . By protecting var-
ious proportions of the total forest
area in each of these categories, the
uger defines s “protection zone”
wharg there is no budworm-caused
trag mortality and growth reduction
can be lass severe than on the
unprotected lands,

Although protected and unpro-
tected lands are often combined in
model outpul, all attributes of forest
arey are stored internally in separate
arrays for each. These character
istics evolve independently in
response o the usercontrolled
dynamics of a particular simulation.
As a resull, protected and unpro-
tected lands develop unigue age
structures, stocking levels by age
alass, and foreat type distributions,

A protoction strategy is needed
ondy il & simulated outbreak is
underway, Onco a protection zone is
specified during an outhreak, tres
motality beging on the remaining
tunprotected) area. Protection
strategies can be changed up 1o six
fimes during a simulation, to with!
draw area from or add it to the
protection zone, If changes result in
a net reduction in protected
acreage. areas arg transferred to the
unprotecied category and tree
mortality beging soon thereafler
according to the specified lag
fariog,

Through successive reductions
in the protection zone, areas can be
at different stages of deterioration
in the 6-year mortality seguence.
The protection zone can be
increased during an outbreak onty it
unprotected acreage is available
which has not passed the third year
of mortality. When such an increase
is specified, the mortality process is
halted, and the area is iransferred to
the protection zone. Areas beyond
the third year of martaiity are
assumed to be too badly deterio-
rated in tree condition 1o recover,
and cannot be retrieved.

With the currant state of the
art, protecting the spruce-fir forest
against the budworm is accom-
plished atmost entirely by annual
insecticide spray programs. Current
protection strategies are designed
primarily to prevent tree mortality,
which usually does not require that
all infested areas be {reated
annually. The protection zone, as
defined by the user, is intended to
represent the total area where such
programs are applied successfully,
plus any uninfested areas where it
is not needed-—the total area on the
forest in which there is no
budworm-caused mortality. Thus,
the area in the protection zone
bears no direct relationship to the
acreage sprayed annually, which is
determined by the particular status
of budworm populations and tree
condition in a given year. For
example, if it is determined that, on
average, areas need (o be sprayed
every other year to prevent mor-
tatity, then the protection zone
would be twice the size of the aver-
age annual spray program,
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In the model, a “‘no-discrimi-
nation’ harvesting strategy is
defined as one in which the propor-
tion of fir in the harvest equals the
proportion of fir in the forest. In
Figure 6, this is represented by the
45-degree line (slope = 1.0).
Discrimination against a particular
species represents the "‘extra” pro-
portion of that species in the
harvest above its share of the
inventory. The discrimination factor
is defined at the point where spruce
and fir make up equal proportions of
the inventory (a 50:50 ratio), but is
adjusted through an exponential
function (Appendix I) to account for
the fact that harvest discrimination
is more difficult as either species
dominates the other. For example, a
15-percent discrimination against fir
applied to a forest that is 50 percent
fir would generate a harvest of 65
percent (50 + 15) fir. However, in a
forest that is 20 percent fir, the
same strategy would produce a har-
vest of 28 percent tir, only 8 percent
more than the inventory (Fig. 6).

Merchantability. —With present-
day utilization, stands below a cer-
tain age usually are regarded as
inoperable. Even though they con-
tain trees of merchantable size, the
cost of harvesting and subsequent
processing-outweighs the value of
the finished products. Users can
simulate these limits by setting a
minimum age for operable stands
below which no wood will be cut
even though volumes are physically
present. These low age limits can
be specitied separately for spruce
and fir, and are set once for an
entire simulation.

Within the age classes con-
sidered operable, users can dis-
criminate against older wood by
aliocating the harvest to only a
specified oldest proportion of the
operable inventory. Formally, the
discrimination parameter is defined
as:

OLDFOR—YOUNGCUT
OLDFOR—YOUNGOP
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Figure 6.—Schematic of algorithm used to simulate harvesting strategies which

discriminate against tir or spruce (Appendix ).

where OLDFOR equals the oldest
age class in the forest, YOUNGOP
equals the youngest stands consid-
ered economically harvestable, and
YOUNGCUT equals the youngest
stands that a manager initially
wishes to harvest, even though

younger stands are considered oper-

able and would be cut if necessary.
if YOUNGCUT = YOUNGOP, the
discrimination parameter = 1.0 and
harvests will be aliocated uniformly
to all age classes above the oper-
able age limit. AS YOUNGCUT
approaches QLDFOR, the harvest
strategy becomes an “'oldest first”
rule, with intense discrimination
against older wood.

For example, a manger ot a
forest containing stands up to age
100 determines that the youngest

stands he can harvest are 50 years
old, but initially would like to har-
vest stands only above age 70. To
simuiate this strategy, he would
specify a harvest allocation to 60
percent [(100~70)/(100-50)} of the
oldest age classes. As the older
stands gradually became exhausted,
the same percentage woulid stili
apply, but over a more limited range
of ages. At the point in the simu-
lation where the oldest wood was
age 80, the youngest wood
harvested would come from age
class 62 [80-0.6(80~-50)]. if insuf-
ficient wood is available in the old-
est specified proportion to meet the
harvest goal, the program continues
to accumulate volumes beiow the
calculated age limit, overriding the
strategy to avoid a shortfall.



Optimum rotation age
fation index —\1ise spacity the
rotation age they woult employ
the for were fully regulated by
age class. Tris age s used only 1o
compute an index of ?orm* regu-
ation: it has no role in controiling
harvesting operations The Regu-
lation Index represents the depar.
ture of the actual forast structurs
from the ideal “normal’” forest,
which containg equal areas in all
age classes below the specifiod
rotation age. and none oide Cltis
simitar to the coefficient of determ-
nation (7} used in regression analy-
sis. and is calculated as follows: for
esach age class, the actual area is
subtracted from the expected area
in the hypothetical "normal” forest
The absolute valuas of these diffgr-
ences are summad over all A {}E
classes and expressed as a propor-
tion of tha totat forest arsa, The
resulting index is, in effect, the
proportion of the forest that 15 in
the wrong age class elative to the
manager's goals,

and regu-

it should be emphasized that
the optimum rotation age is used
only to calculale the regulation
index, not to control simulated har
vesting activities. Actual harvests by
age class are governed aentirely by
minimum operable age and percent
aliocation 1o the oldest wood, as
described previously; the optimum
age is ignored.

Salvage. - During a simulfated
budworm outbraak, volurmes kitled
on the unprotected fands are
accumulated by species and age
class into a "pool’ that is tempo-
rarily available for salvage. Each
vear, dead wood is "aged’” and
reduced in volume according to the
foliowing factors:

Percent of originai
volume still usable

100
95
85
70

g

Years gince
death

R S %

These simulated decay rates were
derived from Field and Shottafer

{197% 1o account for Ioss
roty, stem breakage in m '}uw, and
ather factors that reduce yieids
whaen dead wood is utilized,

o 10 S8

Salvage 15 simulated in two
ways: (1) by specilying that a
tain praportion of the harvest must
consist of dead wood, 1f any is avail-
able, or {2} that dead wood ba cut in
proportion o ifs oocurrence on the
unprotectad lands. by the first
ophion, the salvage proportion can
be regarded as a goal vr a con-

strannt, deponding on the needs of
the user. Volumoes salvaged replace
aguivale rv* volumeas of "greon’” wood
from the unprotectad lands

Areas harvestod ang pactiol e14f-
fing. -~ Gunudalod harves! arens are
eguivalent to the actual cutover
arens only whers opRalions romove
all mershantabie spruce and fir
treas from the stand (Complote
clearculs) It a portion of the total
harvest volume is denved from par-
tral cuttings where apr i
trees are loft in a resic
model will ynderestimate the actual
acreage operated. In the partial
cutting case, the model will ramove
volume from and regenearate only
that portion of the stand actually
occupied Dy trees harvesled, not the
entire stand area. Thig bag no effect
an simuiated growth and deveiop.
ment of the residual “arcas”™ bul
does uradvm\a!umw" the aciual total
area on which operations must be
condusiad. \m urmes removed per
acre also will be overestimated by &
proportional amaount,

The model will reproduce acoy-
rate harvested acreages {or oper-
ations in mixedwood stands that
remove all spruce and fir but leave
hardwoods. The mode! does not
sirnulate hardwood trees, the entire
area in mivedwood stands is, in
effect, allocated w spruce or Hr
fraes Uy stocking Mﬁ mixedwoon
type at fower volumes of spruce-fir
par acre. Thyus, a given yolume of
wood harvested from mixedwood
tand remaves more simylated acre-
age than f the same volume were
harvested from the belter stocked
softwood type.

How the Model Simulates Forest
Development

Before applying the model to
an actual situation. it might be help-
ful to illustrate how each of the
processes described is simulated by
the model. Three examples are pre-
senied: Natural growth and develop-
ment {no cutting or budworm
attack), budworm attack at age 60
with no protection, and harvesting
at age 60 with a 10-percent discrim-
ination against fir. Each situation
begins with a forest composed of
1,000 acres of softwood type, all in
a single age class. Species com-
position was set at 50 percent fir,
and simulations are carried out
using 50 percent of Meyer's func-
tion to grow the forest. Note how
the species composition and age
structure of this forest change in
response to both natural processes
and man's activities,

Because this hypothetical for.
est contains area in only one age
class, these simulations represent a
special case in which the time
elapsed since the beginning of the
simulation equals the “age” of the
forest. In this sense, the 1,000-acre,
single-aged "‘forest” can be consid-
ered to be a “‘stand” whose age is
given by the “‘year” axis. in a realis-
tic simulation of a forest with many
age classes, this would, of course,
not be true. This example is pre-
sented to illustrate how the impor-
tant dynamics are controlled by age,
which is obscured when several age
classes are combined.

Matural Forest Developn.ent

This simulation begins with 500
tir and 500 spruce “model” acres,
all in age class 1. In year 25, growth
of merchantable volume begins,
with both species growing at the
same rate until year 50 (Fig. 7). At
this time, the old-age fir mortality
function begins to kili small por-
tions of the total fir volume. By
about year 70, fir mortality exceeds
accretion and net growth on this
area becomes negative. The fir area
becomes progressively under-
Stocked, resulting in a declining
vieid,

15
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Figure 7. Simuiated growth and develcpment of a hypothetical 1.000-acre spruce-fir
forest (50 percent fir. growth = 50 percent of normal), no cutting or budworm attack,

16

24 Spruce

wad

Fir

O

£

Entire Forest

i

i

!
f

o)

20

40

T

60
YEAR

80

100

No such mortality is applied to
spruce, which continues to increase
in volume, but more siowly as the
area ages. Soon after year 70, the
decline in fir exceeds gains in
spruce, so growth on the entire
1,000-acre forest becomes negative,
If the simulation were carried fur-
ther, without harvesting or budworm
attack, the entire fir area would be
regenerated in year 120 when only &
percent of the original voiume
would remain.

Budworm Attack in Year 60, No
Protection

in this exampie, normal growth
proceeds as above for 60 years
when a budworm attack begins. Sur-
vival rates were set at 60 percent for
spruce and 20 percent for fir. Fir
mortality begins 2 years after the
onset of the outbreak; spruce
begins to die 2 vears later (4 years
after the outbreak begins). During
the 6-year maortality sequence that
follows, growth is reduced to only
20 percent (for fir) and 50 percent
{for spruce) of the preoutbreak
rates.

The yield curves for both
species decline sharply as mortality
proceeds (Fig. 8). Mortality ends in
years 68 and 70 for fir and spruce,
respectively, growth reduction
stops, and normal (preoutbreak)
growth resumes. Three hundred
acres of spruce (60 percent of the
total) and 100 acres of fir (20 per-
cent) survive the outbreak, and con-
tinue to advance in age. The old
surviving age class is stocked at the
same level per “model” acre as if
no mortality had occurred, but occu-
pies fewer acres. This causes the
entire forest to be understocked.

During the outbreak, the
remaining area—200 spruce and 400
fir acres—is “killed.” Al merchant-
able volume on this area is lost as
tree mortality. These areas are
regenerated, forming a new age
class but remaining in the same
species calegory. The simulated
budworm mortality has, in effect,
created a iwo-aged structure over
the entire 1,000-acre forest, which
originally consisted of only one age
class.
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Figure 8.—Simulated growth and deveiopment of a hypothetical 1.000-acre spruce-fir
forest (50 percent fir, growth = 50 percent ot normal), attacked by budworm in year
60.
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In the postoutbreak forest, the
surviving fir area continues to lose
volume due to old-age mortality. On
a forestwide basis. however. these
losses are offset by growth of sur-
viving spruce, which now makes up
75 percent (300 of 400 acres) of the
old-age class. Surviving areas con-
finue to gain volume until about
yvear 90 when old-age fir mortality
finally exceeds growth of spruce
(Fig. 8. declining dashed line). How-
ever, growth on the entire forest
remains positive, and even begins
to accelerate as the new budworm-
origin age class (dotted ling)
becomes merchantable. Sixty per-
cent of the forest area-—600
“model’” acres—is now between 15
and 25 years old. This age class
grows at the same per-acre rate as
its predecessor did initially, though
its species composition has
changed in favor of fir

At the end of the simulation,
the total area of each species is the
same as at the beginning, but the
age and volume structures have
changed significantly. Ninety-three
percent of the volume and 75 per-
cent of the area in the 120-year-old
surviving age class is spruce,
whereas two-thirds of both the
volume and area in the budworm-
origin age class, now age 60, is fir.
if protection had been applied dur-
ing the outbreak period, more arca
would have survived depending
upon the strateqy used. and less
area wouid have been regenerated.

Harvest Half the Volume in Year 60

This example begins with the
same initial conditions as the pre-
vious two cases. in year 60, a har-
vest of 1,068 milion ft'—half the
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standing volume—is made with a

10-percent discrimination against fir.

Composition of the regeneration is
sel at 90 percent fir,

As described previously, the
species composition of the harvest
is determined by adding the user-
specified discrimination level to the
percentage of fir in the inventory. In
this example, a 10-percent discrim-
ination against fir is added to an
inventory of 50 percent fir, which
gives a harvest of 60 percent fir
(641,000 ft°). The balance (427,000
ft*) is from spruce. At year 80, old-
age fir mortality has not yet become
important, so the per-acre stocking
of both species is identical. Thus,
areas harvested are directly propor-
tional to the volumes removed. In
this example. harvesting half the
volume removes and regenerates

half. or 500 acres. of the total forest,

feaving an equal area in the old age
class. Sixty percent (300 acres) of
the harvest was fir; 200 fir and 300
spruce acres were left as a residual.

The residual areas follow the
same developmaeant pattern observed
in the two previous examples: slow
increase in volume initially, then a
decline as spruce growth slows and
fir mortality increases with advanc-
ing time and age (Fig. 9. The major
difference is in the regeneration
response. Here, 90 percent of the
area harvested (450 acres) regener-
ates {o fir, leaving only 50 acres in
young spruce. Overall forest com-
position changes from 50 to 85 per
cent fir as a result. This did not
occur in the previous example (Fig.

8) because areas do not change spe-

cias composition after budworm
mortality.

Summary

Using the model to simulate
more elaborate forest structures and
management strategies is a straight-
forward extension of the processes
illustrated. Forecasts could be done
entirely by hand if it were not for
the tremendous volume and repet-
itive nature of the calculations and
bookkeeping. The algorithm was
programed only to expedite these
tedious procedures; it does not
determine particular outcomes. The
number of possible interactions
among forest structure, natural
processes, and management activ-
ities is virtually infinite. However,
because the user specifies the rate
and timing of each process, as well
as the initial forest structure to
which they are applied, all such
effects are explicit. Within broad
limits, the user essentially creates a
unique model of his or her own spe-
cial situation without being con-
strained by particular “built-in"”
assumptions that he or she may
find unacceptable. Default proce-
dures occasionally are needed to
cover special cases.

it shouid be apparent from the
examples cited that the modei is
not limited to forests composed
entirely of even-aged stands. Any
stand structure can be accom-
modated if the different age classes
are separated when initializing the
forest for simulation. New age
classes are regenerated by the
model whenever a disturbance
removes some portion of the area
from merchantable age classes. just
as in nature. The 1.000-acre forest
used in the examples is arbitrary.
These simulations could just as
easily be viewed as a 1-acre. even-
aged “stand” which gradually devel.
ops a two-story structure after being
attacked by budworm, harvested. or
allowed to grow oid and die
naturally.
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Figure 9.—Simulated growth and development of a hypothetical 1,000-acre spruce-fir
forest (50 percent fir, growth = 50 percent of normal}, with half of the total volume
harvested in year 60 using a 10-percent discrimination against fir,

19



Misunderstandings sometimes
can develop when age-class distri-
butions are derived from traditional
forest inventory plots. The basic
problem is that the area represented
by a single plot probably hears no
relationship (except for perhaps a
coincidental one) to the actual scale
of the overstory-removal and regen-
eration processes in spruce-fir for-
ests. Consider the case in which the
basic sampling unit, for example a
1-acre piot, is occupied by trees in
each of two 1/2-acre age classes.
One originated after a commercial
clearcut 80 years ago, and second
started 20 years later after a tree-
killing budworm outbreak. By con-
ventional definitions, this plot, or
the stand in which it is located,
would not be considered even-aged
because the majority of the stock-
ing cannot be assigned to a single
age class. Yet, as illustrated in Fig.
8, the model wiil accurately repro-
duce such a stand structure, and
can accept such data as initial
input. If the spatial distribution of
the mortality, harvesting, and regen-
eration phenomena are ignored, the
model accurately replicates the {rue
forest dynamics.

In lieu of improved mensura-
tional procedures, approximations
can be used to derive an age struc-
ture from existing data. The key is
to estimate the area occupied by
each age class, if more than one is
present. These areas are then sepa-
rated in the mode! even though they
are intermingled within the same
stand. An example of how {o deal
with multiple age classes within
stands is presenied in the next
section.
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Wood Supply-Forest
Protection Analysis

This section discusses how the
model can be used 1o assist man-
agers or policy analysts who are
faced with problems connected with
budworm-infested spruce-fir forests,
Emphasis is on derlving model
inputs from conventional forest
inventory information that is com-
monly available to resource man-
agers. We assume that potential
users already have structured their
problems for analysis and need only
technical guidance in obtaining or
adapting their own information.

The example is structured
around a special interactive com-
puter program (Appendix 1), which
facititates creating and modifying
the basic input data file. input data
are organized into seven main cate-
gories on a convenient summary
form (Appendix Ilf) that follows
exactly the order of entry in the
interactive program. Special work-
sheets (Appendix 1V) have been pre-
pared to aid in translating inventory
data into the required model inputs.

Before specific technical
details are discussed, a caveat on
mode! use is necessary. The struc-
ture of this model allows an exceed-
ingly diverse array of “what if”
guestions to be posed. This extreme
tHexibility can be a great asset under
the proper circumstances, but can
also be abused by careless, uncrit-
ical users. Analysts must exercise
care to ensure that input data are as
realistic as possible; the mode! will
readily accept biolegically impos-
sibie combinations of forest
dynamics or artificial forest struc-
tures. Where information is poor
and assumptions must be made,
resulls must be interpreted with
caution. When faced with uncer-
tainty, users aiways should view the
results in the following manner: “/f
the dynamic processes proceed as |
have assumed, then the results are
the best estimate of what | can
expect the future to look like.”



Availabie information

This example illustrates how
the model can be applied using a
forest-type map and associated
inventory data. Township 14 Range
16 in northern Maine near St. Pam-
phile, Quebec, was part of a demon-
slration area established by the
Green Woods Project in cooperation
with Seven Isiands Land Co., which
manages the town. Its history, cur-
rent forest structure, and manage-
ment problems are typical of a
broad region in Maine, and it illus-
trates how the model can be used
to design harvesting and protection
strategies to cope with the current
budworm infestation.

In 1976, a forest-type map was
prepared for the town by J. W.
Sewall Co., Old Town, Maine.
Stands were ciassified on black and
white copies of color infrared aerial
photography {(1:15,840) according to
forest type, height class, and den-
sity. The following categories were
used:

Broad forest type

Where possible, individual spe-
cies were distinguished, and the
stand history, if known, recorded.
Each stand was assigned a unique
number and its area determined. All
information was encoded in a com-
puter file, with individual records for
each stand.

During 1979 and 1981, 266
10-BAF prism plots were taken to
determine volume per acre by spe-
cies. Sample trees of each species
were bored to determine age (total
age or age since release). Milacre
regeneration plots were taken to
assess stocking on cutover areas.
Plots were distributed among 25
separate strata to characterize each
according to factors influencing for-
est growth and vulnerability to bud-
worm damage.

SH
HS

Forest stand code

First Second Third

Softwood code Softwood code Any code
or "«

Softwood code Hardwood code Any code

Hardwood code Softwood code Any code

Hardwood code Hardwood code Any code
or "/«

2The third species code, if present, represents an impoertant com-
ponent of the stand described by the tirst two codes.

Height (feet)

Forest ground conditions

1 = 0-15 sw = Wet, swampy
2 = 15-30 ry = Rocky
3 = 30-50 sr = Steep and rocky
4 = 50 + it = Site i
5 = lrregular/

storied History of stand
Crown closure br = Burn

wf = Windfall

A = 81-100 pc = Partial cut
B = 61-80 .

- pt = Forlogs
g ; 31530 pp = Forpulp

cc = Clearcut

di = Diseasel/insect
of = Agricuitural
pn = Plantation

Derivation of Input Data

Deriving model inputs is a
straightforward process. The neces-
sary steps are given below in the
order required by the interactive
program. A numerical code is used
1o tink the text with the specific
item on the input summary form
(Appendix i),

Step 1

Specify the simulation param-
eters (Appendix i, 1.1 to 1.7). These
variables control program execution
and determine the types and fre-
quency of output. The option used
to stock and grow the forest
depends on the nature of the data
available to the user. in our exam-
ple, the function option was
selected for both purposes, though
either could have been used to ini-
tiaiize the simulated forest.

Step 2

Divide the forest area into
strata that are similar with respect
to potential growth and develop-
ment, budworm vulnerability, and
application of forest protection and
harvesting. On T14 R186, analysis
revealed that the forest structure
cauld be characterized effectively
for simutation by combining the
25 sampling strata into three
categories:

1. Mature, fully stocked stands with
no history of cutting or major
disturbance since 1950 (S3A,
838, S4A, S4B stands).

2. Stands that had been partially
cut since 1950 and had devel-
oped a two-story structure
{typically 84C, SH4C stands).

w

Stands that had been clearcut
since 1950, with essentially no
merchantable trees remaining on
the site and all growing space
allocated to regeneration (53D,
54D, SH3D, SH4D stands).
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Step 3

Determine areas, merchantable
cubic-foot volumes per acre for
spruce and fir, and the age classes
represented in each stratum (Work-
sheet 1). On T14 R16, the volume of
tully stocked, mature softwood
stands averaged 1,913 ft¥acre, 54
percent of which was fir. Merchant-
able trees ranged in age from 50 to
more than 100 years from release.

A total of 988 acres of soft-
woods was recorded as having been
partially cut since 1950, primarily by
diameter-limit rules which varied by
species. These stands have a two-
story structure, with a residual over-.
story of oid trees stocked at 1,242
ft¥acre and a new age class of
advanced regeneration developing
in openings created by the partial
cuts. These two age classes must
be separated in the model, ideally
by measuring the actual areas occu-
pied by trees in both age classes. In
practice, this is difficult to deter-
mine directly, so an alternative
approach is used. The volume of the
overstory in this stratum averages
only 65 percent (1,242/1,913) of the
stands considered to be fully
stocked. Hf it is assumaed that the
portion of the stand actually occu-
pied by mature trees is stocked at
the same level as the uncut fully
stocked stands, this would give 65
percent of the area {641 acres) to
the 60-100 age classes, leaving 35
percent {347 acres) to allocate to the
regeneration in the 0-30 age
classes.

Many of the softwood stands
clearcut since 1950 fall into the S4D
type, which contains virtually no
overstory; most merchantable trees
were cut in the logging operation, or
have blown down since. This acre-
age was ailocated entirely to the
0--30 age class with no volume per
acre.

The corresponding strafa in the
mixedwood type were treated identi-
cally, and should be self-
explanatory.

22

Step 4

Distribute the area in each for-
est type by 10-vear age class. Enter
the total stratum areas at the bot-
tom of each column (the Total line)
in Worksheet 2. For each stratum
separately, determine the proportion
of the total area that falls into each
10-year age class. If ages were
assigned to plots in the field, this is
simply the distribution of plots by
age class in each stratum (weighted
appropriately by the sampling
scheme used). If no ages are avail-
able, one can simply specify per-
centages that seem to refiect the
history of major stand-creating dis-
turbances on the area. For example,
records indicate that T14 R16 was
heavily logged between 1870 and
1830 for old-growth spruce and pine,
and then suffered severe mortality
during the 1910-20 budworm out-

4. i

break. These correspond to the 91+
and 61-70 age classes, respectively,
in 1980. Most of the area clearcut in
the last 30 years originated during
the 1970's, and was allocated
accordingly.

For sach stratum, multiply the
total area by these proportions to
obtain areas by age class. Then for
each forest type (softwood and
mixedwood), add across all strata to
obiain the total acreage in each
class. Divide these areas into the
total type area (Appendix i, 2.1 and
2.2) for the overali age-class distri-
bution (2.3 and 2.4) needed by the
model. The resuiting age-class dis-
tribution for the softwood type is
given in the “percent” column
under all strata on Worksheet 2 and
is shown in Figure 10.
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Figure 10.—Age structure of T14 R16.



At this stage, users can stock
the forest with the percent-of-
normal option or supply actual
volumes per acre. This example
illustrates the percent.of-normal
oplion,

Step 5

Estimate percent stocking by
age class. From the age structure
(Appendix I, 2.3 and 2.4) derived in
Step 4 (Worksheet 2), calculate a
weighted average age for all classes
that contain volume. Determineg the
volume per acre of a fully stocked

et

stand of the same age from Meyer's
tables (Appendix lj. Remember to
use Site Index 50 for the softwood
type (Appendix 1, 2.10) and Site
index 60 for the mixedwood {2.11).
Divide the normat stocking from
Mever's tabies into the actual
volume per acre of spruce and fir to
obtain percent stocking for all mer-
chantabie age classes.

For example, the average age of
merchantable softwood area on T14
R16 is nearly 80 (calculated from
Worksheet 2). According to Meyer's
tables, an 80-year-oid “normally

stocked” stand has about 5,700
ft¥acre. Actual stocking is only
1,913 cubic feet (Worksheet 1), or
about 34 percent of normal. Stock-
ing can be varied by age class to
account for past understocking
effects. As a first approximation,
age classes over 80, which contain
stands that were attacked by the
budworm when young, were
assumed to be less well stocked (30
percent) than 50- to 70-year-old
stands (40 percent); the 71- to 80-
age ciass was assumed to be in an
intermediate position (Worksheet 2,
Fig. 11
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Step 6

Calculate percent fir by age
class (Appendix 1il, 2.12 and 2.13).
For age classes with merchantable
volume, the percentages should
reflect the proportions of fir by
volume in each. in the mature soft-
wood stands, (including the residual
areas from the older partial cuts), fir
averaged about 52 percent of all
merchantable volume in the soft-
wood type on T14 R16 {(Worksheet
1). One can assume that this per-
centage applies equally to all age
classes, or change the percentages
according to a knowledge of the
area or more refined data. For exam-
ple, one might assume that 51- to
70-year-old stands that originated
after the last budworm outbreak
have a higher proportion of fir than
the older age classes which orig-
inated after logging. in this exarnple
we assumed that 65 percent of the
young (51-70) areas were fir, com-
pared with only 45 percent of the
stands over 80 years old.

For age classes below 30, areas
cannot be assigned in proportion to
volume because no merchantable
timber is present. Here, the appro-
-priate figure is the percentage of
the total volume that will be fir once
the stands become merchantable at
age 25."Normally, one would obtain
these data from regeneration plots.
However, the appropriate value is
not necessarily the same as the
measured percentage in newly
established reproduction, since the
proportions by species can change
by age 30—either through natural
development or deliberately from
the application of early cultural
practices.

Step 7

Specify the optimum rotation
age that would be used if the forest
were fully regulated (Appendix Il
2.14). As described in the section on
timber harvesting, this parameter is
used only to compute an index of
how well regulated the forest is at
any point during a simulation. it is
not used to control simulated har-
vesting operations; these are gov-
erned as described in Step 12. In
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this case, available markets are
mainly for sawtimber, and the land-
owners would like to regulate their
forest on about a 70-year rotation to
ensure a steady supply of large-
diameter material.

Step 8

Assign growth rates by species
and forest type. if information from
remeasured plots is available, the
user should specify growth rates
directly in cubic feet per acre by
species and 20-year age class
(Appendix Ilt, 3.1 and 3.2). Unfortu-
nately, no remeasured plots were
available for T14 R16, so we chose
to predict growth with equations
fitted to Meyer's normal yield data
(Appendix |) with appropriate adjust-
ments for below normal stocking. In
this example, the value chosen
theoretically shouid correspond to
the stocking of stands in the 51-70
age classes that have grown essen-
tially undisturbed since 1920. In this
case, 40 percent of normal (Site
Index 50) was used for both spruce
and fir in the softwood type (Appen-
dix IH, 3.3), and 30 percent of Site
Index 60 for the mixedwood (3.4).

Step 9

Specify regeneration assump-
tions. On T14 R16, milacre plots
showed a high proportion of fir in
the softwood reproduction, and also
some mixedwood cutover that was
understocked with softwood spe-
cies. On the basis of these data, we
assumed that 30 percent (Appendix
i1, 4.5) of the mixedwood forest
type will be converted to hardwood
stands (lost from the spruce-fir
resource), and that 10 percent (4.4)
of the softwood cutovers would be
mixedwood types when they
reached merchantable size. Soft-
wood regeneration was set at 80
percent fir (4.3), which means that
80 per cent of the area and volume
will be fir when the regenerated
area becomes merchantable at age
25. Softwood cutovers generally
were well stocked, so no lag (4.1a,
4.2a) period was specified. Eighty
percent of the mixedwood cutovers
(4.2b) were lagged by 15 years (4.1b)

to account for the greater abun-
dance of competing species on

these sites. No planting for type
conversion from hardwood was

planned (4.6).

Step 10

Determine mortality lag and
budworm severity factors. The simu-
lation was begun in 1979; the bud-
waorm outbreak began in the early
1970's. However, the simulated bud-
worm outbreak cannot begin before
the first year of the simulation, so
we started the budworm outbreak in
1979 (Appendix [il, 5.1) also. Mortal-
ity was just beginning that year on
the iands that had been left unpro-
tected since the early 1970s, so this
difference is unimportant because
we could specify a lag of zero years
for fir (6.1b) and 2 years (6.1c) for
spruce. This means mortality begins
immediately for fir and in 1981 for
spruce on the unprotected lands.

It was assumed that virtually ali
of the fir over age 40 would be kilied
without protection, with slightly
higher survival in the mixedwood
type and in stands below age 40.
For the 41-70 and 71+ age classes,
expected fir survival was set at 5
percent (5.6 b-¢) and 20 percent (5.8
b-c) of the total volume for the
softwood and mixedwood types,
respectively. For fir below age 40,
expected survival was set at 40
{5.6a) and 70 percent (5.8a), respec-
tively. For spruce over age 40, 60
(5.7 b-c) and 80 percent (5.8 b-¢) of
the volume was assumed to survive
in the softwood and mixedwood
types, respectively. Ninety percent
of young spruce was assumed to
survive in both types (5.7a and 5.9a).

Growth of unprotected fir and
spruce was set at 20 (5.4a) and 50
percent (5.5a), respectively, of their
normal rates without 2 budworm
outbreak. Growth was reduced on
protected lands to only 50 (5.2a) and
60 percent (5.3a) of the uninfested
rates for fir and spruce. Growth
reduction was applied for 20 years
(until 1999), then eliminated on the
premise that the budworm outbreak
would end by then.



Formulating a Management
Strategy ¢

Step 11

the mng s determining the aron
that must be protected o
budwormicaused trae lafity 1o
meet forest managemant objectives,
Before the modei is used. it is
nécessary to determine the
maximum area that physicaily can
be protected with current Spray
technoiogy. Then, simulation is
used to arrive al the actual percent.
age of this zone that must be
prolected to sustain a given annual
harvest.

The maximum feasibie protec-
tion zone was develupad for T14
R18 from the type map (for stand
boundaries) and high-altitude color
infrared senal photography (o
assess current tree conditiond.
Blocks as small as 100 acres were
drawn with irregular boundaries to
inciude as many high-volume soft-
wood and mixedwood stands as
possible, while attempting to
exclude other nontarget types. For
each stratum, areas in and out of
the protection 2one were deter
mined by adding the known acre-
ages from the computer stand
listings. Borderline stands (those
including area both in and out of
the protection zone) were plani-
metered and the areas allocated
accordingly.

Of the total protection zans
area of 6,037 acres, 512 acres were
in nonspruce-fir types, mostly
“isiands’ of hardwood or cedar
swamp that were impossible (o
exciude when drawing biock bound-
aries (Worksheet 3). The remaining
5,525 acres were in one of six strata
used to classify the forest structure
for simulation. Thus, thess acres (82
percent of the total area sprayed)
make up the maximum possible
arga that can be protected in any
simulation for this township.

To run the model, the user
myst specily the percentage of the
1-40, 41-70, 71+ age groups by
forest Lype and species) 1o profect
(Worksheet 3, columns 5-861

Because these hmnts do not nroes-
sarily coincide with those of the
strata on Workshest 1 the sty
protected area must he apportinned
{0y age classes, In thig Fampie we
distributed the protected area within
each stratum according to its over-
all age structure, In the fully
stocked. mature sottwood stands,
4019 acres fail into the protection
rone: this was allocated to ags
classes from 50 to 100 as shown in
Worksneet 2. Surnlarly. 192 acres of
old partial cuts were in the profec.
ton zone, which was allocated to
the 0-30 and 41-100 age classes.
Sixty-Hive acres of stands clearcut in
1950 also were included. The
protectad areas in sach 10 yvear age
class from each stralum were then
added 1o produce the overal) age
structure of the protection zone by
forest type. Protected areas were
summed within the three age
groups {(Worksheet 23, and the
percentage of the total land under
protection caicutated (Worksheat 3.

Total protocted area) (% fin)
{(Total area) {96 firy

Feor exampie, the total area
p(@yecmd in the 0-40 stands is 34
+ 13 + 85 = 132 acres, which is
13 percent of the 1024 softwoad
acres in these age classes.

These percentages can be
apptied equally to the spruce and fir
areas within each ags group. or
varied 10 simulate a program
fargeted on one species. On T14
R16, some of the mature softwond
are s was excluded from the protec-
ticxn zone hecause stand composi-
tion was nearly pure spruce. These
stands tend to be older hybrid red-
black spruce, which usually does
rnol require protection. Thus, the
2813 acres under protection in this
ags group (Worksheet 3) probably
maver a higher proportion of fir than
the toal area. it the area under pro-
tection is 60 percent fir compared
with the average of 45 percent for
the total area (Worksheet 3), then
the percentage of fir 1o protect in
the 71+ age group is found by the
formula

{2913} {60y

(4943) {

= 7Y percent protentect

Enter the derived protection
percentages (Worksheet 3, columns
58} on the input summary form
{tAppendix 111, 6.1, columns d-o).
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Running a Simulation

azﬁ‘;) 13

chive program 1o

s the intera
AF i daty

i formiat the b

a
rate ’W initi fai ‘ormt sirye
\

in Ster k,‘? through 12, the
v progras (Appendix i) s
unal to strurt the formatied
data s nesded (0 execute the
main program. The interactive
program gueries the usor for each
Hem, {ollowing the order of the
input surnmary form (Appendix 1)
This requires oo programing
expertise, and should be salf-
expianatory

Wihen ali f:la!;a have been

antored, the user usually runs the
inter -.123 14 mq arm saveral times {o
“Hng tune’ the imatiad torest charac-

forithios, Stocking e vn%z: and aqge-
class data wo changed heuristically
untel the mventory of the simulated
foreat agrees with the actual values.
The interactive program is designed
s0 thal any selected input param.
slors can be changed quickly and
alficienty withaout needivss repo-
Ution loconsistencies in the orig
st datn may ¢ e appraront, and
futigiment o nosded when oh anges
! bo m(adw Waih exparis nca,

Exploration of Scenarios

Onee the inttial forest structure

i calibrated, further modifications
to the input data Hle usually are lim-
.wc‘ to changes in management

strategy. At this stage, typical uses
would be 1o derive the minimum
protection zone *equéw*ﬁ to ensure a
particular harvest level. or to
determing the mammum sustainable
harvest possible under a fixed fevel
of protection,

it is important o recognize
that, unl ske certain harvest sched-
wing madels which give “optimum”
sofutions, this model is not
designed to give users “the answer'
in one run. Each simuylation is a
unigque rasult of the particular man-
agemant stralegy interacting with
the specitied forest dynamics, both
of which are under the user's
control. An adeqguate, thorough
analysis requires many runs in
which critical asuummreﬂ 5 arg
variad to see if they affect the out-
comes. Many sources of uncertainty
merit serious sorutiny, including the
accuracy of the user’s conception
of the initial forest structure;
whether the key forest dynamics
{growth, hudworm damage, regen-
aration) develop as expected: and
whether the simulated management
intervention (harvesting, protection,
and silviculture) can be impie-
mentad as planned.

Through repeated simulations,
users biegin to appreciate that a
wide range of “futures” is possible.
Since the future can never be
rendered certain, the understanding
of these complex and dynam'(' friter
actions gained in the analysis prob-
ably is more valuable 1o me man~
ager than any single detail of the
output
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Step 12

Formulate a harvesting
strategy. if the simulation covers an
historical period to aid in calibrating
growth and mortality, harvest levels
usually can be obtained from
records. Virtually any strategy can
be simuiated, subject only to the
potential limitations imposed by
exhausting merchantable invento-
ries. For the analysis of T14 R16,
several elements were varied,
including the total volume removed,
percent fir in the harvest, and the
proportion of the cut to be salvaged
from dead material.

Initially, the harvesting param-
eters were set at a best estimate of
the current strategy. The annual al-
lowable cut had been 5,000 cords
(425,000 ft°) (Appendix i1, 7.1b), 70
percent of which was fir, As the
inventory is only 52 percent fir, the
discrimination against fir (from Fig-
ure 6 or calculated from the formula
in Appendix 1) is 0.18 (Appendix HI,
7.1d). Markets timited the percent-
age of deadwood to 10 percent of
the tota! cut (7.1h). Eighty percent
of simulated harvests were concen-
trated on unprotected lands (7.1f)
through 1985 to presaivage as much
wood as possible before it was
killed by the budworm. In 1986,
(7.2a) 90 percent of the cut was allo-
cated back to the protected lands
{7.2f) to reduce protection require-
ments and avoid overcutting the
unprotected lands, which become
depleted through budworm mortality
and presalvage operations. The sal-
vage goal was reduced to 5 percent
{7.2h).
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Running a Simulation

Step 13

Use the interactive program to
construct and format the basic data
file, calibrate the initial forest struc-
ture, and run a simulation. After the
input data have been assembied as
described in Steps 1 through 12, the
interactive program {(Appendix 11} is
used to construct the formatted
data file needed to execute the
main program. The interactive
program queries the user for each
item, following the order of the
input summary form (Appendix 1it),
This requires no programing
expertise, and should be self-
explanatory.

When all data have been
entered, the user usuaily runs the
interactive program several times to
“fine tune” the initial forest charac-
teristics. Stocking levels and age-
class data are changed heuristically
until the inventory of the simulated
forest agrees with the actual values.
The interactive program is designed
$0 that any selected input param-
eters can be changed quickly and
efficiently without needless repe-
tition. Inconsistencies in the orig-
inal data may become apparent, and
judgment is needed when changes
must be made. With experience,
users shouid be able to arrive at
close agreement after only a few
iterations.

Exploration ot Scenarlos

Once the initial forest structure
is callbrated, further modifications
to the input data file usually are lim-
ited to changes in management
strategy. At this stage, typical uses
would be to derive the minimum
protection zone required to ensure a
particular harvest level, or to
determine the maximum sustainable
harvest possible under a fixed level
of protection.

It is important to recognize
that, unlike certain harvest sched-
uling models which give “optimum”
solutions, this modei is not
designed to give users "the answer”
in one run. Each simulation is a
unique result of the particular man-
agement strategy interacting with
the specified forest dynamics, both
of which are under the user's
control. An adequate, thorough
analysis requires many runs in
which critical assumptions are
varied to see if they affect the out-
comes. Many sources of uncertainty
merit serious scrutiny, inciuding the
accuracy of the user's conception
of the initial forest structure;
whether the key forest dynamics
(growth, budworm damage, regen-
eration) develop as expected,; and
whether the simulated management
intervention (harvesting, protection,
and silviculture) can be imple-
mented as planned.

Through repeated simulations,
users begin to appreciate that a
wide range of “futures” is possible.
Since the future can never be
rendered cerlain, the understanding
of these complex and dynamic inter-
actions gained in the analysis prob-
ably is more valuable to the man-
ager than any single detail of the
output.



Species Discrimination Function
for Simulated Harvesting

(5) %CUT = “iNV 4+ ["6iNV » (1
% INVI
where X = LogDISCRIMY - 13863

DISCRIM = harvest discrimination
parameter, defined as
the difterence between
% CUT and “ciNY
when ToiMNV = 0.5
fie, the "extra”
proportion of fir in
the cut, above that
in the inventory,
when the inventory is
8050 spruce-firk

YoCHT = proportion of thin
harvest (range =
0- 1.0Y

VANV = proportion of fir hy

volume) in harvest
able age classes
It harvest discrimination
against spruce is specitiad, the ~+ 7
sign becomes a minus.

Appendix i

Programing Considerations

interactive Program for Constructing
and Modifying input Data Files

Potential users are often pre-
vanted from applving large sunu-
lation models because they lack
programing expertise or are not
conversarnt in the command lan-
guage used 10 create and edit dala
fites or run programs at their par-
ticular installation. To overcome
these obstacies. an interactive pro-
gram was developed that allows
computer novices to use the mode!
as readily as experts. The interactive
program is essentlally a customized
editor which prompts the user in
plain English for instructions or
data inputs. Data are checked for
arrors anc 10 see if they hie within
acceptable ranges, and error mes-
sages are produced as appropriate.
It algo initiates simulations {exe-
cutes the modell and produces
tabuylar and graphical output of the
results,

Three fevela of editing are avall-
s depending on the nesds of the
aoangd fus famibanity with the
del The INITIAL Iormat ig for
sttime usars or 1oy constructing
aninput data Ble from seratch, This
option includes detailed prompts 10O
information which should be vir-
tually self-explanatory to any user
with a general understanding of the
model structure The order of data
input {elows exactly the INPUT
SUMMARY FORM (APPENDIX 111) if
ihe user can complate this form, he
shoult! have no trouble responding
1o the gueries of the INITIAL format.
The GENERAL format is designed
primarity for inexperienced usars,
arpd omits ruch of the detalled
i which hacome repotis

s af this lovel of under-
staniting. Tho SPECIFIC format is
med to allow minor changes in

seonpel data file (such as a simple
chan H]
ing sty

iy one aspoct of the harvest-
ateayy o be made efficiently

and without neediess repetition of

prompts,

Software and Operating Systems

The main sirmulation program
isowrittenn PLL and will compile
under the IBM PLIF compiler. The
ohiecl deck requires a1 least 512K
tytes of core (o lpad and exadule.
Due to its targe size, the program
generally s runn balch mode. The
interactive data entry program is
written in WATFIV and s executed
by an EXEC file.

Two auxiiiary pragrams are also
avallable to summanze simulaton
results ina more ysable form. The
tirst gives tghular ings ¢! the out-
put; 1tis written m FORTRAN and
compiles undar the IBM FORTG
compiler. The second produces a
graphical output and s writien in
the command fanguage of the &
tistical Anaiysis System (SAL)

All programs are presently
operational at the University of
taine at Qrone computing center,
which uses {BM's Conversational
nMonitoring System (CMS). With little
muodification, the complete package
could be installed on any {BM
system that supports PLIL
FORTRAN, WATFIV, SAS, and an
EXEC facility. The model! itself (with-
out peripherals) can be run under
any system that supports PLI and
has sufficient memory. Programing
expertise and experience with the
operating system at the particular
instaliation would be needed ini-
tially to make the package opera.
tional. At this stage, users probably
would “custormize” the package to
produce the particutar kind of out-
put desired. Once the package is
installed and the system linkages
debugged, anyone who can use a
terminal, with or without programing
ability, should be able to carry out a
simulation successfully.



Appendix i

dummary Form fer input Yariables

Lo SIMULATION PARAMETERS

1.1 TITLE:

1.2 SIMULATION PERIOD: from _
1.3 PRINT ANNUAL REFORTY

L4 PRINT AGE-CLASS INVENTORY TALLES LVERY e TEARS

LEMGTH OF SIMULATION (YEARS):

15 FROCEDURE TO INITIALIZE FOREST: NORMAL YIVLD FUNCTION _ . DR ACTUAL VOLURES FER ACRE _

LB PROCEDURE TO GROW FOREST: GROWTHM FUNCTION ORACTUAL GROWTH RATES

1.7 APRLY CLD-AGE MORTALITY FUNCTION FOR FIRT
2. FOREST CHARACTERISTICS

FOREST LAND ARER

2.1 SORTWODD TYPE: o thousand acres

thousand acros
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IF USING NORMAL-STOOKING OFTION,

VOLUME PER ACRE (MERUHANTABLE

0~10 20 30 40

FIR, S¥

2.6 SPRUCE, SW -

CUBIC FEET)

FLIR, Mo

BY SPECIES, FORE

SHIP TO 2010

ST TYRE ANU 10-YEAR AGE

@i 100 1100 130

SPRUCE, MW

PROPORTION FIR IN UNMERCHANTABLE (0-10.

0-10  11-20  21-30

1i-20, 21-307 AGE

SkIe 10 2.

{3 ASSES

14

NOUMAL STOCKING BY FOREST TYPE AND 10-YEAR AGE CLASS {PRUPORTION OF YIELD FUNCTIOND:

o=10 20 30 40

2.10 SOFTWOOLD . .

50 50 70

2011 MIXEDWOOD

PROPORTION FIR BY FOREST TYPE AND 10-YEAR AGE CLASS:

2,12 SOFTWOOD

a0

£ 100 i 120

et
b
o

130 150

2,13 SOFTWO0D

2,14 OPTIMUM ROTATIION AGE:
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3.

TF GROMTH FUNCTION OF SFE SKIP 703,32
NET GROWTH PER ACRE BY SPECIES AND 20-YEAM AGE DLASLEL:
25-30 31-50  S1-70  V1-9( 93+
3.1 Fip - I s N
3.8 SPRUCE - S
PROFPORTION OF FURCTION-CALCULATED OR USER-SPECIFIED GROWTH T APPLY BY SPECIES AND FOREST TYPE:

MIXEOWO0D

(o)

3.3 R0RTWODD TYRE FIRy . SPRUCE :
3.4 MIXEDWOOL TYPE FlEs SPRUCE: L

4, FOREST REGEHERATION RATUS
4.1 REGENURATION LAG [YEARS) FOR SOFTWOND (a) . HMIXEDROCD (L) _
4.7 PROPORTION OF REGENERATFD AREA LAGGED: SOFTWOOD iai
4.3 PROPORTION OF FIR IN SOFTWCOD REGENERATION
4.4 PROPORTION OF HARVESTED SOFTWOOL ADRES REGFNERATING 70O MIZEDWOOD R
4.5 PROPORTION OF HARVESTED MIXEDWOOD AURES RUGENERATING TO HARDWOOD

ARNOAL ARLA OF HARDWOOD ADDED TO SOFTWOOD SPRLCEH BV & SYUTTRI TETS TS

ryie
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fIAEDWOUD SPRLGE
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6. FOREST PROTECTION STRATEGIES

PROPORTION OF AREA WHERE NO MORTALITY WILL OCCUR

BY FOREST TYPE, SPECIES, AND BROAD AGE CLASS:

MORTALITY

YEAR TO LAG (YRS) SOFTWO0D FIR SOFTWOOD SPRUCE MIXEDWOOD FIR MIXEDWOOD SPRUCE

BEGIN FIR SPRUCE _0-40 41-70 71+ 0-40 41-70 71+ 0-40 41-70 71+ b - +

(a) (b) (¢) d)y (e (F) (g) (thy (1) Sp | k) (1) (m) (n) (o)
6.1
6.2
6.3
6.4
6.5
6.6
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7.0

YOUNGES

YEAR
{aad

P

HARVEST VOLUME M FT°)

HARVESTARLE AGE, BY SPE

7. HARVOSTING STRATEGIES

DISCRIMINATICON

Fi o

SPRUCE
FROTECTED LAND

ALLDCATION

CUT FROM

OLDEST (W)
(g)

DEAD WOOD IN

UNPROT. CUT (%)
()

CONE 5 Cong %
(b} (o} (i i) [

SPECIES DISCRIMINATION CODES:

0 = NO DISCRIMINATION

1

© DISCRIMINATION AGAINST FIR

7 = DISCRIMINATION AGAINST SPRUCE

0

PROPORTION TO

@ MO DISORIMINATION

THEIR

GOCURRENCE )

CHARVEST BOTH LAND TYPES IN

= CUT $PECIFIED PROFPORTION FROM UNPROTECTED LANDS

2 o= CUT SPLCIFIED PROFPORTION FROM PROTECTED LANDS
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Appendix IV

WORKSHEET 1. SUMMARY OF FOREST INVENTORY INFORMATION NEEDED TO DERIVE MODEL INPUT DATA

RANGE YOLUME/ACRE (FT3) AVERAGE PERCENT OF
STRATUM AREA IN AGE FIR SPRUCE  TOTAL % FIR AGE NORMAL STOCKING

Fally tonted 7

Ve enitued 6329 So-r00 o030 883 W3 S5 o e 54
St SHFNES 347 O30 regn. ol

2 pardigsiy cotsice B0 788581 gouo ugﬂﬁ:] 476 7ee ’(12;?% iy 3%
o propy SIS rBGEN. AATR

3 Elreet-Sice., /TS &77 o~30 o o o Fo - A /A

4 S

TOTAL, SOFTWOOD TYPE 2773

Feelley Stuc Ked, ratute. L =
1 1k rovod 192 So-fpo g7z S99 /7?74 b6 Fo g 7?’523@ -2

Arxed cvony Pt P24 oo regen. F77
2 00 e rhan 1 221507 m~xaaaf:}w7 e 213 iy 78

Aridwond Cfarevt rz9e )
3 J;i:cg, 1950 591 =30 a o z QC;’ - 4//%}”

4 ey i

TOTAL, MIXEDWOOD TYPE 2254

TOTAL, ENTIRE FOREST /4277
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WORKSHEET 2. DERIVATION OF TOTAL AND PROTECTED AREAS, PERCENT FIR, AND PERCENT STOCKING, BY 10~YEAR AGE CLASS
. - .
FOREST e R FOREST TYPE: SeE T ool
STRATUM __ [ STRATUM ____ 2~ STRATUM __ 3 StRaTOM _727ALS
BT, Gt/ FECER T <
(i;;ifggf 7 P N~ rtcept elearcvl’s Al STRATA
MGE
TOTAL  PROT. TOTAL  PROT. TOTAL  PROT. TOTAL  PROT,
CLASS o
% AREA  AREA % AREA  AREA % AREA  AREA % AREA  AREA 7%,
o9 ,
0 - 10 S0 /74 34 55 574 77 3% 80
1200 20 b7 /3 2 ° 24 e 7 /3 39
21 - 30 3o o4 20 /S5 roz- &S 43 zop 85 B0
N Sublotn] 347 - s - -
41 - 50 e -
s1 - 60 05 Zb6 20/ oF Be 20l £5
61 - 70 25 /581 Joos 2o /23 z& 22, /THO JO9B0 65
9 - 80 25 /582 Jess  Bo  /9z 37 zz /774 /0% SO
gL-90 A5 949 403 o /27 25 LB serB 628 45
51 ~100 e /899 2ok 20 r9gz 37 Zb  20Gr ;243 4S
100+ sobtotal 6L
TOTAL wo £329 429 1o 788 /92 0 477 &S w0 7792 £276
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WORKSHEET 3. DERIVATION OF TARGETED PROTECTION STRATEGY BY FOREST TYPE, AGE

CLASS AND SPECIES

FOREST: T4 RIG N
FOREST TYPE TOTAL AREA PROTECTED AREA PERCENT PROTECTED
AND AURES % FIR ACRES % FIR FIR SPRUCE
AGE CLASS (o (2) (3) (4) (5) (6
SOFTWOOD

0 - 40 /@E?f ﬂéﬁi_ /29 Bo /%

/Z

41 ~ 70 2o2b 65 1257 2% 6/ &/
71+ 4743 45 2913 N 79 +32
TOTAL 797 4276
MI XEDWOOD

0 ~ 40 s Bo 46 20 o5 05
41 - 70 G5 7O B 70 #7 4
714 /7E 7o 296 7o Sz sz
TOTAL Bas54

TOUTAL . SPRUCE~F IR

Y e 5525
RESOURCE
TOTAL, ENTIRE 3
/G S 6037

FOREST

{1}, {2) and (3) are derived by adding areas 1In ten-year age classes
WORKSHEET Z.

{4} is specified to give desired lovel of targeted protection,

{3y = (4 {3y x [L.0 ~ (&3]
(5) = momrme e (6) =
(1) % (2) (1) % [1.0 - (2]

from



