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ABSTRACT

This paper reports on a study conducted for the Regional Copper-Nickel
Study to predict the change in area covered by defined forest types in
64,000-hectare region in northeastern Minnesota after a 100-year period.
Two forms of a general Markov model proposed in an earlier paper (Sloss,

1977) were used to obtain these predictions.

Model predictions were to be validated by comparing the results obtained
from simulations using qualitatively dSQVed parameters with results sim-
ulations using parameters quantitatively derived. The latter parameters
were to have been determined from changes in forest types seen on aerial

photographs taken of the same area at different times. Because of the youth-
J

. G, . . .
~fulness of forests in the area chosen for study ans inconsistencies in
/

}

USFS cover—typing»oéer the years, realistic quantitative parameters could
not béﬁ6bta1ned by this method. Therefore the model was not tested and its
merit depends on the validity of model assumptions. A discussion of these
assumptions and the de(zjvation of the qualitative model parameters is

provided.

After definition of forest types and the 1n%1a1 distribution vector (which
gives the amount of area assigned to each age-class of each type), two
models were applied with the aid of a computer. These additive and multi-
plicative models similar results. Both predicted, in 100 years, significant
coverage increases in red pine, upland black spruce, planted white spruce,
and in a fir-spruce-deciduous type and decrease in the area occupied by
aspen-birch and jack pine. The simulations also predicted a shortage of

harvestable red pine 60 to 80 years from now.

Finally, this report discusses the unsefulness of the Markov models and



their predictions. The report concludes by examining problems with the
technique used to validate the model and suggests improvements that might

allow the model to be tested in the future.

Programs written for this project are presented in Appendix IIT and are

available from stored on _



INTRODUCTION

The State Legislature established the Regional Copper-Nickel Study to

assess potential social, economic, and environmental impacts of any future
mining in the Duluth Gabbro Complex of northecstern Minnesota. Such
‘assessment includes characterizing the area's present and future terrestial
life. Of particular importance in determining not only the fate of wild
Tife but also future timber yields is the study's success in predicting
change in the area's forests. Such change depends on numerous factors, including
the type of soils and forests, age of the forests, previous treatment of
stands and other unidentifiable variable all of which are extremely dif-
ficult to quantify. With the aid of a Markov model nevertheless this re-
port attempts to obtain valid predictions of future cover type distributions

over a region.

An earlier paper (Sloss, 1977), discussed the suitability of various successional
modeis found in the Titerature for predicting cover type changes over a large
region and concluded that the model of Shugart, Crow, and Hett (1973),

although having the highest potential, was inappropriate for this task.

This differential equation model had not been tested to check if the

unrealistic assumptions inherent in the model were acceptable.

Instead, that paper proposed and recommended that a Markovy model be used by
the Regional Copper—Nickel Study to predict future forest cover type dis-
tributions over a Targe region. This new model, composed of difference

equations, is conceptually simplier and easier to work with than the Shugart

44

.

et al. (1973) model because it reconizes age;inégad of size-classes. In
addition, forest management strategies are easily modeled for forested area
broken into age?—c]asses (Gould, 1977). The flexibility of this Markov model,
which recognizes age-classes, enables the user to easily express when forests

are harvested and the extent that a forest type is regenerated as the same or
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or some other type. Because the forested region, over which the model will
be applied, is intensively managed. it is essential that the model used

have such flexibility.

SUCCESSION STUDY AREA

This study focused on the area lying northeast of Birch Lake near the greatest
known concentration of copper-nickel mineralization and adjacent to the
Boundary Waters Canoe Area (BWCA). The southern border of this Study Area

is defined by watershed boundaries. This region was investigated for the
following reasons:

1) results of vegetation studies done within the BWCA can more
reasonably be extrapolated to this adjacent area,

2) a large portion of the area (about 85 percent) is Federally
owned and managed by the Forest Service as part of the Superior
National Forest (in addition to keeping adequate records, the
Forest Service practices predictable forest management),

3) extensive cutting of the area has left the forests even-aged and
w-€2S811y typeable--prerequisites for the modeling approach used in
' this study,

4) the area not only includes the greatest known copper nickel resource
but also is probably the most sensitive to potential mining within
the Regional Copper Nickel Study Area,

5) a previous study conducted by the MDNR's MINESITE prOJect provides
S an 1nventory of several variables 1nc1ud1ng,‘mM¢.g

it e '\; ; ; /'f,' 5 R K et o e
el ' “"'”"';f"‘("“"* D R =

X . . . ,
- forest type, forest size, density, age and soil type classes on the basis of
S
77 1 hectare ce1]s.j;Tab1e 1 summarizes, for those cells falling within the suc-

¢
cessional study region total areas occupied by forest types of varying ages.
Description of these commonly used timber classes accompanies the tab]e,2
Interpretation of aerial photos taken in 1970 was used by the MINESITE project
in cover typing the area, and interpretation of photos taken in 1937, 1948,

1961, as well as in‘1970 allowed determination of the approximate date of

: w~stan?§ origin .
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Definttion

-—-natural or logged upland aress containing a

birch, pines and spruce, lay
and balsam fir.

mix of aspen,
also contain red maple

coniferous type composed of

~~=A mixed hardwood-~
(and/or blach)“upruce

more than 50 percent white
and balsam fir.

~—--more than 50 percent pine witn red pine outwelzrir.
white and Jjack pine.

~~-more than 50 percent pine with white pine
outweighing red and jack pine.

---areas that have been planted but species cannct
be identified on the aerial photographs.

~--only one growing season elapsed since area
harvested.

~--upland shrubs (hazel, pin cherry, etc.) with
less than 10 percent stocked 001mer01al tree
species.

~--all upland open areas oi grass with less than
10 percent stocked commercial ftree species.

—---marsh (grass, sedges, and some lowland brush),

bog or open muskeg.

---lowland shrubs (alder, (leatherleaf, Labradcr <ez,)
etc.) with less than 10 percent stocked commercial
tree species,

---more than 50 percent swamp conifers with tamazrachk

outweighing other species,

---more than 50 percent swamp conifers with black
spruce outweighing other species,

---spruce, cedar, balsam, and tamarack comprizing
more than 50 percent of the stand.

---more than 50 percent composed oI bottomland
hardwoods (ash, elm, Balm of Gilead, red maple).

—-—--more than 50 percent swamp corilers with ncrtrnern
white cedar outweighing other species,

---spruce, tamaracl, or cedar wog whlch will not
produce trees of pulpwood sizez in 100 yeersz.,
-~-lazkes, ponds, Tlowczs, sSireens,
~—-crop, orchaurd, cr joertire, “.% not far codlnnd,
--—zrezs useo Ior IrTILIUr or roclidence,
terns within the purenthoerer To aid Irn urders -



METHODS

Suppose we know from Table 1 that about 250 hectares of the study area are
occupied by 'state one'--even-aged jack pine stands 20 years or less in age.
In twenty years, barring some catastrophe, this 250 hectares of jack pine
——-will have matured to a second state--even-aged stands 21 to 40 years of age.
—As the stands mature further, sqﬁé are cut and regenerate to jack pine
(returning some area to state 1) wheréas others break down to be replaced
by succeeding species (sending area to other states).j Suppose we know how
“all area classified as any forest type is disigégégfgéong states or twenty-
yeat age-classes. To predict cover type changes we need to know how this
initial distribution of the region's area among these many states changes in
time. Flow of area from state to state is properly defined by a system of

linear difference equations or a Markov process, the mathematics of which will

be described later.

Use ofla Markov model entails the need for finding a transition matrix--

a table of parameters that given the probability that area flows from one
‘i ﬂf«‘a«x:‘;& é;::r

—to another state after a given time interval. The originaliwas to examine

merely the role natural forest succession plays in affecting forest cover
type changes in the area. Although the transition matrix was to be qualita-
tively derived from comments in the ecological literature regarding forest
——dynamics, the same matrix was also to be determined quantiatively using
old and more recent aerial photo interpretations by charting the history of
forest stands covering randomly selected points within the area. It was
hoped that similarity between the qualitatively and quantitatively derived
two matricies would produce similar results of model simulations. Thus

the model and qualitative observations of successional trends made by

1Persona]~communication from W.A. Patterson, Copper-Nickel. 1977.

2 ) C e . . . .
Common and scientific neames of plant species mentioned are given in
Appendix I.



plant ecologists could be used as checks against cach other.

Area systematically sampled for the identification of transitions is shaded
in Figure 2. Because this area is Federally owned, 1 could use detailed

1948 Forest Service t1mber survey maps and Forest Serv1ce conpartment

/

ey ol Sl ey Loro e
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~~records with association-that occur at townsh1p qect1ons corners, centers, and -

midpoints along section lines.

As sampling progressed, however, it soon became evident that too few instances

of natural succession had occurred during this time interval to validate

the qualitatively derived successional trends. Aerial photo interpretation

revealed that many stands where natural succession appeared to occur were

merely thinned after 1948 or were changed because of an epidemic, a change

in drainage patterns, or some other disturbance. Consequently, any qualita-

tive predictions of forest type changes had to account for disturbance if
e were to be tested using a transition matrix dg;ved from this sampling

process.

It was hoped that forest compartment records, which Tist stand ages,, whether
um\“. j

. —partial cutting occurred, and the past effect of pests, ,m1qht beto part1t1on
transitions from one type to another into defined groups of disturbance.
Although typing scale and recognized cover types in 1948 and in the 1970's

— are almost 1dent1ca1>different interpretgfgrs drew boundaries around forest

stands in 1948 and in the 1970's. The major cause for a typing change of forests

e ' v

occupying sample points from 1948 to the 1970's was due either to a typing

error or the lumping together on one map of different stands identical in

other period. Because of this situation attention was focused on points where

the stand boundaries appeared similar on maps compiled for both periods.
Although a transition matrix was obtained, data points were so scarce that only
—~a few trends in forest change are evident (all appw nt]y caused by forest

management). With the available data, therefore, a comprehensive test of the



ASSUMPTIONS I8 LIGHT OF THE TRADITIONAL CONCEPTS OF THE PLANT COMMUNITY
AND SUCCESSTON

Although the model could not be rigorously tested by the methods described
above qualitative predictions were sought on the basis of several assump-
tions. These assumptions are outlined b&low in:a theoretical context be-
cause plant succession is the main driving force in the model.

T

—— The vegetation of an area may be treated as beinglgkther 1) Eéﬁ%&%&éﬁéiy“
‘““vargéle or 2) composed of discrete units. Each approach has utility
w Under contrasting conditions. When applied to vegetation that lacks distf&t
natural boundaries between plant assembleges, the former approach (known as
- the ”contindﬁ concept" (McIntosh, 1967) allows community compbsition and
species quality to be related to environmental gradients. Examples of
analytical techniques that embody this approach include, among others,
synecological coordinates (Bakuzis, 1959), direct gradient analysis
“““(Whié;ker, 1967), and pr;ncip1e components ordination (see Pielou, 1977).
—1Where vegetation discqﬂntinuities do occur, the communities can be assiéned
to a restricted number of abstract cover types arbitrarily or quantitatively
defined. Braun-Blanquet's releve' method (1932) provides an example of
arbitrary community classification; Orloci's agglomerative clustering analysis
(1967) provides one of quantitative classification. At the very least, this

"community concept" allows the simplification of a heterogeneous region.

Another advantage of recognizing discrete communities is that these arbitrary
units can be arranged in temporal sequence. This idea originated with Clements
(1916) who believed that the development of plant communities is analogous to
the development of organisms. Clements' theory of plant succession holds that,
for any given region and its associated climate, a community undergoes stages

~— of development where particular plant associationiaffects their environment in

a way that allows an invading plant association to dominate. The process



culminates in the "mature" climax state in which members of the final associa-
tion act to preclude any further invasion. Most importantly, this view
implies that the process is predictable and that particular community types
may be considered as stages in the development of an area's vegetation that

culminate in a climax state.

Gleason (1926) strongly opposed this idea of the plant community and its

development. His "individualistic concept" stress that the behavior of a

plant assemblege depends only on the individual plants composing the assem-
*M”b1é%e. Further, the plant cq?%osition on a particular site depends on which

““species are able to migrate to and survive on that site. Becqase species

range limits rarely coincide and environments lack uniformity in space and

Sept AR T MIEEDT anlney T

e timQ? communities with identical plant compositions.. Therefore, this view
claims that the origin and dynamics of no two communities from the same

region can be considered identical.

Although the individualistic concept provided a basis for fhe continuum

school, it offers little opportunity for predicting change in vegetation on

a regional basis. The concept maintains that these changes are a stochastic

rather that deterministic phenomenon. In the past, ecologists have used

sEochastic models to simulate tree-by-tree replacement for particular forests
«wmgfzék, 1971; Bodkin et al., 1971; and Horn, 1975). However, as the forested

area and subsequent environmental heterogeneity of an area increases in such

a model, predicting the behavior of individual trees becomes too difficult.

For large regions then, it is most feasible to follow Clements (1916) and

/

L Vi

--treat the community type, or the unitﬁarea it occupies as the individual.
. . . Vs . , .
—=This choice necessarily leads to the/d1rst assumption of this analysis---
that the natural replacement of one stand by another is a more or less

discrete process rather than a slow continuous one.



The second major assumption made by this analysis claims that stands class-
ified a- *"e same cover type have enough structual similarity that they

exhibit identical temporal behavior.

Fire and forest management have historically served to maintain reasonably
wewn distinct boundariéé between forest stands occupying the study area. Stands

can be identified and classified to the dominant canopy species. By using

the forest types recognized by the Forest Service and described in the next
—section, the number of ﬂindividua1s' can be reduced enough to be handled by

a model simulation. This arbitrary typing scheme disregards all other

structual layers including mosses, herbs, shrubs, understory species and
~-overstory sb%%ies that do not contribute significantly to the basal area

of the stand. For example, a stand of relatively pure overstory black spruce

cver a blanket of feathermoss and a stand with 51 percent black spruce-49

percent jack pine in the overstory and Tittle moss would both be classified as

"upland black spruce types." The functional attributes of these two com-

munities are probably quite different.

Daubenmire (1966), emphasizes that abiotic factors, as well as biotic ones
may serve to retard or accelerate the rate of succession on a given site.

. A oins .
—Properties of the soil, the s]ogw‘of the land and the varibility in Tocal
\
—-Climate mqﬁ affect the ability with which succeeding species may compete with
25 , _ , ,
those already pr&vaté; The third assumption of the succession model is
[

that site characteriftics remain fairly constant throughtout the areas
occupied by each forest type and through time so that the model parameters

represent good averages of when stands "die" and are succeeded by other.



Because of disturbance and problems with the methodology described in the
previous section, successional parameters depend entirely on the assumption
just outlined. These assumptions, that one stand replaces another at one
instant in time and that the rates of replacement are independent of the
biotic and abiotic components of the site, are clearly unrealistic, but
simplifyy the task of determining regional changes in vegetation. Effects
produced by the unrealistic assumptions may tend to cancel each other so

that qualitative predictions of successional trends can bhe obtained.

DEFINING COVER TYPES AND THE INITIAL DISTRIBUTION VECTOR

The choice of abstract cover types for use in a simulation is not a simple
task. Vegetation types for northeastern Minnesota recognized by various
authorities are set side by side for comparison in Table 2. Although succes-
sional relationships are more easily identified and expressed when using
obje;tive]y defined communities (Grigal and Ohmann, 1975), the monotypic
forest types recognized by the Regional Copper-Nickel Study, the MINESITE
project and the Forest Service are most suitable for modeling forest manage-
ment. Forest Service cover types were used because the study area has been

— and will be intensively managed. However, an aspen-birch communitxi/is
recognized in lieu of separate aspen and birch types because such pure stands

——are infrequent in the study area. In order to establish 1&t1a1 areas in each
cover type for use in the model simulation, a map of the succéssion study
area was needed. Such é map must include all Tands, regardless of their

ownership. The only such map available for the succession study area was

that of the DNR MINESITE project.

MINESITE vegetation types are similar to but not identical with the Forest
Service types. Using the areas and ages of sample stands, area from MINESITE

vegetation classes was prorated to those different types used in the model.



Table 2.

Forest types defined for areas of northecestern MNinnesota by autheritie:n
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Table 2 (continued).

MINESITE

Regional Copper o Forest Service
: w e PP S AR (1954 -
Nickel Study |7 (1954) (1976) 1948 1970
#38 tamarack tamarack T |tamarack T
tamarack tamarack N
#39 low ISR T A
s owland Towlend .- § lowland
ash lowland hardwoods | hardwecods "% hardwoods
hardwoods . fas e tod ik
#37 .
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cedar < =
non-
productive | non- SX |norn- X
swamp productive |procuctive
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brush brush brush
muskeg 2
marsh marsh Y
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~—Sych procedure is described below with the aid of Table 3 through 6.

1. Table 3 shows how 57 percent of MINESITE upland mixed forest
was typed by the Forest Service. Notice that age-intervals
are 0 to 20 years, 21 to 40, etc. instead of the 0 to 6,
7 to 15, etc. intervals found in Table 1. Here it was assumed
that forest younger than 40 years are equally distributed
in age and cover so that 5/13 (38 percent) of the area in the
16 to 28 year MINESITE age-interval can be allocated to a 0 to 20
year interval whereas the remaining 8/13 (62 percent) goes to a
21 to 40 year interval.d

To remain consistent with the early age-distribution set out for

the upland mixed type by the MINESITE data, prorated areas for

age-classes beyond 40 years are somewhat less than the values

“called for by the precent of sampled area falling in theat age-

class (e.g. sample area for 81 to 100-year-old jack pine calls

for 9 percent or 169 of the 1800 mixed upland hectares to be
~prorated to that class. However, only 162 hectars are prorated

this way--the other seven are subjectively moved into the 21

to 40-year jack pine age-class to aid in insuring that 572 prorated

hectares remain in this age-class overall.

2. MINESITE spruce-fir area is similarly prorated among balsam fir
and upland bTack spruce types as shown in Table 4. Correlation
was generally good between these types although some MINESITE
spruce-fir was typed as pine, aspen-birch, and lowland black

" spruce.

3. Plantation and harvested area is prorated to early age-classes
of jack pine, aspen-birch, white spruce, and red pine as shown
in Table 5. Most of the harvested area occurred in the Stoney
* River watershed, southermost in the succession study area.

~" Because few compartment records were obtained for this area/)

“~ @0nly a four percent sample could be obtained.

4. Upland brush and grassland areas were combined into an upland
non-forested type.

5. Much of the MINESITE mixed-conifer-swamp type was typed by the
Forest Service as Towland black spruce. One possible explanation
for this inconsistency is that small upland islands or intrusions
of pine and fir in black spruce swamps confused those who did
the vegetation typing for MINESITE (1976).6 At any rate, MINESITE
mixed conifer area was prorated back to black spruce as 1nd1cated
in Table 6.

5It was also assumed that those few hectares flooded (or Tisted under "open
water" in Table 1) are properly included with area of the same type in the

0 to 20-year age-class. In addition, virgin stands are all assumed to be
older than 40 years.

6Persona1 comnunication from N.P. Sathes', Copper-Nickel. 1978.



Table 3.

Prorating area typed as upland mixed by MINESITE (1976) among the following
Forest Service cover types used in lhe model: jack pine (TACKP), aspen-
birch (ASP-B), white spruce (WHT &), upland black spruce (UBLKS), belsam
fir (FIRSD), red pine (RED P), and lowland black spruce (LBLKS). For any
age-class, values in:

a-columns are hectare arcas sanpled,

b-columns are percentages of the total sampled area,

and c-columns are prorated arcas.

age~class 0-20 21-40 41-60 61-80 81-100 101+ total
upland )
Pivod 63 572 1165 | 1800
columnja | b]elalblelall alolelalbvielalnlcelalrle
JECKP| ¢ d q 3¢ Ao & 1 5 §1@ﬂ A 1l 1120 zC307
ASP-Bl 20 4 63 2¢ 2 64114 114 sq4 4 ed o d d360 36639
WHT S| ¢ 9 q d d o ¢ d 12y 1o oo o g 12 119
UBIKS| d d o 7 149949 5 3¢ A 3¢ 25 2 29131} 13p31
FIRSD| d d o ¢ o 89 50 9 501 s ol o di1€| 11p05
RED P| Oof 4 o125 132374 ¢ « o o o o o cibs 1kpsy
LBIKS| i 0 ¢ ¢ o 14 15 1 o a 21 2 efbel 9 Eo
total{ 20 3 631E4 1974234 23 “3 235%d 53] A SYiziLocieco

100) (1021 .
area sampled—( }800 = 5%% of total.
Table 4.

Prorating area typed as spruce-fir by MINESITE (1976) among upland black
spruce (UBLKS) and balsam fir (FIRSD). Column headings as above.

age class 0-20 21-40 L1+ total

Sggﬁce“ 218 614 3246 4078
colunn| a bl ¢ al b c al b c al bl =«
UBLKS C C o T4 T TIE A1cl  eLi2h 21 630 62537
FIRSD| 671 7| 218] 60 q Log| 210| 24 f2c 337 3¢l
total| 67] 7] 218 7B 7] 61L& 62€] 8p24c€] 967 100078

area sampled= 1OSO?Z§21=:2U% of total,



Table 5.

Prorating arca typed by MINESITE (1976? as plantation and harvested

emong types used in the model, Cover type abbreviations are as in
Table 3.
age-class e e 0-20 21-40 total
plantation  ~-- e 3582 351 3933
sample peigent prorate prorate prorate
area T area area area
total - 5 ( (
JACKP 110 12 430 2 72 - . _(100){209
ASP-B 231 25 896 88 ggly area sampled='"rIguay
WHT S 220 25 895 88 983 = 23% of
RED P 348 38 1361 133 1bo4 total
total GCO 100 02 351 3933 plantation
harvested - ——— 879 12 591 area
JACKP 20 53 L66 6 L72 (100)(
ASP-B 10 26 228 3 231 area sampledz-—(§§z
RED P 8 21 185 3 188 - L% of”
total 35 100 879 1z 691 fotal
harvested
area
Table 6.

Prorating area typed by MINESITE (1976) as mixed conifer to black spruce
so that the distributions of both reflect the sample distribution.

Columns headings a, b, and c are as in Table 3. (ICBOG is mixed conifer).
age-class 0-20 21-40 L1+ total
bl:;ﬁuce 208 425 3557 4190
MINESITE mi?éd
\\\ oor s far 249 743 3618 L6610
total L7 1168 7175 8800
coluirn| a b c a b c a b o a o ¢
TTELKSTIOE o[ 4§l 10T QICOATS6H ™ 7a2IcdIvid 57636
ICROGL b o1 16 1 1€y 229 14 o84 2594 17411642
?flulvilj ol G54 1170 dli6diz+1] ogr17416710 100800

area sampled= 100);é8§il = 22% of total.



Data in Table 1 indicate that most forested area in the succession study area
originated mdre than 40 years ago. Such area for each type is partitioned
into 20-year age-classes again based on the ages and areas of sample stands
as shown in Table 7. Finally, all prorated area in Tables 3 through 7 is
- combined in Table 8 forming an iéﬁia1 distribution vector in the appropriate

form for the model described in the following section.

From Table 8 we see that 41 to 60-year-old aspen-birch occupies more area
than any other state. Interestingly, this area seems to fill a void in the
—ees PiNE txgés of this age-class. This distribution may reflect widespread

replacement of pine stands by aspen after harvest between 1917 and 1936.

In summary, the distribution in Table 1 has been readjusted to that in

Table 8 by more-or-less objective means. The values surely are not exact,
=« particularly those for types occupying small areas, but do net accurately

reflect the age-distribution of the forests in the succession study area

as they now exist.

MARKOV MODELS FOR SIMULATING COVER TYPE CHANGES

Mathematics..

- A model is proposed that may be considered a discrete ana]qﬁg% of Shugart,
et al.'s (1973) differential equation model for simulating forest succession
over a region. Both models adhere to the assumptions outlined earlier.

=~ Instead of uti]iéying forest size classes, however, the proposed uses age-

classes as mentioned in the introduction.

The form of the model is set of linear difference equations where X represents
the acreage occupied by cover state i of an unspecified age at time t and

a.. represents the probability that an acre of cover state i becomes one

1J
of j during the time-interval t (equation 1, 2, and 3).



Table 7.

Prorating area of most MINESITE vegetation
classes. Those types found in Table 1 but
the model were not considered relevant for
change. The large percentages for sampled

types among 2--year age-—
not list below are not
simulations of cover type
pine is explained by the

Forest Service's liberal typing for conifers in aspen-birch or

—..mixed stands as opposed to MINESITE typing.
¢ are defined in table 3.

Column headings a and

&

age-class|  0-20 | 21-L0 | Li-60 ' Ci-€0 | B1-10Q 103-12(¢4 121-1k {lﬁlnlidsa?:A:
colurmr] a o a o - N - - - z cl z c a ~
JACKH Ll 2t3 €7 Ghy o9 czleid o273 oo 288 117 21¢ C C C d 1ic:
ASP-E1ou92u62123547502623i1f3 Ergabzyr 7€0:b27 113 C ¢l ¢ ¢ q 23
UBLKS o o 14 114 28711182) 154 dzel g4 36 o1 389 0o C o a---
FIRSD| 67 218 60 4od 124 L&y Lz 165 L&l 173 ¢ - C o o o ¢---
RED F 49§ 171| 429 1473 G 0174 557 249 3 G 0 c ¢ C g 11§
WHT Pl O 12 o dq@ O O 1 11 532 & C o © ¢l 12 i} 3¢
BRUSH| ---| 68 -~ 33 ---| 50| --- L& --~ o -—- O —=-~ Cf -~ o
SEDGE| ---| 38 ~=-4 794 ---{ 158} -~ 158] --~ 15§ ~-- ¢l —~- ¢l --- o ---
LSHRE| ~~-| 214 —=-| 203 ~--1284] —=-125L| ==|  Of ~—~ (o — ¢l --- o --
LARCH o o 14 1} 16 10| Lg 24| LL 26 ¢ C ci ©] ¢ O 1t
LBLKS| 100 4L1] 101{1007 25¢/1076| 2541076] 5242187 4OL10520 12; 5C| 4C| 1€9 ---
MCBOG| & 1€] 14 161 57 223| 69 271 77 303 2¢ 11z Li 16] bio1g ---
SHWDS o 21 1S g 2c¢ 23| 32 36 ; e C C C 0 ¢ o B
CEDARL O 5 ¢l 244 0o O g ol 14 38 o o of O 1u 311 71

Table 8

The initial distribution vector obtained by summing prorated areas in z2ll

preceeding tables.

101-120{121-120 | 141-160, 163160

ape-class| 0-20 r21-L4oLi1-60 1 61-S01£1-10C total
JACKP| 1138, 35804 165. 736, @857, 23C. ] C i 3824
ASP-B| 3702.] 4607013665, LEs5t. LSl Y 0 c o} 31252
YHT S| 896. A7 . 0 Q 19 e 0 9 0} 1002
UELKS 6] 214d 1182, A29Jd IECJ IBI. i) | o 2768
FIRSD| 218.] s587. 537. 1814 223. b D 1 0 176k
RED P|1717.] S1¢€. 0 577 93] g 0 0 0] 2903
WHr P| 12. ] 0 14 5 C 0 1. of 22
BRUSH £6. 324 £, LA, q 0 0 o ff 197
SEDGE 38, 7ed 198, 1530 159 C 5 c o] 561
ISHRE| 216.| 2434 12RL.] 1283, q { C 0 o] 30z%
LARCH 2 1. 1C. 24 . 264 Z v 0 0 €1
IBL¥S| stt.{1921J0 11620, 1292 21a7) 17cs L. 15”0 o 777~
MCBCG 16.] 1514 223, 771 2034 112 16 16, ofo1iis
SHWDC 21. €. 2. 1, [ n 9 o r %l
CEDAR 5 "L > 3 KRR > 1 17
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X0 lt=1 an1 %n2  fFfan [ t=0
or Yt:1=(T)(Yt:O) in vector form. (3)

The-state of the region at t=1 (Y£=1) is a linear function of the state at
t=0 (Xt=0)' If I assume that Xieq

T, transition matrix, is constant for all t), equation 3 can be solved by

always depends only on Y& (i.e. that

repeated iteration and substitution yielding:

Y£:n=(Tn) (Xt=0) a Markov process. (4)

To incorporate age-structure into this multi-species model, groups of Xt
variable are assigned to each forest type--a number that depends on the
selection of t, the time-step-interval. Though smaller time-step intervals

—would have allowed more frequent exam ination of a more detailed distribution

-vector during a simulation, an interval of 20 years was used to minimize the
number of equations needed in the model. Area is thus prorated among the
fifteen cover types into 20-year age-classes as shown in Table 8. For
bookkeeping purposes, ten age-classes were,aSsigned to each of these types.
This yields n=(10 age-classes)x(15 cover types)=150 equations for use in a
simulation. Ten age-classes per type also permits area of any type to reach
a maximum age of 200 years. Maintaining the order of types listed in Table

- 8, the Xy variables are assigned to cover states as follows: X1 through X10
are jack pine age-classes 0 to 20 through 181 to 200 respectively; X11

through Xo0 likewise are aspen-birch age-classes; the process continues this



way until finally, X141 through X150 become cedar age-classes.

A major task in this project is finding the appropriate values that fill

the n-by-n transition matrix T. As indicated earlier, qualitative
derivations of T should be performed considering all factors, including
disturbance as well as natural succession, which affect change in cover type
distribution. 1In order to more easily assess the impact of the factors,
each one must be considered separately from the rest. These impacts are

somehow brought together in the final analysis.

One approach used in this study is embodied by the following interesting

though relatively unrealistic system:

((I-bI+bB)((I—aI—aA)((I~mI+mM)((S)Y£)))) (5)

Ker1™

where  S=the forest growth and succession transition matrix,
M=the forest management transition matrix,
A=the abiotic disturbance transition matrix,
-+ B=the biotic disturbance transition matrix,

P T the neby-n idently matrix,

and m,a,b=fractions of the entire area that are affected by management,
abiotic, and biotic disturbances, respectively.
This model is not as complicated as it appears. The equation merely states
that after every time-step, area in ¥£ is redistributed when X% is multiplied
in sequence by a successional transition matrix followed by management,
abiotic, and biotic disturbance transition matrices. This model is henceforth
— required to as the£%u1tip1icative“ model. The Tower case variables are
used to insure that not all of X£ is affected by a disturbance matrix (e.g.
if a=0.05, then 5 percent of the area is burned or affected by some other
abiotic disturbance during each time-step). If m=a=b=1.0, the sytem reduces
to:

Xy (BOAM(S)T,)))). (5)

The advantage of this model is that it utilizes intact transition matrices

that are easily constructed. Because the time variable is discrete, however,



results depend upon the order in which these matrices are used to redis-

tribute area in YE. This is a major disadvantage.

Equation 7 defined a second additive and a more realistic model also used
here.
Kpgq= (SHHATB) X, (7)
where S, M, A, and B are as above
bULs SeMra+B=T.

The matrices are not transitional but rather, sum to a transition matrix.
Although model results do not depend on the arrangement of S, M, A, and B
—in equation 7 as in the previous mode],7 these matices are not easily con-

structed.

—~— With 1ﬁt1a1 conditions shown in Table 8 and transition matrices qualitatively
derived, both models were used to simulate cover type changes after a 100-
year period or:five time-steps. In addition, if a valid T could have been
derivéd from the sampling procedure, equation 3 could have been used in a
100-year simulation period to obtain a third set of results. Unfortunately
the sampling procedure failed to produce a valid T so this third set of

results couldn't be used to support the predictions of the first two sets.

Computer Programs.

Two computer programs written in Minnesota FORTRAN (MNF) and run on the
University Computer Center's Cyber 74 are Tisted in Appendix III. The first
program, CTYPEC (cover type change), computes the results of a simulation
whéreas the second, CTCOP (cover type change output), prints the results in
tﬁé‘groger form. Additional programs that set up or Tisted various files

7‘j\dai’:m'ces are communative under addition but not multiplication (Bradely,
1975 (page 43)).



used by these Lwo main programs, including one that stored the transition

matrices, are not included with this report.

As shown CTYPEC applies the multiplicative model given by equation 5

by printing, onto a file, new distribution that result each time old
distributions are multiplied by (all or a fraction of ) S, M, A, or B.
Depending on the the detail required by the user, CTCOP analyzes and prints
out the results in forms ranging from a lengthy Tist of how each factor
affected each age-class of each type after each time-step to a small
tab]e’that merely summarizes the simulation.

Lo

RS-

With yh% few minor alterations shown boxed on the left in Appendix III,
the programs can apply the system described by equation 7, the additive
model also, when m,a, and b (denoted in CTYPEC as U,L(i=2,4) are all set

to zero, the programs can apply equation 3 (where S=T).

The dimensioné of each transition matrix in a Tinear model with 150 equations
requires 22,500 storage locations of computer memory per matrix--near or
beyond the loading capabilities of many systems. To conserve core space,
transition matrices were stored in a random access file so that CTYPEC,

which is only able to handle one matrix at a time, could read in any matrix

when it was needed.

As a consequence of the model's structure, the transition mafrices are sparce
(i.e. they contain few non-zero terms). Sparce matrices can be efficiently
packed for storage using the principle of "linked lists" (Tewarsoh, 1973).
Although I handle the matrices in bulk here, users should know that this

packing process exists and could significantly reduce computer costs.

QUALITATIVE DERIVATION OF SUCCESSIONAL PROBABILITIES

™ As previously indicated, parameterithat fill the successional transition



matrix, S, could only be determined qualitatively. It was hoped that informa-
tion obtained solely from the ecological and silvicultural Titerature could
be used to derive the constants. However, even the comprehensive vegetationa]

studies of Ohmann and Ream (1971), Heinselman (1973), and Grdgal and Ohmann

(1975) fail to provide sufficient appropriate evidence for the derivation of

these parameters.

According to the model's structure, only three pieces of information are
needed for each potential cover type succession:

(1) the age of the pioneer when it breaks down.

(2) the probability that a particular cover type replaces the first type,
and (3) the age of the succeeding type when it replaces the first.
These values can be organized and arranged in diagrams or "model topologies"
Tike those shown in Appendix 11,8. To gather information in addition to that
g]eaﬂeq from the literature, copies of the letter in Appendix II were sent
for féview to those qualified to make judgements regarding forest dynamics
in northeastern Minnesota. The values used in these topologies were

determined from the literature.

The reasoning presented below was used to produce the final successional
parameters oraganized into the model topology shown in Figure 3. Assumption

were based on fifteen returned letters and the 1jiterature.

1. Jack Pine (JackP).
Even-aged stands of jack pine break down at ages from 60 to 100 years depending

on site conditionsifowe]ls 1965, , Most reviewers agreed with my determination

8becauqc a time-step of twenty years is used in the model, the ages should

=~ be multiples of twenty. In res pect, ‘however, it appears that use of the
 ~pivtal ages, 10, 30, 50, ctc. would have been more appropriate for the age

of the successor at the time of replacement instead of the ages 20, 40, 60
ete . . which fall on the border between two-age classes.



of 80 years as the replacement-age of an average jack pine stand.9 Some

however,felt this value sheould be higher cnd indeed, jack pine stands over

100 years of age (usually along lake shores or roads) were sampled as part
__of this study. In the BWCA, Heinselman (1973) also sampled many stands domin -

ated by jack pines over 100 years in age. For these reasons, succeeding

forest types were assumed to replace all jack pine stands of ages over 120

years.

-~ Because of the species' intolerance of shade, ﬁack pine cannot regenerate
.. itself in the absence of disturbance except on very dry}nutrient-poor soils.
It initially appeared that shade-tolerant black spruce would replace jack
pine with high probability (0.8) on good sites because black spruce was
a significant understory component in about 80 percent of Ohmann and Ream's
(1971) sampled jack pine stands within the BWCA. In addition, black spruce
seems to gain dominance earlier than balsam fir in Heinselman's (1973) study
and shares dominance with jack pine in one of the Regional Copper-Nickel
Study's community types (Sather, 1979). However, reviewers unanimously agreed
that jack pine succession to spruce-Tir-birch occurs much more frequently
than succession to upland biack spruce.lo Reasons for this include:
=~ 1) black spruce, with its semi%rotinous cones, largely depends on periodic
fire for its occurrance on the uplands (LeBarron, 1948? and, since

the early 1900's most of the study area hasn't burned.
- _.and 2) the estabilshment of fir seedlings is prolific in the absence of:tire.

P

9Rep1acement—age is defined as the age of the pioneer when the dominance of
basal area shifts over from that of the pioneer to the succeeding species.

1/
07 . . . . .
1 Lewis Ohmann in his review of the successional schemes even suggested

a 1.0 probability for jack pine succession to spruce-fir-birch.



Figure 3. Non-zero parameters of the successional transition matrix
arranged diagrammatically like those in Appendix II.




N
~— Despite these arguments, it was believed that most jack pine standsFirst
dominated by upland black spruce before succeeding to spruce—fir«birch
-———because many more of the stands sampled in the study containedﬁ%é;§0rab1e
- amounts of spruce than fir. To adjust for the opinions of reviewersigaagqized
assuming that jack pine is replaced by 41 to 60-year old upland black spruce
with probability (S(33,6)=) 0.5 and by a fir dominated community with probability
(S(43,6)=) 0.4. Placement of succeeding stands in an age-class is quite
qrbitrahy. Although understory elements may behave as younger trees once

released, they are often merely suppressed individuals of the same age as

trees in the canopy (Heinsleman, 1973).

N. Sather (personal communication) suggested that up to 30 percent of the

—— Jjack pine in the study area occu@éies sites too poor to support the more
mesic species. Because of the open character of these stands, jack pine can

—regenerate itself free from competition. Such land is most p;gper1y handled

in a siﬁu]ation by assigning its area to another cover type presumably called
“xeric jack pine." Because the number of feasible cover types is Timited

. . for modeling reasonégfeedback loop was incorporated within the jack pine cover
type to account for thié phenomenon. Because they occur on poor sites,
these stands were assumed to break down at age 60 and are replaced with

probability (S(4,3)=0.8; S(2,3)=) 0.2 by 21 to 40-year old jack pine.

~-.The rég%ining 10 percent of the jack pine stands were assumed to break down
at age 120 and are replaced by red pine of the next age-class (S(57,6)=0.1).
This successional trend was suggested by a number of reviewers and also is
indicated by Ohmann and Ream (1971). The trend is incorporated however,
as an artifact of forest management. P1éntations in the area often contain
significant amounts of both jack pine and red pine. If the jack pine is left

to decay in such a plantation, red pine of the same age will eventually succeed.

e S N g
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- selected ‘aspen-birch stands, howevefybecause:

Aspen-birch(ASP-B).
According to Kittredge and Gevorkiantz (1929), aspen stands break down after
60 years,: whereas associated aspen-birch or pure birch stands break down at

about 80 years of age on average sites. A replacement of 100 years was

0 e
R

W

i
e 1) Many of the sampled stands were typed aspen ot birch and assigned
ages over 80 years, '

and 2) some reviewers suggested that the replacement age of 60 years shown
in Appendix II should be raised.
Two pieces of evidence suggest that aspen-birch communities do not succeed
immediately to "climax types." First, Heinselman (1954) in his study of
immediate replacement of aspen-birch stands concluded that successor re-
production was insufficient for replacement in most Minnesota stands.
Second, aspen and birch poles dominated about 80 percent of the understory
in Ohmann and Ream's (1971) aspen-birch type even though fir and spruce
domiﬁated the seedling class. The upland scheme in Appendix II contains a
delaying mechanisms for aspen-birch succession to a fir community--most
aspen-birch area eq}gﬁte to the climax spruce-fir-birch type flows to a
mixed type (still dominated by aspen-birch but containing a significant amount
of conifers). Although such a mixed cover type was not used as one of the
intial distrjpution vectors it 35 recognized as a spearate community type
by both thelﬁ%nesite (1976) ané?ﬁegiona] Copper-Nickel Study (Sather, 1979).
Because aspen and birch are both extremely intolerant of shade, aspen-birch
succeeding aspen-birch seems improbable regardless of the above afguments.

Aspen-birch poles in such stands are probably suppressed individuals that

lack vigor needed to replace dying trees in the canopy.

Instead, W.A. Patterson (personﬁh] communication) suggested a more probable

trend--on certain sites, aspen-birch regenerates itself because canopies



break up so quickly that light reaching the furest floor becomes sufficient
to stimulate the growth of aspen suckers. The number of sites capable of
sustaining such a trend is probably small compared to the percentage of
sites where canopy break-down is slow. As shown in Figure 3, 20 percent of -

aspen-birch is assumed to be affected in this way (S(11,15)=0.2).

— Balsam fir and spruce undoubted1%%'should replace the remaining 80 percent of
aspen-birch type having canopies that break up sTowly (S(42,15)=0.8).
Studies of Kittredge and Gevorkiantz (1929), Ohmann and Ream (1971),
Heinselman (1973) and the Regional Copper-Nickel Study (Sather, 1979)

support this assertion.

White Spruce (WHT S).

Ponow e gy, o i
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Stands dominated bnyhite spruce occur in northeastern-Minnesota only as

plantations. Becaused the species generally is Tong-Tived (Wilde, et al.,
1940); 160 years was selected as the age when such stands break down. In
the rare cases when white spruce escapes logging, a fir-dominated community

should succeed (S(44,28)=1.0).
— Upland %Qﬁck Spruce (UBLKS).

Black spruce is shorter-lived on the uplands, succumbing after 80 years

of growth instead of 140 or 160 years for Towland black spruce on average
sites (LeBarron, 1948). Many upland black spruce stands over 100 years of
age were sampled. For this reason, all black spruce stands were assumed to

a balsam fir-dominated community after 120 years (S(42,36)=1.0).

Black spruce's ability to survive in dense shade suggests that this type
might have temporal'stability. Ohmann and Ream (1971) and Heinselman (1973)
ﬁ»
~—~— elaborate on potential successions of other types to a blck spruce-jack pine

-— (or a bT@k spruce{’..feathermoss)) type having poorly developed shrub and herb



layers but a well developed moss layer. Apparently, black spruce maintains

avii;wmits presence in this type through Tayering, whereas a poor seeégd afforded

—-—--by the moss deters the establishment of fir seedlings. Upland bajkk spruce
e stands in the succession study area lack 1uxuria@fmoss cover (Sather , 1979).

Therefore, fir reproduction should be sufficient to allow succession of

upTand black spruce stands to fir-dominated stands after one generation.
Balsam fir (FIRSD).

The spruce-fir type of Cooper (1913) or the spruce-fir-birch type of Buell
and Niering (1957) are generally accepted as the climax communities for this
— region. Buell and N%ring (1957) support cﬁiﬁms of the Tatter community's
persistance with the following observations:
1) balsam fir reporduction was abundant and where an opening in the
i???py occurred, the seedlings grew rapidiy forming thi;kets of

2). though its reproductive potential was poor, white spruce could
. remain a minor component in the type because of its longevity,

and 3) paper birch, though shade intolerant, could maintain its presence
once established on a site by sending up fast-growing basal sprouts
from a felled parent.

Using the advice of C.F. Algren (communication by letter), aspen was recognized

as a minor component of this type because of its abundance and persistence in

the succession study area. Based on these considerations, this fir community

[V

——-was named FIRSD--a c]imdﬁ/cover type dominated by balsam fir and containing

lesser amounts of spruce and deciduous trees.

The model parameters are derived by considering the ecology of balsam fir
only. Although the species may attain ages of 200 years, windfall and butt
rot reduce the average longevity of fir to 80 or 90 years (Fowells, 1965;
Morris, 1948). A1l even-aged fir stands were assumed to reach 100 years of
age and remain in the 81 ro 100-year age-class as they become uneven-aged

(S(45,45)=1.0).



Red Pine (RED P).

Red pine wnd the stands in which il dominates are very long-lived. Therefore
L .
—red pine stands that escape loggin were assumed to break down at the maximum

age allowed for a type in the model--200 years.

The topology in the appendix shows red pine succeeding with equal probability
to either white pine or spruce-fir-birch. White pine replacement of red pine
(1) has been documented by Kittredge (1934), (2) is supported by the understory
composition of Ohmann and Ream's (1971) red pine type, and (3) is clearly
shown by Heinselman's (1973) Table 9, which gives the "structure by species
and age ranges for a 283-year-old red pine stand" in the BWCA. However,

most of the red pine in the succession study area has been planted, and
because seed sources of white pine have been drastically depleted by logging
and blister rust, succession of red pine to the fir type is more likely than
succession to white pine. As shown in Figure 3, all red pine over 200 years
of age is replaced in the model by fir with probability (S(44,60)=) 0.9

and by white pine with probability (S(67,60)=0.1.

White Pine (WHT P).

The Tongevity of white pine is even greater than that of red pine. Shade
~mmto1erané2;f1r and spruce should replace all white pine over 200 years of

age with probability (S(44,70)= 1.0 as is illustrated by Heinselman (1973)
by the structure of a 360 year old whi;é pine stand with dense fir and spruce

understory.
Upland Brush (BRUSH).

—- Although few stands were observed upland brush stands that occur in the succession
i
K

study area are replaced in the mode1 by aspen-birch after 80 years of develop-

ment (S(12,75)=1.0. This trend might be realized when aspen root systems invade



adjacent areas of brush.
Lowland Types

Only one previous study{Dean)fﬁ971) was available for wetlands near the study
area and very little feedback was received from reviewers regarding possible

- successional trends in we?%%nds.

The lowland model topology in the appendix is based on wetlands sampled as
part of the Regional Copper-Nickel Study (1979) and successional trends are
quite speculative. Almost all lowland area in the model is tied up in nutrient
——deficient communities. Theé model may overestimate the i&tia] area of
~~hutrient poor commun;ties because usqg’of Heigﬁelman‘s (1970) indicator
L

“Tspecies to define neétrient status of study area wetlands suggest that most
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—~— of nutrient poor (RENS, 1979). According to the topology, successional

trends to the more nutrient-rich types occur very slowly.

Becau;e no area flows into sedge type (SEDGE) from mats invading areas of
~~—open water, the topology assumes that all s}%dge area, after 100 years,

flows to lowland shrubs (LSHRB) with probability (S(91,85)= 0.9 or to swamp

hardwoods (SHWDS) with probability (S(131,85)=) 0.1. This modeling approach

is unrealistic and should have been modified because the model did not

allow for disturbances (e.g. by beavers) that would allow area to return to the

sedge type.

“In contrast, area is fed back to the Toy_jand shrub commnunity in FigureT;T3>
thus accounting for changes caused by fluctuations in water levels (S(91,93)=
S(94,93)=0.5). Note that the two Towland shrub communities of the lowland

topology in Appendix II are combined in Figure 3.



Because alder carr comprises only about two percent of the area currently
in LSRI™, the magnitude of the successional arvows to tamarack (LARCH)
—and Towland black spruce (LBLKS) remaiﬁiesentia1]y the same, whereas those
to swamp hardwood§ and nerthern white cedar (CEDAR) are greatly reduced.
After 80 years all Towland-shrub area not recycled to the type is modeled
to be replaced by tamarack with probability (S(101,94)=) .98x.3=0.294, by
Ab?ack spruce with ptobability (S(112,94)=) .98x.7=0.686, by swamp hardwoods
with probability (5(131,94)=).02x.1=0.002, and by cedar with probability
(S(124,94)=) .02x.9=0.018.

o T
A

~— Tamarack, intolerant of shade, is succeeses by more tolerant black spruce
except on sites too poor to close the canopy and shade out tamarack repro-
AR MER S
: a

“““duction. In Figure 3, 30 percent of the tamarack is assumed toipoor sites
Mwwhgbég the remaining 70 percent is replaced by black spruce after 120 years
(S(lQ4,106)=.3, $(114,106)=0.7).
== Natural succession shou[%znot appreciably affect the remaining four stable
“Tcover types. As shown in the topology in Figure 3,§a%gumé%that 10 percent
of the stands of rep1acemen‘t~age11 succeed to different types, whereas the
remaining 90 percent stays in that type in an earlier age-class. Fir
slowly increases in black spruce bogs to allow some area to flow to the
mixed conifer bog type (S(126,117)=0.1, S(116,117)=0.9). In this mixed
type (MCBOG) as well:.as in the swamp hardwoods type, cedar, the most
shade tolerant species found in the region (Baker, 1949), will increase and
allow some area in these types to flow into CEDAR (S(146,136)=0.1,
$(134,136)=0.9). Finally, as suggested by two reviewers, area is modeled
to flow from the cedar type to FIRSD Tinking the upland and Towland
topologies in Figure 3 that were separated in Appendix IT (S(44,150)=0.1,
$(148,150)=0.9).

11Rep]acement~ages for the Towland forested types are derived from Fowells (1965).



Growth

If not already evident, growth is realized in the model by setting some
matrix entries below the diagonal to 1.0 (S(i+1,i)=0.1). Values for S(i+l,1)
yemain zero is 1 corresponds to an age-class greater than or equal to the

replacement-age.

MANAGEMENT PROBABILITIES

In Figure 4, parameters that fill the management transition matrix, M,
are shown in a topology as before. The topology embodies rotation ages
and regeneration practices currently used by the Forest Service in its

management of the Superior National Forest.
Jack Pine

The topology shows that half of the jack pine area is harvested after 60
years:vwhereas 90 percent of that remaining is harvested in Tater years.
That area escaping management corresponds to jack pine held in reserve
— areas around lakes or along roads. wher§Syer possible, the Forest Service h.i¢
“”’trigé to regenerate harvested jack pine stands to red pine. A success rate

of conversion of 50 percent is assumed for modeling purposes.
Aspen-birch

Largely because aspen-birch covers so much of the study area, only about

20 percent of the type is assumed to be managed at-and-beyond rotation age.
~-After 40 years of growth, most of the{%pen harvested is now regenerated as

aspen-birch in contrast to the practices of the 1950's and 1960's when the

Forest Service consistently attempted to regenerate conifer stands (pre-

dominately red pine) from plantations on converted sites. In Figure 4, only

five percent of harvested aspen-birch is converted by the model in this

manner. After 60 to 70 years of growth, Hypoxylon canker is assumed to



Figure " Non-zero parameters of the management transition matrix arranged
as in Fimure 3. (See text
for discussion).
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reduce the economic value of 90 percent of the aspen trees on average sites.
Currently, these stands are clearcut (Teaving the timber on the site) and
aspen-birch is allowed to regenerate by suckering. In Figure 4, 18 per-
cent of the aspen-birch older than 60 years is modeled to regenerate in

this way.
White Spruce

In the model 90 percent of the white spruce type is harvested from each
age~class older than the rotation age of 100 years and all harvested stands

are regenerated to white spruce.
Upland Black Spruce

According to LeBarron (1948), harvested black spruce stands often do not
grow as black spruce but rather as aspen-birch or jack pine as is assumed
in Figure 4. As was the case with white spruce 90 percent of the area in

each age-class over the raotation age of 60 years is harvested in the model.
Balsam Fir

Because of the disastrous effect that the spruce budworm (Choristoneura

fumiferana Clem.) has on balsam fir, only 15 percent of each age-class
over the rotation age of 40 years is harvested. For the same reason,

more than half of the harvested area is converted to spruce.
Red Pine

Red pine is treated exactly as white spruce except that a rotation age of

120 years is used for red pine vs 100 years for white spruce.

White Pine



e

Although white pine produces valuab]e timber, the Forest Service finds

- managina sites for white pine u1pc0n0m1cal because of white pine blister

rust caused by Cronartium ribicola. Therefore, assume that 99 percent of

the white pine in age-classes older than 120 years is harvested and con-

verted in the model to more disease resistant types. Most of the conver<10n

¥ I

\ Q I Y
is directed in the model into the aspen - hl)(h compartment because furlhpr
L

-pine s selectively removed, aspen-birch will remainyif whw}e pine is clear

) i
cut, aspen-birch regeneration is cheapest.

Upland Brush

The Forest Service will probably spend Tittle effort managing this type.

Transfer functions used in the model assume some conversion to jack pine.
Lowland Types

The four Towland types shown at the bottom of Figure 4 are harvested by the
Forest Service using the strip-cut method. Because of this practice, seed
sources are assumed to be sufficient to regenerate each type after harvest
as shown in Figure 4. Percentages of the area harvested, also shown in the

figure, reflect the value of the timber in each type.

ABIOTIC AND BIOTIC DISTURBANCE PROBABILITIES: FIRE AND EPIDEMICS

Upland fire, spruce budworm epndem1cs and white pine blister rust are

incorporated into the model as the major natural disturbances affecting
cover type changes in this region. More types of disturbances could and
should have been modeled. These three at least provide examples of how

disturbances can be incorporated into a linear system.

The following assumptions is made inregard to upland forest fires--types
burn in proportion to the fraction of the region's area they occupy at the

time of the fire. Lowland forest fires are not included in the model.



Figure 5.

Non-zero paramaters of the fire (abiotic disturbance) transition matrix
arranged diarrammatically as before assuming all area burns, Area of all
types less than 2l-years goes 5 percent to upland brush, 95 percent to

aspen-birch. g

WHT P 3

Figure 6.

Non-zero parameters of the epidemic (biotic disturbance) transition
matrix arranged diagrammatically as before assuming that only 50 percent
of fir and 25 percent of white pine type area is affected.

ASP-B




In Figure 5, a topology is provided that shows trends initiated when the
entire region burns. The following comments justify these trends.

1). Area of all types less than 21 years of age flows 95 percent
to aspen-birch and 5 percent to upland brush because conifers
(in conifers-dominated types) do not produce seed after 20
years of age.

== 2). Aspen and birch with their suckering or and stump sprouting
abilities respectively and light seeds, are better adapted

—-for regeneration after fire than the conifers. My systematic . o1 wiad

sampling of the area around Cherokee Lake before and after wild-
fire (using maps provided in Ohmann, et al.'s (1973) Figure 9)
supported this assertion. With a sample size of 129, about 30
percent of the points within conifer stands before the fire be-
came aspe-birch after the fire, whereas only 8§ percent of the
points falling within hardwood stands before were dominated by
jack pine after fire. The topology in Figure 5 Tikewise allows
aspen-birch to more or less replace conifer-dominated area after
fire.

3). Jack pine (Roe, 1963) and black spruce (LeBarron, 1939) are both
adapted to fire by having persistent serotinous and semiserotinous
cones that are induced to open by a fire's heat and subsequently
sprinkle seeds onto seedbeds cleared by the fire. For this reason,
assume that mucn conifer-dominated area flows to these two types
after fire.

”4). The thick fire-resistant bark of red and white pine allows these
types to survive all but the most severe crown fires. Trends in
Figure 5 account for this phenomenon.
In the simulations, five percent of the area burns each time-step. A more
Tikely scenario would postulate a random occurrence of a few large fires
over the simulation period (e.g. see Heinselamn's (1973) Table 2). However

the mathematics are kept simple and the results are more easily interpretable

Tif the aréé*§ﬁ]owed to burn each time is held constant.

Little is known of the effects that epidemics have on community structure.
Because Ohmann and Ream's (1971) budworm-disturbed community contained

—=sufficient fir reproduction to regenerate the stand, that 80 percent of the

G A A Y
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~~""budworm-disturbed fir is modeled to tin-the fir type, as shown in Figure 6.
Otherwise, area flows to the types dominated by important associates of fir

in FIRSD--aspen-birch and black spruce. Blister rust should move disturbed



area out of the white pine type as arbitrarily assumed in Figure 6. In

the model, 50 percent of the area in each age-class of FIRSD becomes infested
with the spruce budworm; this was the approximate proportion of sampled fir
~ stands that a seafch of compartment records 1nd1gated has sustained heavy
budworm damage. 25 percent of the white pine'type is assumed to be destroyed

by blister rust.

USING THE TOPOLOGIES FOR DIFFERENT QUALITATIVE MODELS

The topologies can be correctly transcribed into the matrices used in either

IR T

™ the multiplicative or additive’if one remembers: 1) that the elementis in
each column of each matrix must sum to one in the multiplicative model, and
2) the elements of each column in all the matrices together must sum to one

in the additive model.

For Fhe mulplicative model, probabilities shown in the successional topology

are'in the correct form for placement into the matrix because those leaving

a box for a given age-class sum to one. In the other three topologies,

however, disgonal elements must be assigned values that will insure that

all column elements in M, A, and B sum to one. For example, the diagonal

element M(3,3) must be set to 0.5 (i.e. management doesn't affect half

of the area in the 41 to 40-year jack pine age-class) so that 150 M(i,3) = 1.0.
iii

On the other hand, the successional topology probabilities are the only ones

that need modification for use in the additive model. These values must be

reduced to the portion of the area in the type not disturbed. Using 101

to 120-year old jack pine as an example, only five percent of the cover-state

area under-goes succession in the additive model because 90 percent is

harvested and five percent burns. Therefore, the successional probabilities



for 101 to 120-year old jack pine must be multiplied by 0.5 before incorpora-
tion into S for the additive model. Problems occur when disturbance
probabilities sum to more than one as is the case for white pine where 90
percent is managed, five percent burns, and 25 percent is destroyed by

~ blister rust. Here, the levels of disturbance must be changed to accomodate
the additive model. Thus 63 percent of the white pine area in age-class
over 120 years is modeled as managed area whereas seven percent undergoes

continued growth and succession.

RESULTS

Tables 10 and 11 Tist the area in each agé~c1ass of each type after every
time-step as predicted by the multiplicative and tne additive models respectively.
From these data, the graphs in Figure 7 are constructed. These graphs show
how the total area occupied by the more important covgr}}ypes changes over
== the 1dO—year simulation period. To aid in the fo110wtzggcussion of dis-

~—turbance and succession)graphs (Figure 8) were constructed to show the area
of important forest types harvested after each time-step. Because predic-
tions of the mulplicative and additive models are similar in most respects

(particularly in regard to the total area occupied by each type), the two

are treated as a single case.
Jack pine

The qualitative simulations (Figures 7a) predict a gradual decrease in the
area occupied by jack pine. This drop of about 1500 total hectakes is
caused by the conversion of harvested jack pine to red pine. The loss in
area accounted for by succession is offset by gains due to fire. The drop
in the harvest curve (Figure 8) after the 21 to 40-year interval corresponds
to the time when what 1ittle 41 to 60 year old jack pine now occuring in the

study area reaches rotation age.
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Table 10,

(continued)
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meovle 11,

Change in the initial distribution vector (Table 8) over a 100-year simulation

period as predicted by the additive model (equation 7).

Why bt eyl oD e S e
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Table 11.

(continued)

AGE IN YEARS
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Fipure 7.

Results of three simulations graphed separately for each type in 7a
through 71, where

mnmmmmmmnnmmnn--identifies results of the multiplicative
model (equation 5),

aaasaaaaaaaaaa--identifies results of the additive model
(equation 7).
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Figure 7 (continued)
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White Spruce and Red Pine

The qualitative simulations predict a gradual increase in the arca occupied
by both of these fypes (Figures 7c and 7f). Intensive management converts
~ some harvested jack pine and aspen-birch area to white spruce and red pine
and also keeps area within these long-Tived types preventing succession to
fir. The lack of area in the red pine 41 to 60 age-class causes a drastic
decline in the area harvested 61 to 80 years in the future. After this
period, harvest of both red pine and white spruce increases as plantationg

originating in the 1950's and 60's reach rotation ages.
Aspen-birch

Area occupied by this type (Figure 7b) declines because succession to fir
is not offset by gains caused by epidemics and fire. This effect is parti-
cu]ariy noticeable between 41 and 60 years into the simulation when 13,465

hectares of aspen-birch reach replacement-age.
Upland Black Spruce

Area is intially lost from this type because harvested black spruce is re-
generated to other types (Figure 7d). However, in time area builds up in
the Tower age-class as it enters from the fir type that is disturbed by
the spruce budowrm. This inputted area produces an increase in harvested
upland black spruce (Figure 8) when it reaches rotation age at 80 years

into the simulation.
Balsam Fir

The drastic increase in fir (Figure 7e) is undoubtedly caused by succession
from aspen-birch. The increase stops 60 years into the simulation as

losses caused by harvest, fire, and budworm damage all offset inputs from



succession.
Lowland Black Spruce and Mixed Conifer Bog

The qualitative models predict little areal change in these types because
succession is slow and management prevents area from leaving the types.
~ Black spruce increases in area becsuse arca entering from its replacement

of tamarack and lowland shrub stands remains black spruce.
Uptand Brush

On an areal basis, upland brush is not an important type in the succession
study area. Upland brush is considered here to illustrate the difference
between the multiplicative and additive models. Area flows into this type
only when a fire burns area in the 0 to 20-~year age~class of other upland
types because inadequate seed sources or poorly developed suckering root
systems are assumed in these areas after fire. In the mulplicative model,

— 1itt1éﬁor no area enters the brush type because mulplicative multiplication

«- 0f the distribution vector by S moves all area out of the ypoung age-class

~uw.?efore it can be acted upon by A. The additive model lacks this problem .

\u:&hgg»as shown in Figure 7qg, thg additivgjg?ézicts more area for upland brush
than the mulplicative model. The gap hetween the two curves isn't as

~. large as one would 1n%ia1]y think because succession feeds much area into
the 0 to 20-year aspen-birch age-class before multiplication of X by I-

~— (0.05) 1+(0.05)A in the muh}fh’cative modeT .
Although the mulplicative and additive models both predict nearly equal
amounts of total area occupied by each cover type, some individual cover
state predictions vary greatly. Differences are most pronounced in age-
c]assesythat follow a type's rotation age (compare values in Table 11,

wm1dent1iped by asterisks, with the corresponding values in Table 10).

In the intensively managed forest types such as pine and white spruce,



the mulplicative model never allows much area to pass beyond rotation age.
~.. This is so because most areaﬁ’that is moved into this class (such as the
121 to 140-year class for rad pine, which has a rotation age of 120 years)
when X is multiplied by S, is Tater harvested when X is multiplied by M
during any time-step. The area in this case is harvested in the additive
——.model. At the same time, however, area in the precaﬁding age-class (101
to 120 years for red pine) matures and replaces the harvested area. For
this reason, forests are harvested at an earlier age in the mulplicative
model. The difference in results between the two models illustrates the
importance in the mulplicative model of the order in which transition mat-
ricies are selected to repartition area in X during each time-step. Final
age-distributions for the pines and white spruce as predicted by both
models would have been more similar had X been multiplied by M before S

during a time-step in the multplicative model.
DISCUSSION

- Mu1t1p11cat1ve and add1t1ve mode1 curves in F1gure 7 tend to 1eve1 off near

. LN
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~-the matr1ues are held constant the vector probab]y approaches a stabe 5

12 Certainiy one would never

age distribution as the simulation continues.
expect a stable distribution of cover states to actually occur in this region.
Therefore, unless random components are incorporated into the model (such
as allowing portions of the region disturbed by factors to vary), accurate
or reasonable predictions of cover type change cannot be obtained for
simulation periods that extend far into the future. Interestingly, Shugart
e @t al (1973) cﬁaﬁm the opposite for their model--their system of differential
equations cannot be used to predict cover type changes over short time
intervals.

EIR "\i i ?C}L g
— 12Tms feature at’the mines can be proven mathematically (Bradely, 1975).




Two valid criticisms of the model approach can be recognized. First,

the models used are complicated and expensive devices that merely corro-
brate much of what is actually common sense. Certainly, one can predict
that a shortage of red pine will exist in 60 years after glancing at the
age-distribution of the type in Table 8. Second, the models attempt to

w13 Surely successional

"do more than the current state of knowledge allows.
transition probabilities and replacement-ages are not "common knowledge."

However, the models present an easy and Togical way to bring together all

that is known about a system. Furthermore, because of the models' mathematical

simplicity, new factors are easily incorporated when they become apparent

as a study proceeds. Indeed, the Regional Copper-Nickel Study is presently
using the multiplicative model to assess the potential impacts of sulfur
dioxide emissions fiom from smelters. With ease, the models can be used to
compare the effects of each factor, in isolation, on the region's
vege£5tion. The model's greatest advantage lies in its ability to integrate
the effects of all factors. For example, results of simulations performed
nere predict an increase in upland black spruce because much aspen-birch

area succeeds to fir which in turn is affected by the spruce budworm.

SUGGESTIONS FOR FURTHER STUDY

P
i

The best way to test the models used in:%is report is to compare the resu]té
of a simulation against real-world changes in forest cover type distribution.
On the other hand, the indirect approach attempted as part this study by
using aerial photo interpretations taken at successive dates to confirm
successional trends could have been useful if comparable cover typing from
successive areas had been available. The transition matrix, obtained here

13Quoted from E. Gorham's review of the succession schemes. 1978,



by comparing stands outlined on different maps by different interpreters

is suspect.

In the future, workers experienced in photo interpretation should themselves
interpret randomly sampled unit areas on photography taken at different per-

. jods. In addition to reducing biases to those of individual interpreter,
-—=this procedure would allow theibykkehﬁ to recognize his own community types.

Cover type maps compiled at different times by different interpreters can

be used to check the interpretations or as an aid in finding scarce types.
'“““Howeverw’these maps should not be used as the primary source of information -

~— however..

Successional trends might become evident when comparing aerial photos taken
of the more remote BWCA from 1937 to 1976 than in the succession study area
because man has prevented forest fires from natually disturbing the region.
According to Heinselman (1973), however, fire exclusion has merely allowed
another disturbance, the spruce budworm, to increase in importance. In
- addition, periodic drought significa@if& distur?gg forest ecosystems in

this area (although this feature was not handled by the model).

‘Conditions brought on by the 1976 drought were severe enough to kill much

14 To summarize

of the spruce and fir regeneration on well drained soils.
because "disturbance is the rule rather than the exception,”15 in northeastern
Minnesota, successional trends may not be clearly observed over any time

interval--40 years or otherwise.

14Persona] communication from W.A. Patterson, Copper-Nickel, 1978

15Quoted from L.E. Ahlgren's review of my succesional schemes. 1978.
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APPENDIX I.

Common and scientific names of plant species mentioned in the
report. Classification is based on Fernald (1950).

Common Name

jack pine
trembling aspen

large tooth aspen
\ - PN R

et ayr

) et

Baln of Gilead
paper birch
red pine

white pine
balsam fir

red maple
tamarack

black spruce |
whifé spruCe
(black) ash
(american) elm

northern white cedar

(beaked) hazel
pin cherry
alder

leather leaf

Labrador tea

tree species

shrub species

Scientific Name

Pinus banksiana Lamb.

Populus tremuloides Michx.

Populus grandidentata Michx.

Populus balsamifera L.

Betula papyrifera Marsh.

Pinus resinosa Ait.

Pinus strobus L.

Abies balsamea (L.) Mill.

Acer rubrum L.

Larix Taricina (DuRoi) K.Koch.

Picea mariana (Mill) B.S.P.

Picea glauca (Moench.) Voss.

Fraxinus nigra Marsh.

Ulmus americana L.

Thuja occidentalis L.

Corylus cornuta Marsh.

Prunus pennsylvanica L.F.

Alnus rugosa (Puroi) Spreng.

Chamaedaphne calyculata (L.) Moench.

Ledum groenlandicum Cedar




APPENDIX IT.

A three page letter sent out to those qualified to judge the
merit of the successional schemes provided on the following
two | s,

[l -

I am an undergraduate at the University of Minnesota working
with the MEQB's Copper-Nickel Study on predicting forest cover
type changes for a 200-square-mile region southeast of Ely,
Minnesota (centered about T6IN, R1IW). Most of this area lies
within the Superior National Forest and is heavily disturbed.

To predict cover type changes in the absence of biotic and abjotic
disturbances, I invoke a model that explicitly states (1) at what
age the average stand of a particular cover type succumbs to
succession, (2) the probability that a particular cover type
replaces the first type, and (3) the age of the succeeding type

at the hypothetical instant it replaces the pioneer. I recognize
the extremely important role that disturbance plays in affecting
forest development in the area and will incorporate disturbance
into the model later.

Each box in the upland and Towland successional diagrams attached
to this letter represents one of the cover types I recognize. The
arrows between the boxes represent the direction of succession

--an arrow's point directed toward the cover type that replaces the
cover type at the arrow's tail. Along each arrow, values that
correspond to the parameters described above are circled. 1
determined these values as best 1 could from the ecological and
silvicultural Tliterature.

I would greatly appreciate your review of these schemes. I'd Tike

you to scrutinize each value along the arrows by blackening in the
circle if the value within appears reasonable, placing an "X" over

the value if it is unreasonablie, or leaving the circle blank if you're
undecided. If you can replace any value with a more suitable one,
place the new value aside the X'ed circle.

I would also greatly appreciate any additional comments you
might wish to give me on the back of either diagram. Please
enclose the diagrams in the envelope provided and mail the
return letter at your convenience. Thank you for your time.

Sincerely,

Reed Sloss
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Appendix IIT.

A listing of two computer programs used to simulate changes in
cover types over a region. The first, CTYPEC, stores results on
a fil.. The second, CTCOP, reads the file and prints out the
results in an appropriate form. As written, the programs apply
the model defined by equation 5. With the modifications shown
boxed on the left, the program can be changed to apply the model
defined by equation 7.

A, A listing of CTYPEC written in MNF with appropriate comments
included.

78703723 19.46.005, . o . - L .

MNF FROGKAM  CTYFEC
001C0 FROGRAN CTYFEC (TSTACKRESULTINRISOUTFUTs TAFEL1O=TSTACK
00105+ TAFEL1=RESULT TAFES=INKJSy TAFES=0UTFUT)
00110C
00120C
00130C

001 40CHAATHIS FRGGRAM SIMULATES FOREST COVER TYFE CHANGES EY USING THE MODEL:!
Q01500¥YY  X(T=TSTEP)= (U-(BU;BL)I% (eu,BLIR)

00140CH b¥ {T-(au, ALY I+ (AU ELIAY e
00170C k%% {(1- QﬁU.ML)I+ i LM o ({s)y(T~TSTsP-1»))
Q0180CKIXWHERE ¢ X=THE COVER STATE DISTRIBUTION VECTOR wF TER S0ME TIRE-STEFR,
001900k 4k I=THE IDENTLITY HATRIX

T 002000% KK HyAsB(UYL)=FRACTIONS OF THE ENTIKE UFLAND (L) OR LOWLAND (L)
00210CkY & . AREA THAT ARE AFTECTEL BY MANAGEMENTY GRIOTIL, AND
00220 KX EIOTIC DISTURRANCE REGPECTIVELY :
00230C k%X S=THE FOREST GRUWTH AND' SUCCESSION TRANSITION MATRIX»
002400k A M=THE MANAGEMENT TRANSITION MATRIX, _ - o
002500 %% ¥ A=THE ARIOTIC DISTURBANCE TRANSITION MATRIX»
00240CK KK AND E=THE BIOTIC DISTURBANCE TRANSITIUN MATRIX.
00270C

CO2BOCX*XTHIS MODEL IS REALIZED IN THE FROGRAM WHEN THE INITIAL DISTRIRUTION
Q0250CH*x(OLDX) OR ITS FORTION (UyLCIJ) IS MULTIPLIED IN SEQUENCE EY S» Mr A»
QO3COCHYKAND I (T(I)»,I=1 TO 4) RISFECTIVELY FOR EACH TIME-STEF., THELE FOUR
Q0310CKkX¥GIANT MATRICIES ARE STACKED IN SEQUENCE IN A RANDOM ACCESS rILE ALUVE
O0320Ck¥XTHE INITIAL COVER STATE DISTRIRUTION VECTOR., AFTER EVERY AATRIX
QO3Z0CKXY¥MULTIFLICATIONy THE RESULTING DISTRIDUTION VECTOR (NEWX)Y 18 THEN
00340CXk¥STORED IN ANDTHER FILE (#11). THE FROGRAM CAN ACCOMMOLATE UP TO 20
00350CxxCOVER TYFES ANIl A SIMULATION FERIOD OF TEN TIME-STEFS,

00340C . e o —— e e - C et e
00370C '

00380 INTEGER UTYFESyLTYFESyTOTALT» XTOTALy TOTEF y INDEX(6) s NTYFES

003%0 REAL JLDXC100) yHEWX(LTO0) » XHOLDCL150) y TCLG0,150) rUCA) yL (4D

00400C .

00410C

0C4ZCUK¥XTHE UTER MUST FIRST FROVIDE THE COMPUTER WITH THE NUMDER OF UPLANL
00430CHXXxNND LOWLANL COVER TYFES (UyLTYFES) s THE HUMBER OF TINME-STE~S OR
O004A0CKIKITERATIONS OF THE MODEL DESIREDy AND THE *LISTURBANCE FROUABRILITLIES®
004T50CYH¥AWHERL Uy L(I=2) nkE THOSL FOR MANAGEMENTy UsL(1=3) ARE THOSE FOR
004460CKkYXARIOTIC DISTUREANCEY AND UrL(I=4) ARE THOSE FOR EIOTIC DISTUREANCE.

00470C

00470 READY (5,10) UTYFESYLTYFES,TOTALT» (UCI)yL(I)»I=2r4) . -
0C500 10 FOKMAT (3(I2,1X)yb6(FA.291X)) :
00L1tocC

e = [RPSUUS A




Appendix IIT A--program CTYPEC (continucd)

005250 . : . s -
00LIOCAT¥SD THAT ALL THE AREA EXFPERIENCES GROUTH aND SUCCESSION EACH TIME-STEFy
Q0SA0C¥k¥U Lo I=1) ARE BOTH SET T0 1,0,  "XTOIAL"» OR THE NUMRER OF COVER STATES
00UOOCHAXIS CALCULATED FOR USE IN THE LOOF BELOW.  THOSE VALUES USED IN THE ... ..
QULAOCKEKUVUTHUT FPROGRAM ARE STORED AS THE FIKST RECORD ON TAIME 11,

0047 eC

(NI . oo o ., e e em
02I%0 Ut =L(1=1.0

00600 HIUYFES=UTYIESHLTYFES

00610 UTYrE5= 10%UTYFES e e o e med e et e e e e
Q0820 XTOTAL=LUANTYFES ‘

004630 WRITE (11) NTYFESy XTOTALrs TOTALT

005430C

00a50C

008 CC*#XTHE INITIAL COVER STATE DISTRILUTION VECTOR IS READ FROM THE EOTTOM
00470Ck¥¥0OF THE STACK FROM THE RANDOM-ALCESS FILE AND STORED A5 THE SECOND —_—
QOOB0CK*¥REZCORD ON TAFE 11. .

00670C
00700C B RV

00710 CALL OFENNMS (10sINDEXr650) 00732 N0 15 I=1,XTOTAL

00720 CALL READMS (10s0LLXs15055) 007IA XHOLTI(T)=0,0

00730 - WRITE (11) (OLDXCI)sI=1,XTOTAL) - Jap»24 15 CONTINUE .
00740C ppediafion

007500

007460CA%KIOR EVERY TIME-STEFy THE DISTRIBUTION VECTORy OR ThAT TORTION OF IT
00770Ckx¥CALCULATEDR IN FRACTDy IS MULTIFLIEL IN SEQUENCLE RY EACH OF THE
OQO7GOCH¥ K IRANSITION MATRICIES T(I)»I=l TO 4. IF NECESSARYs THE AREA NOT

O07FOCXMAEFFECTEL EACH STEF (WHOLL) IS ALLED BACK TO THE EFFECTED AREA (NEWX).
00BOOCAXXAFTER BEING STDRED ON TAFE 11y NEWX EBECUMES OLLX FOR THE NEXT STEF.
00810C

00820C : L - } -

00830 L0 100 TSTEF=1,TOTALT

00840 [0 B0 I=1,4

00850 CIF (GUCI)NE . 1.e0) <ORw(L(I) «NE.1,0)) CALL FRACTD (OLDX,XHOLD, . . ._
00840+ XTOTALsUTYFESsUyLy 1)

00870 CALL READMS (10sTr2250051) .
00880 CALL TXMULT (OLIXrTyNEWXsXTOTAL) : o -
00890 IF ((UCI)ER.1.0) AND. (L(I)WEQR.1.0)) GO TO 40

00700 [0 20 J=1,XTOTAL

00910 - - o - NEWXCOH)SNEWXCFXHOLDCI) e o i o e e e L
00920 20 CONTINUE

00930 40 WRITE (11) (NEWX(J)sJ=1sXTOTAL)

00940 : - DD 60 J=1,XTOTAL . : : :

00930 DLIX(J)=NEWK(J) 00Y50 XHOLD(J) =XHOLD(J) +NEWX(J)
00940 60 CONTINUE 00960 60 CONTINUE
00570 80 . . CONTINUE - = == == ~-100970 80 - CONTINUE .
00730 100 CONTINUE 00972 WRITE (11) (XHOLD(J)yJ=1,XTOTAL)
009766 00974 D0 90 J=1,XTOTAL

010000 : e e e - 00976 OLDX(J)=XHOLICJ) - -
01010 STOF 00970 XHOLIN(J)=0,0

01020 ENn 00979 70 CONTINUE

©10300 e C e

01040C
G DU A F A A0 JOKOR R SOk JOR0OK 8 3OR K 5 3K 0K JOKOROR SO FCKOIOF A0k K b 400K 4k AKOKACK KOOV RKOK K K KKKk
01060C .. .. e e e - . - e e ..




Appendix ITT A--program CTYPEC (continued)

“OTE0C
0LTa08
S01EG%0 GURROUTINE FRACTDH (OLDBXs XHOLDs XTOTALPUTYFES s Ur s 1) e e oo o
01100C

01iL0C ,

QL120CH A4 THIS SUBRRCUTING CALCULATLS THE FRGCTION (UsL<L)) OF THE DISTRIGUTION

OLLIC - VECTOR (ULLO THAT IS TO LE MULTIFLIGL KY T(I) IN THD MAIN FROGRAM, - —
O1140C#%h THAT FRACTION NOT LIKNCWISE LIFECTED T4 HELD IN HOLDX. "VALUE" IS
01150CKKKUSED TO SAVE FROCESSING TIME, : e -
01150C

01170C

01140 INTEGER XTOTALsUTYFESs3TARTL : R . -
01150 REAL OLDX(150) s XHOLD(150) »U{4) sL(4) s VALUE

01200C

012106 - - . e eee i e 4 eme m mm memeimamn em e 4 e o o e e e e e vt = =t b e e
01000 [0 200 J=1,UTYFES

01230 VALUE=U (1) %0LIX ¢ J)

01240 - XHOLICJ) =0LIX ¢ J) =VALUE : .

01250 OLDX(J) =VALUE

01250 200 CONTINUE

01270[: .. ... [T en et s - e e hm e e e o me e e i 4 emame e amm e araes . —_
01280C

01290 STARTL=UTYFES+1

01300C

01310C

01320 00 250 J=STARTL,XTOTAL

01330 VALUE=L (I)%0LDIX (D) _ - ;
01340 XHOLTH(J) =0LIIX (J) -VALUE

01350 OLIX ¢ J)=UALUE

01340 250 CONTINUE i -
01370C

01380C

01390 . RETURN i _ ) o
01400 . END

01410C

01420C : . . .
014300 KA A A KA K KA KKK KKK KK AR K FORH KKK 3K KK JK kK K 3R O K SRR K KKk K %
01440C

01450C L o S

01440C

01470 SUBROUTINE TXMULT (OLDXyTsNEWXyXTOTAL)

01480C . . e e —
01490C

01500 INTEGER XTOTAL

01510 REAL OLOX(150),NEWX(150)»T(150,150) . N )
01520C

01530C

01540 00 260 I=1,XTOTAL o o - - -
01550 NEWX(1)=0,0 :

01560 260 CONTINUE

01570C . S . A
01560C

01590 D0 300 I=1,XTOTAL

01600 00 280 J=1(XTOTAL N )

0161¢ NEWX (1) =NEWX(I)40LIX(J)IKT(Tsd

01620 280 CONTINUE .

01630 300 CONTINUE S .
01640C

016500

01540 RETULN . ‘ , . L

01470 ENL

016C0C

01690C

O 1 7GOU KK AR KR ¥ A& KK R JOK JOIOR ROk AOF AR XA JOK R K OROKOEROK 8 308 4 0k 400008 4 50 0K XK AR dok Kk f0l0k R KR Koy :

L



Appendix III (continued)

B, A listing of CTCOP written in MNF but lacking comments. The
user need only know how the program's behavior depends on the
selc. .lon of OPSCHE (output scheme). The table below illustrates

this.
Format of Output
only
lists area in each age-class lists area
in each
shows effect of lists area cover
all factors only Type
‘ after after after
after| last after | last after last
each time~- each time- each time-
selected time-| step time- | step time- step summary
OPSCHE step only step only step only table
1 X X
3¢
2 X X
3 X X
Ly X X
5 X X
6 X X
any other
integerl X AJ

*Tables 10 through 12 are examples of this output format.



Appendix IT1 B--program CTCOP (continucd)

‘;G/OS)/"QSG ]843“.55;

Q0Lud
COLI0C
OC1a0l
QOLu L
COlovi
(GO
oC132
CGGL?0
Quo0
Q0210
Gol,0C
Colhd
Q240
003udl
oG3leC
00331LC

(IR RACTH
00350
00350 1L
00370C
002600
003720C
Q040G
00410
00420
00430
00440
00450
004460C
00470C
00460 20
00470C
00500
.00310C
003520
00530
00540
00550
00540
005370 40
00580 80
00520 1060
006000
00610C
0000
00430

FROGAM creor

FROGRAM CTCOM (RESULT s CTNAMEL  INFUTYOUTFUT » TAFELL1=RESULT »
TAFEL2-0TNAME s TAFES=INCUTy TAFES=0UTHFUT)

COFSCHESsNIYFESy TOTALTy TSTEF s ANS» TYFE AGE
INTEGER NAMe CLE) rMNAREy BNAME (8 s XTOTAL
NEAL FIRSTXOLIO0) y5TOnEA LDy LO) »HOLLI(L0) yEXCESS

REAL MLATAU U0 A L0« LTuuddye) p TETU IS 8y TCSE (1857 46, 10)
L

\__ R =
READ (11) NTYiCS, X10TAL, TOTALT ———liorilisusirod]
READ (11D (FIRSTXC(L2 i1y XTOTAL)

REALL (LZ2,13) \NﬁME(I’vI:erTYPES)
FORMAT (200AG1X)2 ’

.

IF (OFSCHE.GT.4) GO 10 20
LHAME (1) =5H5y0

DHANE C2) =0HMGT o . . - -

DNAME (3)=0HADT ’

DNFAME (47 =5HRNT . .
DNAME(G)Y=3HNTC e e e e e e e o el

IF ((OFSCHE«NE+4) «AND, {OFSCHE LE4)) CALL TAERLEH (OFSCHE)

IF (ANS.EQ.3HYES) CALL INCONI(DFSCHEsFIRSTXsNAMEsNTYFES)
DO 100 TYFE=L,NIYFES
[0 B0 N=lird
TCTS(TYFEsK)=0.0 o -
[0 40 AGE=1510
TCSS(TYFE Ry AGE) =00 :
- CONTINUE. .. .. . . . .. e e
CONTINUL
CONTINUE

1=1
L0 110 TYFE=L,NTYFES




[GQVIRRY)
[VIVESNTY]

VIV RITRYY]
00070 105
Gloie 11O
Q06%00
[V
00710
0020
QU300 120
o07a0U
NIV
Uisiou
CO770
00,80
QU770 1480
00600 180

Appendix I1T B--program CICOP (continued)

L0 16% AGE Ly LU
STOREXCIYFE; 4GE) =P TRSTXCT)
i=iti
CONTINUE

CONTINUL

LG 350 TsTEF-1,1070LT E—
D0 £20 helya fov Cove i o]
REAL CLLJ CCMLATACTY Drinrnuc) rhoe—1710) r TYFE=1y NTYFES)
CONT INUE

[0 180 TYFPE=L1yNIYFES
[0 160 h=1Lsé
CTOUTYIRYR)=0.0
CONTINUE

CONTINUE

o0B10C - - - - -
0058200

¢033v DO 3460 TYFE=1sNTYFES

PIOR RV Gd 300 n=lsrd

GGG IF (N EQel) RNAME=NANCCTYFE)

00860 IF (ReNE«1) RNAME=DNAME(K-1)

Q0870 EXCES5=0.0 -

00BL0 Lo 3490 HbL~ile

00850 IF (KWNEJ1) GO TC 260

Q0500 HOLLCAGE)) =MDATAT (FEr A ABGE)D

QORL0 . GO 710 320

Q0220 40 IF ((KeNE.Z)oANNQ(thE 6)) GO TO 300

00930Fy._. J (Ke&Lo &2 .60 TO 280 .. - e e -
00% 4 — HulU\HUn} ﬁﬂﬁ]ﬁ(T(FErK"lvnbL) ~STORECX(TYFEyAGE)

OOfbu GO TO 32

Q060 200 HOLDCAGE ) =MRATA (DT 0= 2 L E Y S TURERCTTYPEyAGE ) -

00 7u GO TO 320 hhwd.n.l‘qyuvun;J

00780 300 HOLLDUAGEDY =HUATACTY riv= v aien oL P2y N—25 AGE)

Q09500 —*“*"'—~~"~—'[HULD(HUQ)JHUHIH\IYFtﬂk*lymuM‘ - - RIS -
01000C

01010 320 CTS(TYPErR)=CTS(TYFE s N)HHOLLICAGE )

01020 - CTCTS(TYFEsR)=TCTO(TYFEs KDAHOLL (ARG

01030 TCSS(TYFPE YKy AGE) =TCSS (TYF&;R;AOE)THULﬂ(AGF)

Q1040C

Q1050 - e e e e e e TR A OFSCHE < 5T+ 3 ¢ OR e {AGES LE + 6)) ¢ OR ¢ LA OFSCHE «EQe 2 X AN
01060+ (KeNE«1))) 6O TO 340

01070 EXCESS=EXCESS+HOLDNCAGE)

01080 340 CONTINUE R . e e e e
01090 IF ((OFSCHEEQ.1) OR((OFSCHE EQ,2) . ANDL (K. EQ. 1)) .OR

01100+ ((OFSCHE EQe3) ANLL (TSTEF.EQ.TOTALT)Y )

01110+ --CALL ALLDAT -(HOLDyEXCESS»CTS s RNAMEyRs TYFE» TSTEF» TOTALT)
01120 30 CONTINUE

01130 3460 CONTINUE

01140 [0 380 TYFE=1,NTYFES e . .- -
011350 ng 370 AGE=1,10

01160 STOREX(TYFErAGE) = ﬁﬂATA(TYFLy4yéGE) [““,“l\;,,K,Jy” tj

01176 370
01180 380
01170
012004+
01210 3990
01220C

012300

01219
0125V
012600
01270
01230 400
Q10900

-~ - CONTINUE - - - - -
CONTINUE
IF ((OFSCHELEQ.S) 0K ({OFSTHE EQ. ) AND, CTSTEF L EQ, TOTALT)) )
CALL SuiiAaT (CTSyNATE s KTYFESY TETEF s TOTALT) : -
CONTINUE -

ISTEP=TOTALTH L

WNITE (6¢400)
FOKMAT (/¢ /7 %SUNMHARY OF SIMULATIONX)




Appendix I11 B--program CTCOP (continued)

019200
Q130N AR O A OO O8RS OR A SOIR 0RO ORI R 0k AR ROKOR S HORR KOR R SIS R OR R ARl OR OK K ROK ROk K
019400 . . . R e e .-
012500
0196OC
0167 - BURROUTINE INCORDD (OFSCHE«FIRSTRs NAMEsNTYFES)  + coromm mmi o e m n e
oLy &OC
01¢90C
QL0600 INTLGER OF SCHE s NAMECLL ) o NTYICS
02010 RENL FIRSTXCLSO) rEXCESSTOTAL
o20200C
J20500 . [ ol . L e e e e e .
Q20100
02000 WRITE (698000
V20w &OU TURGMAT UUINs /el Le AAT T= 0 YEARD 4 /D
Cl070C
0208500
[eJarvi™ayi IF (DFSCHEGT.4) GO 7O 700
Q21000
02110 00 4680 I=1+NTYFES
-02140 - TOTAL=EXCESL-0
02130 o 640 J=1510
214G TOTAL=TOTALFFIRSTX(JHLIOX(TI-1))
02150 IF (JeGT<6) EXCESS=EXCESSHFIRSTXAAH10XCI~12) - B R
Q21460 &40 CONTINUE :
02170 WRITE (656600 NAME(T) s (FIRSTX(JH10%(I~1))vJ=11s6)7
02180+ - . . EXCEESy TOTAL -
02190 650 FORMAT (IXsADy7(F?1X1IXsFP. 1)
Q22G0 4680 CONTINUE
RETURN
22500
02250 700 0o 760 I=1yNTYFES i
-02270 - - - —=TOTAL=0 0 et e —— e —— o — —————— aoee —
02280 Do 720 J=1510
02290 TOTAL=TOTAL+FIRSTX{J)
02300 720 - GONTINUE . e e e e et e e
02310 WRITE (65740) NﬁME(I)r TOTAL
02320 740 FORMAT (1XrA3S¢3XsF91)
02330 760 = - CONTINUE — e i — ——— U U . e
02340C
023500
023460 RETURN - e e e e et a e e e e i e o+ e e -
02370 ENL
02360C
023900 - - -~ -
0“400Lﬁ$ﬁ***%f\*x$¥$*¥%Y¥?%$*¥$tR***$*****ﬂ********#********************
02410C
024200
024300
02440 SUNKOUTINE ALLDAT (HOLLsCXCESSLTS yRNﬁMFrhrTYFEyTSTEF!TOTALT)
O2A50GE ©  ©  c m m e e — S J— et e e e ——
ClAL00
024700 .
0zabull Sl - - -
G2a0G INTEGER Nf\ﬁf(lu)rl\rTaTEf:f\ 4'91‘1[.71YfE TOTALT
Q250Y Reae thLLl(lo)rL)\LLLCIFTd(lJy£))
SO25100 - - SRR ——— e e e i s e —
C20L200
025300
0Zuad Ir (IrSTEF.GT.T0TALT)Y GO TO 08J0
02500 i COR2Q0 1) it CTYP L EQ 1)) WilkE (6,800) TSTEFPX20

020L40 QOO FORHAT (IXy/y 1 s 40T T—ks I13s% YLOIOrXe/)
NORTH



-

017108

013000
01410
01320l
013300
01340
01350
01451
013800
01390 420
01400
01410
01420
Q01430
01440
0L1C¢
01440 140
0L47¢L
01430
01440
01500 440
0loLo
01520 480
01530 500
013540C
01334C
013545¢
01547 502
015350C
01560 0%
0157
OISSOL
15%0C

Appendix ITT B--program CTCOP (continued)

CALL TARLEH (OFSCHE)

IF (OF5CHUE.LEYAY 6O TO 420
CALL S0nDAT (TCTSyNAMEYNIYFES s TSTEFy TOTALT) e e -
GO0 10 Lou

D0 GO0 TYFE=1,NTYFES
00 480 K=lyo
IF (K.EQ. L) RNANE=NAME (TYFE)
IF (NoNE, L) RNAME=DNGME (K=1)
EXCESS=0.0
1o 440 AGE 116
. HOLDCAGE) =TCSS(TYFE /Ky AGE)
CONTINUE

0 440 AGE=7+10 . .
EXCESS=EXCESSHTCSS(TYFEY Ky AGE)
CONTINUE
CALL ALLDAT (HOLDyEXCESSy TCTSy RNAMEs Ky TYFE» TSTEF» TOTALT)
CONTINUE
CONTINUE

CONTINUE . R S

STOF
END — - ) -

01500L.ik***ﬁ**************%***************************************K*****X

- 01810C

01620C
016300
01640

01650C
01660C
01670C
014680C

01690

017000
01710C
01720C
01730
01740C
01750C
01760
01770 910
‘7 7"*
Ol/u0+
01790C
01800
01610C
o1Brol
01850 L0
01840 520
013451
01830}
G18501
01870C
018800
018%0
017200

SUEKOUTINE TAELEH (OFSCHE)

- - e s .- PR - —— e . e em e mamenn

IF (OFSCHE.GT.4) GO TO S20

WRITE (67510)

FORMAT (/3/37Xr%AGE IN YEARSAy /s IXr XTYFEXs 6XrX0~20%s 4Xy
K20~40% 54X s ¥40-60% 54Xy $60-30 4 I
3Xs%B0-100%s 3Xs¥100-120Kr4X s X1 204X 4Xs kTOTALKr /)

RETURN e e e e e e e e e e e e e e

WRITE (6,530 ’
FURHAT (11X 4#COVERK 7Xy *ﬂREA* Xy %L0SS OR GAIN IUE TO Ky 2X»
X¥ALLIOTICK s OSXo A LLUTLIL kY 7Xy
i CENET-Xr e X ATUFEXR s BX s #(HAW IR AX s XSUCCESSION %y . -
¥MANAGEMENT  DISTURBANCE LISTUREBANCL CHANGEX)

RETURN
END



02880 WIKITE (68700 TETEFR
02870 G20 FORMAT CLXy /v /r IXp AT T=¥yLdsX% YEARS, %y /)

Appendix TI1T B--program CTCOP (continued)

QULUve

OoLuc 610 WRITE (6:820) RNAMEs (HOLD(J) rd=1,6)y EXCES3, CIS(TYFEsK)

00600 SUO FUMANT Cixsabe R 1) v IXy 179 1) o _
00410 5 INGEQ.S) WRITE (6) 400

VL6000 FORMAT {1Xy,)

02630C . L o

oLaLE
RIS RETURN
027C0 ENDI
02710C

007208 _
027 BOUH KA bR HOUK R AOR K 3 A KA HAO R b 3 Ao K AOR KRR A OK K K0K K SO SAOK K Kok
027400

0Urn0C _ o o , L

027600

02770 SURROUTINE SOMDAT (CTS,NAME,NTYFESsTSTEF»TOTALT)

0nre0C . . L
ARPLRde

GIEOOC

0261y INTEGER NAMECLS) »NTYFESy TGTEF, TOTALT .
02820 REAL CTS(1%5,6)

02870C

02640C :

02550 IF (TSTEF.GT TOTALT) GO TO 383
20

02820C
026900

02700 885 [0 940 I=1sNTYFES o .

02910 WIRITE (6yBOUY NAHECL)y (CTS(Isd)rd=1s4)

02920 B89 FORMAT (1XrAGr&6(3XrF941))

Q2930 990 CONTINUE

02940C

029500 :

02950C . L - R o
02970 RETURN :

02980 ENIDI

029900 ] . -

03000C

0301 OC KKK KA KKK A K KA A KKK KKK AR KKK AR KKK KKK KKK SORK KK KK KK KK KKK K

CREADY . . P S e e e




