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FOREST RESOURCES EVALUATION SYSTEMS— |
A NEEDED TOOL FOR MANAGING RENEWABLE
RESOURCES

Allen L. Lundgren, Principal Economist,
and Burton L. Essex, Principal Resource Analyst

The Forest and Rangeland Renewable Re-
sources Planning Act of 1974 requires the Secre-
tary of Agriculture to prepare a Renewable
Resource Assessment for the Nation every 10
years, and a long-range Renewable Resource Pro-
gram for the Forest Service every 5 years. The first
assessment and program were published in 1976
(USDA Forest Service 1976a, 1976b). The second
assessment is scheduled to be made during 1979,
with a second program document based on this
assessment due in 1980. These resource assess-
ments provide the basis for national programs, but
also can serve as guides for framing regional re-
source policies and programs.

State land management and planning agencies
require resource assessments atthe state and local
level for long-range resource planning and devel-
opment. River basin and other special-area plan-
ners need resource inventory information for
political subdivisions updated to a common base
year.

Large individual private and public forest prop-
erties and management units likewise need re-
source evaluation systems designed to project
prospective supply and demand from their prop-
erties, and to identify and evaluate potential man-
agement opportunities.

NORTH CENTRAL’S
RESPONSIBILITY

The North Central Forest Experiment Station of
the Forest Service, U.S. Department of Agricul-
ture, has the responsibility for conducting state-
wide forest resource inventories and regional
resource assessments within the North Central
Region of the United States. To meet these and

other needs expressed above, the Station must
have the capability to acquire, process, and evalu-
ate information about the current and future ex-
tent, condition, and use of the renewable resources
within the Region. An evaluation system must be
designed specifically to fit the existing data base
and data analysis capabilities already existing for
this Region. This system must be usable for re-
gional, State, and local assessments as the need
arises, and be compatible with any national as-
sessment system developed.

WHAT SHOULD A
RESOURCES EVALUATION
SYSTEM DO?

Obviously, we need an evaluation system that
can, using basic forest resource inventory and
other data available for a resource area, project
future forest resource supply and demand for the
area, and evaluate potential alternative resource
management programs designed to change supply
or demand. Such a system or series of systems
should be able to evaluate timber, wildlife, recrea-
tion, water, forage, and special uses of the forest
resource and their interactions from an ecologic-
environmental, economic, and socio-cultural point
of view. There is little doubt that such a resource
evaluation system must be computer-based if it is
to handle the large amount of information and
analytical procedures necessary for regional

assessment.

The dimensions of this job are enormous. They
include economic, ecoIOgic-environmental, and so-
cio-cultural evaluations of the following resource
use systems: timber, wildlife, recreation, water
forage, and special uses (fig. D). For each resource
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Figure 1.—Potential dimensions of a forest resources evaluation program.

use system we must obtain and organize the physi-
cal and biological information needed for evalua-
tion, and develop methods for doing this within
reasonable cost and time constraints. We also
must develop and apply methods for evaluating
economic and social costs and benefits of defined
alternatives. Substantial work is needed to deter-
mine the nature and extent of interrelations
among the various resource use systems so that
these can be considered in evaluating opportuni-
ties and making regional assessments. These
analyses should be made for the different resource
components, resource owners, owner organization
levels, and resource users (both direct and indi-
rect), and for different spatial and temporal ex-
tents. They also should recognize the degree of
uncertainty regarding our knowledge.

Because the existing forest resource is usually
in a condition far from ideal, such an evaluation
system must be capable of dealing with the re-
source situation as it exists on the ground. It must
be able to handle the entire range of sites and
stand conditions, all levels of tree stocking, cull
and sound trees, and almost every conceivable
mixture of tree species and sizes. It must be able to
produce both short- and long-run projections of
resource conditions for a wide range of potential
management treatments within an acceptable lev-
el of accuracy. Further, it should be able to handle
the other components of forest ecosystems besides
trees in order to cover all forest uses.

EXISTING SYSTEMS
ARE INADEQUATE

A forest growth projection system capable of
handling the complexities of the real world in
enough detail to evaluate alternative stand treat-
ment programs has not been available in the past.
Individual growth and yield models have been de-
veloped, but mainly for pure stands of single spe-
cies or for a few types under limited conditions.
These, however, have proven to be inadequate in
dealing with the mixed ages, sizes, and species, the
non-normal stocking, or the high proportion of cull
trees that often typify existing stands. Because
each model was developed independently, using
different kinds of inputs and producing different
kinds of output, attempts to incorporate them into
a comprehensive analytical system have not been
successful. Also, since no growth and yield models
exist for many forest types and stand conditions,
any system developed from existing models would
be, at best, incomplete.

It isdoubtful that a comprehensive system capa-
ble of conducting integrated multi-resource,
multi-use, multi-objective evaluations simultane-
ously will be successfully developed in the near
future. Rather than wait until a complete system
is developed, the North Central Station has de-
cided to develop parts of the system now. Since
much work already has been done on the timber
resource, developing a computerized system to



evaluate the timber resource in economic terms

was chosen as a logical first task. Later, other "

resource components will be linked to timber.

WHAT’S THE FIRST STEP?

As a first step in meeting the need for a regional
forest resource assessment system, we are devel-
oping a computerized timber resource projection
and evaluation system that will update and project
timber inventories and product yields, determine
the extent of potential stand treatment opportuni-
ties, and evaluate from an economic standpoint
potential programs to increase future timber sup-
plies. Figure 2 shows the major components of this
system that require development. Each of these
components in turn includes subcomponents that
will require considerable research.

THE GROWTH PROCESSOR—
NUCLEUS OF THE
RESOURCES EVALUATION
SYSTEM

Basic to this timber resource evaluation system
Is a subsystem to project future stand development

in response to proposed management activities. To
be useful for regional analyses, such a forest
growth projection system must handle all forest
conditions encountered in forest inventories. In
short, it must be a generalized forest growth pro-

jection system.

This growth projection system must project fu-
ture forest growth on forest inventory plots so they
can be updated to any given base year. To do this
adequately it must account for growth on all trees
inventoried, mortality, recruitment or ingrowth of
new trees, and removals of trees through cutting.
It must cover the entire range of site and stand
conditions encountered.

This growth projection system also must project
the response of individual stands or classes of
stands to prescribed treatments, such as precom-
mercial thinning, partial cutting, and cull-tree
removal, so treatment opportunities can be evalu-
ated. When fully developed, it will also be used to
estimate potential yields from fully-stocked
stands to establish the potential productivity of
specified sites. Such a system is basic to many
types of timber resource evaluations.

LAND USE MARKET

CHANGE PRICES
INVENTORY PRODUCT and
PLOT DATA TREE REMOVALS

GROWTH TREATMENT
PROCESSOR PRESCRIPTION

BENEFITS
ASSESSMENT,
EVALUATION PLANS,
PROGRAMS
COSYS

Figure 2.—Major components of a timber resource evaluation system for econom-

ic analysis.



NORTH CENTRAL’S
APPROACH

In recognizing the need for a new approach to
this problem, researchers at the North Central
Forest Experiment Station have developed a com-
puter-based, generalized forest growth projection
system that can be used as the basis for a timber
resource evaluation system. The details of this
system are summarized in the papers that follow.
Although the system is still under development, it
already can project short-run growth responses in
enough detail to be useful in evaluating treatment

alternatives in many stands. With further devel-
opment it will provide the basis for a timber re-
source evaluation system for regional forest
resource assessments.

LITERATURE CITED
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renewable resources—an assessment, 1975. 345
p. Washington, D.C.

USDA Forest Service 1976b. RPA: A recom-
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plus Appendices. Washington, D.C.



DESIGN

Rolfe A. Leary, Principal Mensurationist

A major new direction is surfacing in the devel-
opment of forest growth models. The trend is away
from single-species models toward models suffi-
ciently general to handle any pure or mixed stand
of any structure and density on any site. This pa-
per explains the design features of a generalized
forest growth projection system that can be used
for short- to medium-range projections of existing
stands. The details are found in other chapters of
this report.

Development of mathematical equation models
of forest growth has been an active area of mensu-
ration research for the past 40 years. One of the
early studies reported was that of MacKinney et al.
(1937). In the early work, goodness of fit of model
todata was the primary discriminating variable in
model selection. Grosenbaugh (1958) developed
this to a highly detailed state. Little consideration
was given to generality or theorification potential.
Most models applied only to pure stands of a single
species with relatively simple stand structures.
The last 5 to 10 years have seen many efforts to
develop growth models general enough to handle a
variety of conditions (Fries 1974). The models for
some species are quite detailed, giving a high reso-
lution level, but other models, especially for eco-
nomically unimportant species and mixed stands,
arestill at low resolution levels. Several approach-
es (e.g., Stage 1973, Ek and Monserud 1974, Hegyi
1975, and probably others!) have been developed
and are being improved and extended to cover
additional forest conditions.

DESIGN OBJECTIVES

I had two fundamental objectives in designing
the model part of this growth projection system.

'Arney, J. S. 1977. Personal communication.
Centralia, Washington.

The first was to capture, to the degree possible, the
“essence” of the process of stand growth and devel-
opment. Thus, I sought a structural similarity be-
tween the model and the forest stands. The second
objective was to accomplish the first objective as
efficiently as possible.

From the standpoint of modeling, a forest stand
can be viewed as a set of interactive, differential
energy transformers and accumulators (Leary
1970b). Thus, to model forest stands, one must deal
effectively with these five key concepts: (1) set, (2)
interactive, (3) differential, (4) transformer, and
(5) accumulator. Nearly all models address these
concepts, although they may be given different
names or not be identified explicitly.

From “set” we know we are dealing with an
aggregate of individuals; from “interactive” we
know the individuals in the aggregate are inter-
acting; from “differential” we know that not every
individual in the set is the same; from “transform-
er” and “accumulator” we know that the individu-
als are both factory and warehouse. If we can
develop a mathematics that will address each of
the concepts and synthesize them into a whole, we
may have some structural similarity between
model and nature.

My preference was to look first to “transformer”
and “accumulator” when shopping for a mathe-
matics to use. This nature-based constraint on our
shopping list directs us to differential equations.
For the sake of simplicity we go to first-order ordi-
nary differential or difference equations. Here we
see the symbolic expression of this ideal:

d}ﬂ or é¥_=f(Y,‘..)

dt At



Verbally these symbols are saying: “that which
results from growth is itself typically capable of
growing”. It is important to understand that Y is
the dependent variable in this equation and t the
independent. Persons accustomed to using regres-
sion methods sometimes have difficulty, especially
with the differential equation form, because the
dependent variable, Y, is on both sides of the
equality.

Once having made the critically important
choice of a mathematics to use, we can proceed to
examine the possibilities for dealing with “set”,
“interactive”, and “differential”. The concepts of
set and differential are complementary in the fol-
lowing way: from set we easily consider subsets,
but not just any subsets. They should be structured
in a way so the individuals within a subset are
similar and those between subsets are different.
Subsetting or stratifying an aggregate is a natural
way to formalize differentia. Thus, the union of
concepts “set-subset” and “differential” suggest
that we may need as many Y’s as we have subsets,
We turn, of course, from scalars to vectors to ac-
commodate this need. The result, in terms of a
symbolic expression of our ideal, is now only
slightly altered:

dy1 AY1
r

or 8Y1 _gv1, vo,.)
dt At
dY2 0+ AY2 _pvo v1.)
dt At

These equations must be solved together be-
cause they are coupled or simultaneous equations.
We see that the mathematics of differential/differ-
ence equations is so well-suited to our problem
that in the handling of “set-subset” and “differ-
ential” we have also dealt with the concept of
“interactive”.

The practicing forester often considers “stand”
through more operational concepts: (1) structure,
(2) density, (3) species composition, (4) site, and (5)
stand history. How does the mathematics we have
selected allow us to account for these important
aspects of “stand”? The later sections of the paper
go into the details of this question, so here I will
only indicate their general occurrence in the above
equations.

gl.;f(density, site, stand history,...)

At

ézi=f(density, site, stand history,...). '

tmTCHNaT Sy
LE—=Omow
EZOm = CTE D N

Thus, we see that density, site, and stand history
are dealt with by making them arguments in the
right-hand side of a difference equation. Stand
structure and species composition are accommo-
dated by changing the number of simultaneous
equations.

An important operational advantage made pos-
sible by our choice of the mathematics of difference
equations is the ease with which resolution level
may be handled. The next few sections of the paper
are organized around the concept of resolution
level. They reflect the current design state, and
are in part chronological because a conscious
method used was one suggested by Polya (1945):
take an insoluble (but apparently simple) problem
and embed it into a larger problem so as to create a
class of problems. The reasoning is that the solu-
tion to the larger class of problems may be more
obvious than the solution to the one simple
problem.

For example, the potential choices of a model for
asingle-species stand with unimodal diameter dis-
tribution are numerous. Generalization to handle
mixed stands with varying stand structures and
densities is possible with some and not with oth-
ers. This eliminates a large fraction of the can-
didate models. Other forms are eliminated by
applying the reverse process, and assessing the
ability to reduce or collapse the complicated model
to a simple form for simple stands and less precise
estimates. The result of this process is a tremen-
dous reduction in the number of feasible models
that can make up the core of a generalized pro-
Jection system capable of variable resolution
levels.

HOW THE PROJECTION
SYSTEM WORKS

Like any system, the workings of the projection
system may be broken up into three parts: input,
output, and transformation or internal workings.



Part Form

input a list of interacting trees show- -

ing species, d.b.h., and crown
ratio? for each tree.

output a list of trees showing species,
newd.b.h. and new status iftree
is a mortality tree.

transformation a stand component change
equation, an allocation rule,
and a mortality function.

Input and Output

The input list must identify each tree’s species
and d.b.h. and hopefully its crown ratio. Although
many temporary inventory procedures do not re-
cord trees in this detail, it is possible to fabricate a
tree list from a stand table that would, if summa-
rized, produce the stand table. Crown ratio is col-
lected by the national Forest Survey, but by few
others. This important, although usually missing,
input variable has been successfully approxi-
mated through a simple relation between mean
crown ratio and 10-year mean basal area density
(Holdaway et al. 1979). We use crown ratio as an
indicator of stand history. It helps to tell us
whether a stand with 80 square feet of basal area
grew up from 40 square feet or was cut back from
160 square feet.

Output from the projection system is a new set of
d.b.h. values for the trees which survived the pro-
jection interval and a status change from live to
dead for all trees projected to die.

Although the input tree list is aggregated to
form initial conditions for the system, the tree list
1s not discarded. This would be throwing away
information. Instead, it is carried along and up-
dated every year or periodically. This greatly facil-
itates a flexible output of information. The job of
summarizing the output tree list is thereby sepa-
rated, as it should be, from the job of summarizing
the input tree list and growing the stand. Output
tree list diameter class breakdowns should not be
forced on the projection system. They are normally
based on technology and economics, and are of no
value in projection.

*Crown ratio is the ratio of full live crown length
to total tree height.

Transforming Input to Output

The mathematical model for transforming the
input tree list to an updated output tree list has
four parts: potential function, modifier function,
allocation rule, and mortality function.

The first two parts fit together as shown below:

One year change potential yearly number fraction of the
d.b.h. growth « loftrees| * |potential growth

in sum of tree

diameters fora | = {for a tree actually
given number with mean loccurring
of trees crown ratio

and dbh on a

given site

In symbolic equation form the relationship is:

AY _ PDGJNT}[MODIFIER] 1
At

The potential function is designed to estimate
how rapidly the mean tree would be growing in
d.b.h. if it were not interacting with any other
trees (Hahn and Leary 1979). The potential
growth is multiplied times the number of trees,
giving a potential change in sum of diameters for
NT trees. The modifier function reduces the poten-
tial change to what has been observed from perma-
nent growth plots (Leary and Holdaway 1979). In
somewhat more detail, and with a slightly
changed notation, equation (1) is:

%ﬂfx(D,CR,SI)][NT][fz(Y,NT)], @
where:

f; is the potential function,

£, is the modifier function,

D is mean d.b.h.

"CR is mean crown ratio,

SI is site index,

Y is sum of tree diameters, and

NT is number of trees.

The allocation rule disaggregates the projected
growth put on by NT trees, AY/At, to the individu-
al trees on the input tree list. The simple rule:

percent of AY/At percent of growing

that should be given = f]stock represented 3

to tree i by tree {

has proven to be a useful point of beginning for this
task (Leary, et al. 1979).

The mortality rule takes the allocated d.b.h.
growth for each tree and, using an appropriate
function, computes a probability of death for a tree



of that species growing at the allocated rate (Buch-
man 1979) . Equation (4) shows this basic relation:

Probability of allocated d.b.h.
death for it =f ( growth for previous) , (species) -(4)
tree of species j period

The computed probability is compared with a
pseudo-random number drawn from a uniform dis-
tribution on the interval [0,1]. If the random num-
ber is less than the computed probability, the tree
is called a mortality tree, and its status changed to
reflect this. It does not enter further in the pro-
Jjection computations.

Once the mortality has been specified and the
tree list otherwise updated, it is again summarized
for input, and equations (2), (3), and (4) are exe-
cuted to project another year’s growth. The entire
process is repeated over and over again as many
times as the user desires,

Throughout this discussion it has been implicit
that all trees in the stand would be grouped togeth-
er and projected with a single equation. Thus, at
this level of resolution the model is at the stand
model end of the stand model-tree model contin-
uum of growth models.

In moving away from the stand model we go to
stand component models, wherein groups of trees
in the stand are projected with different equations.
The key to this flexibility lies in the use of simulta-
heous equation models and in the particular form
of the modifier function. The potential function,
allocation rule, and mortality functions are little
affected as resolution level is changed.

LOW RESOLUTION MODEL
STRUCTURE

When the projection system is operating at a low
resolution level, the input tree list is summarized
into two or more groups called components, For
this discussion we assume that tree species is the
breakdown criterion. If one has, for example, a
two-species mixture, the input tree list is summa-
rized into two components. Each component is
projected by one of a system of two simultaneous
equations as follows:
Potential d.b.h, fraction of potential
growth of mean number of that first species

AY1/At={ tree of first species| +|trees of *Jattains due to pres-
as a function of [‘xrst species} ence of trees of

D..CR, and S, species one and
species two

otential d.b.h’ raction of potentia
growth of mean number of that second species
AY2/At=tree of second * jtrees of *| attains due to pres-
species as a second ence of trees of
function of species species two and
m and SI, cles one

AY1/At is disaggregated to trees of the first spe-
cies using a species-specific allocation rule, and
AY2/At to trees of the second species. Mortality
probabilities are computed with species-specific
coefficients in the mortality equation. An updated
tree list is then ready to be summarized again and
projected for another period.

Let us go back and take a closer look at the
modifier function, since it, of all parts of the model,
is changed the most. The functional form of the
modifier used to date has been:

The form in (6) is used when the model is for a
single species, hence has a single equation—the
lowest resolution level possible. Here 8 represents
how the species interacts with itself in a pure
stand. When going to a mixed stand, 8 is not
changed, but the denominator of the exponent is,
as follows:

AY1

E*=[PDGJ INT,]

Bi
[l_e "6 (YLNT)+ wf, (Y2, NT, Y1 NTI))]

(7
AY2

—=[PDG, "y

At [PDG,] [NT.]

B
[l-e (f, (Y2NT,) + w:fy (Y1, NT,,Y2, NTz))J,

where

Bi,B: represent how species one and two, re-
spectively, affect themselves when grow-
ing in pure stands,

fi, f, are functions of sum of diameters (Y:) and
number of trees (NT,) of the species being
projected, and

@ are the coefficients that tel] how species
two affects species one (first equation) and
species one affects species two (second
equation),

If w,=1, this indiqates that species two affects
Species one the same as species one affects itself, A



similar interpretation may be given to w,=1. The
specific forms of the functions f, and f, in equation
(7) are discussed in detail elsewhere (Leary and
Holdaway 1979).

INTERMEDIATE STRUCTURE

Intermediate level models differentiate not only
by species but also by size within species. Thus, the
input tree list is partitioned by size class within
species. How do we incorporate size of tree into the
model?

There are three separate but related aspects to
"this question. One has to do with the mechanism
by which the model handles size in addition to
species. The second aspect deals with the class
movement problem — the movement of trees from
one size class to another, The third deals with
choosing class bounds for aggregating the input
tree list.

The first aspect is easily handled because the

model form is such that equations may be added to
the system to project size classes within species.

When this is done the denominator of the exponent
in the modifier function is more complex, but the
potential function, allocation function, and mor-
tality function remain essentially unchanged. The
modifier function for the first equation would take
on a form such as:

Bifg (Y1 NT,) + oy, £, (Y2NT, Y1.NT,) +
1- _
© 0 fs (Y NT, YILNT) +...)  (8)

The denominator of the exponent of e thus has
the form of a linear combination of interaction
coefficients and functional relations between the
component being projected and all other compo-
nents. This pattern of relations (8) is repeated for
each size class within each species, that is, for each
equation in the system.

The second aspect, how to move trees from one
class to another, is dealt with by keeping all trees
in the class to which they were initially assigned.
Since the trees in a class are growing, the attrib-
utes of the class change over time, rather than the
trees changing classes. Two substantial benefits
result from this approach: (1) Because trees do not

change classes, summaries of permanent growth
plot data do not have discontinuous trends caused
by trees growing into and/or out of a class. The
summaries, such as basal area in a class at several
points in time, show fairly continuous changes.
This allows modern calibration methods to be used
to estimate the 8 and w values (Leary 1970a,
1970b, 1972, 1975; Leary and Skog 1972). (2) Com-
putational efficiencies are gained in the projection
process itself since it is not necessary to check the
correctness of class assignment as the trees’ diam-
eters are increased. An added benefit is that the
user has the choice of not applying the allocation
rule-mortality submodels every year, rather only
when output is desired.

The third aspect is treated by partitioning the
list of trees of each species into relative size group-
ings rather than into size groupings set on a cardi-
nal scale of numbers. If, for example, we use two
size equations for each of two species, the d.b.h.
class limit might be such that a predetermined
percent of the trees are larger than the limit and
the rest smaller. By using this relativistic ap-
proach when calibrating the modifier function,
each equation of the simultaneous system is as-
sured of having trees present in the class it repre-
sents. In using the model for projection, we avoid
the computational inefficiencies incurred when
many equations (size classes) have no trees in
them. Of course, mortality or partial cutting could
cause some of the relativistic classes to have few, if
any, trees, but this can always be rectified by real-
locating the trees to the classes.

The increased precision that occures from add-
ing more size equations is not known at this time.
It is anticipated that three equations per species
will meet many needs.

The allocation rule works as before except that
the percentages are based on each component-that
is,

percent of AY1 percent of growing

At | —f/stock in component 1,

that should be represented by tree i |(9)
given to tree i

Again, the workings of the mortality submodel are
unaffected by resolution level. It functions the
same as for the simplest model.



HIGHEST RESOLUTION
MODEL STRUCTURE

Let’s skip now to the highest resolution level
that this model can produce. It is attained when
the number of simultaneous equations is in-
creased until each tree is in a class by itself, hence
projected by a separate equation. In this way it is
clear that there is a continuum of growth models
from stand (all trees in one class) to tree (one tree
in each class).

In going to the highest resolution level the basic
model structure is the same:

AY,
At

[ BIf, Y+ ¥ wf, (Y, Y, Xe—x;, Yk—y;)i, .(10)
l-e =1

=[PDG,] [1]

Here the denominator of the exponent of e has the
same formulation as many individual tree growth
models. Y, is now the diameter of the subject tree
with spatial coordinates X;,Yx. The neighborhood
trees are of diameter Y with spatial coordinates
X;,y;. The function f, characterizes the competition
factor common to these formulations.

The potential function now predicts the maxi-
mum d.b.h. growth of a single tree with diameter
Yy, crown ratio CRy, onssite, SI. The allocation rule
is no longer needed because in equation (10) tree i
is 100 percent of change as well as growing stock. It
can be retained, however, by making the func-
tional relation in (9) the identity relation. The
mortality function and relation operate normally,
giving an estimate of the probability of death
based on AY,/At rather than the disaggregated
growth given by the allocation rule.

EFFICIENCIES OF THE
DESIGN

Efficiency of the design may be viewed from a
number of perspectives. Consider the following:

(a) Efficiencies in modeling are permitted by
breaking the overall problem into smaller,
semi-independent parts.

When the overall model is decomposed into the
potential, mortality, and modifier functions, and
an allocation rule, efficiencies result because all
but one can be separately completed prior to a

10

synthesis of the parts. Team efforts need this par-
allelism. The relation of the Jjobs to each other and
to the data base is shown in figure for the present,
nearly parallel effort, and for a hypothetical serial
effort. Figure 1a shows that only the modifier func-
tion development is dependent on completion of
another part before it can be totally completed.
This allows a rapid updating of coefficients in all
models once a new or updated calibration data
base is available. It also minimizes the amount of
work needed to recover from errors. Figure 1b
shows a serial or cumulative type of model devel-
opment. This approach has two major disadvan-
tages: submodel 4 cannot be completed until sub-
model 3, and so on, and an error in submodel 1
requires changes in submodels 2,3, and 4 as well
as in itself. Both of these disadvantages relate to
the speed with which work can be accomplished.
Models of a serial or cumulative nature are best
constructed by one person.

ALLOCATION RULE MORTALITY FUNCTION

CALIBRATION
DATA
BASE

POTENTIAL FUNCTION

MODIFIER FUNCTION

SUBMODEL 1

CALIBRATION
b DATA
BASE

SUBMODEL 2

SUBMODEL 3

SUBMODEL 4

Figure 1.—(a) Relation between data base and sub-
models for current design showing a nearly par-
allel structure. (b) Relation between data base
and submodels for a hypothetical design show-
ing a serial structure.

(b) Efficiency is related to use of information in
the calibration data base.

Recall that a design feature of the model calls for
each tree to be assigned to a particular class and to
remain in that class, and for the sizedistribution of
trees to be partitioned so that about the same num-
ber of trees is in each class, When these two fea-
tures are combined it is possible to use a multi-
point boundary value problem approach to the es-
timation of the modifier function. The source of



efficiencies here is that a boundary value approach

does not require the taking of differences, often

over uneven time intervals (see table 2, Christen-
sen et al. 1979). Numerical analysts caution
against taking differences of a noisy signal be-
cause doing so accentuates the noise relative to the
true signal. The regression approach, wherein dif-
ferences are taken, admittedly used in the poten-
tial, mortality, and allocation rule, ignores this
caution. Keeping a small noise-to-signal ratio is
very important in regions of the country where
forest growth rates (i.e., signal strengths) are rela-
tively low.

When the input tree list is partitioned by abso-
lute size class limits, for example, 4.0-5.9, 6.0-7.9,
etc., in a stand table projection, numerous stands
to be projected may have no trees in the upper or
lower classes. When the input tree list is parti-
tioned on a percentile basis, each size class is cer-
tain of having a number of trees present. This
ensures that the calibration data base information
available to develop the projection equation coeffi-
cients is used on every plot. Figure 2 compares the
traditional stand table and relativistic approach to
tree list partitioning.

(¢) Efficiency is related to simplicity of the
mathematical equations.

When using differential/difference equations.

such asdY/dt or AY/At=f(Y) to explain a pattern of
Y over time, also given by Y=g(t),the rule is that f
is algebraically simpler than g. In fact, quite sim-
ple functions, f, can produce an extremely varied
patternof Y values over time. The use of systems of
difference equations to handle the process com-
plexity introduced by mixed tree sizes and species
helps to keep the right-hand side of each equation
as simple as possible.

a R
b l 10 I
dhe eee e

1 2 3 4 5 6 7 8

(d) Efficiency is gained by building into the
model the response to treatment.

The particular form of the right-hand side of the
difference equations helps answer the question of
stand response to a treatment calling for tree re-
movals. This is made possible by having an upper
limit of component change, given by the product of
potential growth and number of trees, and a modi-
fier of the upper limit, expressed as a function of
stand density. The modifier has a form such that as
density increases by growth, the value of the modi-
fier decreases, but if density is abruptly decreased
by cutting or mortality, the modifier is increased
(fig. 3).

(e) Efficiency of computations must also be con-
sidered.

Here the concern is the number of arithmetic
operations that must be performed per unit of out-
put information; for example, an updated tree list.
The multiple resolution level design feature is re-
sponsible for most of the gains here. If one wishes,
the number of equations may be reduced to one (for
a pure stand), and the tree list diameters updated
every 10 years rather than every year. Doing this
would have an effect on the precision of estimates
of future forest conditions, but it would materially
reduce the computational load to produce an up-
dated tree list. The trade-offs between computa-
tional load and precision of estimates have not
been thoroughly examined at this time.

() Efficiency in computer hardware require-
ments should be a part of the design.

The design of this projection system is such that
one is not restricted to either a large storage capac-
ity or extremely fast digital computer. Storage
requirements can be reduced by such measures as:

s e =

9 10 11 12 13 14 15 16 17 18 19

D.B.H. (inches)

Figure 2.—(a) The traditional (metric) approach to partitioning
a sample distribution of trees. Notice that the 12.9-16.9-inch
class has no trees. (b) The relativistic approach to tree list
partitioning used in this Design. For illustration the group-

ings are nearly %, Y, %
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PROPORTION OF
POTENTIAL
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MODIFIER INCREASED
BECAUSE OF DECREASED
DENSITY

BECAUSE OF INCREASED

MODIFIER REDUCED
DENSITY

L

DENSITY
DECREASED DENSITY INCREASED DENSITY

BY MORTALITY ANO BY GROWTH

CUTTING

Figure 3.—Relation between changes in the propor-
tion of the potential change, increased density
due to growth, and decreased density due to mor-

tality and cutting.

(1) projecting shorter tree lists (ie., smaller plots),
and (2) using lower resolution levels. Execution
times can be reduced by employing both of these
measures and by updating tree diameters and esti-
mating mortality every 10 or so years (rather than
every year). By a judicious combination of mea-
sures to reduce both storage and execution time
requirements, it is anticipated that the projection
system can be made to function on both full-size
and mini-computers.

DIMENSIONALITY

The fundamental premise in calling the higher
dimensional models higher resolution models is
based on the reduction in heterogeneity within
class as class “width” is reduced. Theoretically, as
heterogeneity is reduced, ability to predict growth
Is increased. In a practical sense, however, the
increased predictability may not be a linear func-
tion of number of classes (equations). In other
words, going from a single equation for a two-
species mixed stand to two equations may increase
precision 20 percent, but adding two more equa-
tions may not increase precision another 20
percent. We are confronted with the costs of cali-

brating and using whatever resolution level is :

developed. The determination of an optimum reso-
lution level for growth modeling seems analogous

12

to finding optimum sampling intensities wherein
sampling intensities have precisions and costs as-
sociated with each.

The use for which a growth projection system is
intended, it has been argued, determines the reso-
lution level at which one should operate. Another
consideration is the following relation between
dimensionality of the model (equivalent to my res-
olution level) and the time horizon over which
projections are to be made:

1
d=f ;) &, (1D
where % is the time horizon over which pro-

Jections are to be made,

d is the dimension of the model state
vector,

k. is a constant for a given accuracy or
precision level, and

f is a function (Kahne 1976).

For simplicity’s sake. if f is assumed the identity
function the relation is:

kaw_
d=7 (12)
Thus, the model dimension should be reduced
for long-range projections and increased for short-
range projections, to give the same level of
accuracy.



The relation in equation (11) is apparently well-
accepted by scientists involved in large-scale mod-
eling. In general, however, it is not accepted by
scientists working in forest projection. Too often
projections are made for any time horizon of inter-
est without regard to the dimensionality of the
model. Sometimes single tree models have given

unreasonable values after projections for 100 or

200 years, and this fact has been used to discredit
the entire approach. On the other hand, stand (sin-
gle equation) models cannot be used for short-term
evaluations of tree spacing relationships, and this
fact has been used to criticize this well-established
approach. Obviously there are needs requiring
growth projection systems with a spectrum of reso-
lution levels.

Intheory, it seems reasonable that one should be
able to go from one resolution level to another
without having to calibrate the denominator in
the modifier function for every level. One would, of
course, have to calibrate at several, say three, lev-
els, but from then on one would simply input to the
system the resolution level a user desires or can
afford. The modifier function, as well as the other
parts, would be computed by interpolation or ex-
trapolation from the three calibrated levels.

USE ENVIRONMENTS

Once the initial calibration of the projection sys-
tem has been completed there are at least three
types of environments in which it may be used.
One environment is where the objective is simply
to project plot tree lists to a future time. This
input-transformation-output schema is shown in
figure 4. The algebraic forms come from the design
phase, coefficients come from the calibration
phase, and the input tree list may come either from
temporary or permanent forest plots. No pro-
Jection system should be used in this manner for
prolonged periods of time without also being used
in the second environment.

In the second environment accuracy and preci-
sion of the projection system are evaluated. The
schema for this environment is shown in figure 5.
Here, in addition to input tree list, projection sys-
tem, and output tree list, I have added the “experi-
ence”, detector and controller parts to the schema.
This environment requires that permanent forest
growth plot data be used for the input tree list and

TRANSFORMATION| PROJECTED TREE
(THE PROJECTION LISTS
SYSTEM)

INPUT OUTPUT

Figure 4.—Schema of environment for unverified
projections.

CONTROLLER

DETECTOR

A EXPERIENCE

PROJECTED TREE 7
LisTs

PROJECTION SYSTEM

Figure 5.—Schema showing processor in a cyber-
netic system involving use of permanent forest
growth plots to correct the processor.

that, after a number of years has elapsed, a re-
measurement of the plots be made and used as
“experience”. A comparison of the difference is the
function of the detector, which passes the distribu-
tion of differences back to a controller, which uses
it to modify the algebraic forms and coefficients in
the projection system.

Reason suggests that with an untested pro-
jection system one should not wait too long for
another measurement — an “experience” reading.
It also suggests that when little deviation is de-
tected after such a reading one may want to project
for a longer period before the next check is made
with “experience”. Under conditions where exoge-
nous variables are thought important, for exam-
ple, climatic variations, it may be desirable to both
fix an upper limit to the projection period and
automatically use the most recent “experience”, in
place of the most distant, to recalibrate the model.
This would produce a running average type model,
as opposed to a cumulative model wherein all past
measurements are included in the calibration data
base.
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A third use environment is shown schematically
in what I have called the scenario environment
(fig. 6). Here, the projection system is instructed to
execute various management recommendations
and guides, and the outputs of each set, each sce-
nario, are examined in light of various perfor-
mance indices.

SUMMARY

Forest growth and yield research appears to be
entering a new era where mathematical models
are evaluated for generality of applicability as
well as the traditional goodness of fit of equations
todata. The basic model structure discussed in this
paper is shown to be adaptable to single equation
models as well as to models with large numbers of
simultaneous equations. By using a relativistic
approach to size class assignment the approach is
made more computationally efficient than when
fixed-diameter intervals are used. The concept of
calibrating three resolution levels of the model
and computing the needed coefficients in other
resolution levels is presented, as is the notion that
length of projection period should determine di-
mensionality of the model. Variable resolution
level, relativistic models will be more easily
tailored to the individual needs and budgets of
users than are today’s models.

SCENARIO

PROJECTION PROJECTED
SYSTEM TREE LISTS FOR
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DATA BASE

Linda Christensen

Jerold T. Hahn,

» Statistical Assistant,
and Rolfe A. Leary,

Principal Mensurationists

The need for growth projection systems that
apply to all forest conditions of an ownership has
been emphasized by Lundgren and Essex (1979),
and a candidate projection system has been de-
scribed by Leary (1979). Others have been de-
scribed by Ek and Monserud (1974), Hegyi (1975),
and Stage (1973). All the descriptions make it
clear that a satisfactory model will not be devel-
oped by analyzing a few growth plots. Rather, we
need to have available a large amount of data.
The data base for the current study covers 44
different studies in Minnesota, Wisconsin, and
Michigan. Included are 1,501 plots containing
484,574 individual tree measurements on 92,649
trees.

The purpose of this paper is to describe the
data base used to calibrate the growth projection
system from several perspectives: space, time,
age, site, and species. The data base used to val-
idate the model is presented in Learyetal. (1979)
and the data needed to implement the model are
described in Hahn and Brand (1979).

SOURCES OF DATA

Calibration of the growth projection system
requires permanent growth plots with individual
tree records at several points in time. Qur sources
were plot records from (1) cutting experiments,
(2) demonstration woodlots, (3) industrial contin-
uous forest inventory, and (4) personal records of
forest growth. In each case, the growth informa-
tion came from permanent sample plots, rather
than complete forest enumeration. The plots
were all fixed size—either circular or square.
Square plots varied from 0.1 to 0.5 acre, and cir-
cular plots varied from 0.1 to 0.2 acre. In some
cases only trees greater than 9 inches d.b.h. were
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measured; for others all trees greater than 0.6
inches d.b.h. were measured. Some plots were
located randomly or systematically throughout
the forest lands of an ownership. Other plots,
coming largely from experimental forests, were
all from similar quality sites.

Measurement data from five properties were
supplied to us on magnetic tape, and data from
five other properties were supplied on cards. The
data from the remaining 34 properties were sup-
plied on the original field data collection forms.
Inconsistent form layout between studies added
considerably to the work of preparing field sheets
for direct keypunching. Data transcribing was
avoided as much as possible.

During 1975 and 1976 each plot was visited and
one or more of the following variables was mea-
sured or estimated: d.b.h., crown class, crown
ratio, and tree status. These data were added to
the already existing data.

DISTRIBUTION OF
DATA SOURCES

The spatial distribution of the data sources is
shown in figure 1. Lower Peninsula of Michigan
data are entirely from plantations of red and jack
pine. Wisconsin data are mostly from natural
stands of hardwoods—oak-hickory type in the
south and west, and northern hardwoods in the
north—and northern white-cedar. The two Wis-
consin plantation studies are Star Lake red pine
adjacent to Michigan and white spruce near the
Menominee Reservation. The northern Minneso-
ta studies include natural and plantation studies
of red pine and jack pine, and natural stands of
quaking aspen, white pine, and black spruce.




Plantations
Natural Stands
& Both Plantations and Natural Stands

Figure 1.— Location of counties with one or more calibration data sources in
Minnesota, Wisconsin, and Michigan.

The distribution of data sources by 1977 age
(time) and site (matter/energy) is shown in table
1. Each age-site table is for a different forest type.
Although the total number of plots in table 1 is
1,501, 1,529 plots were available for use; howev-
er, the variable necessary for determining forest
type was not available on 28 plots. The stand age
at which plot measurements were used may be
as much as 20 to 30 years less than the ages given
in table 1. For example, the 26 jack pine plots in
the 31-40 (age)-50 (site index) cell were 36 years
old in 1977. They had, however, been measured
since 1953 (table 2), so the measurements began
when the trees were 12 years old.

The distribution of the data sources by starting
date and elapsed time between measurements is
shown in table 2. The oldest measurements were
made in 1938, giving nearly 40 years of observa-
tions. Others are not far behind at 30+ years of
records. Not every plot on a property was mea-
sured where an “X” occurs in table 2.

PROCESSING AND
STORING DATA

Information on field sheets was either key-
punched directly or transcribed to 80-column
sheets and then keypunched. The card data, as
well as all data from magnetic tapes, were put
into a standard format on disk files for editing.
Following correction of all apparent data errors,
the edited data were joined with the following
information and placed in a master format:

(1) Mode of stand origin, treatment, replication,
property number, plot number.

(2) Site index, site index species, and year of
stand origin for up to five species per plot.

(3) Soils information.

(4) Forest type.

(5) Denominator of plot size fraction.

(6) Number of trees on plot.

(7) Number of measurements in time.
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Table 1.— Distribution of 1,501 permanent forest growth plots used for model
calibration by age and site within 13 forest types in the Lake States
(Site class 30 ranges from 25 to 34, 40 from 35 to 44, etc.)

JACK PISE RED PINE WHITE PINE
Age : Site index class : Age @ Site index class : Age : Site {ndex class .
claes: 30T 40 50 : 60 1 *3 : 80 : 90 7 100:°"*! class: 30 7 20 £ 50 : 60 ¢ 70 : 80 7 90 T 100: 15! class: 30T RO TS0 80 : 70+ B9 5o TaG. Total

21-30 1 t 1 o020 1 1 020 1 1 2
3140 2 1 1 8 21-30 13 15 2130 1 1
41-50 165 66 31-40 91 40 31-40 1 1
51-60 1 1 4150 PR 73 41-50 P 6
61~70 62 _ig_ 51-60 14 18 1 33 51-60 1 1 1 3
Total 159 61-70 47 63 110 61-70 3 3
AP CIFER 81-90 18 18 71-80 10 10
91-100 1 1 91-100 17 17
3i-do ! 1 o0k 149 16 163 100+ 27 27
=50 1 o jorat 457 Total 70
51-60 11 2
WHITE SPRUCE~BALSAM FIR BLACK SPRUCE
Total A
AR 20 /1 1 21-30 12 3
21-30 11 1 1310 1 1 2
a1-30 ! b 300 2 6 3 1 12 4150 12 1 3 1 17
71-80 1 b eso 1os o2 1 9 51-60 1 1 2
81-90 2 2 5169 11 s o 19 61-70 P 3
Total 4 s1er0 1 a3 25 100+ 1 Y
NORTHERN WKITE CEDAR 7160 1 1 Total 2
3140 N N Total 70 NORTHERN HARDWOODS
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Table 2.—Distribution of permanent growth plot measurements after the earliest
measurement for calibration data base from Michigan, Wisconsin,
and Minnesota.

r MICHIGAN
YEAR OF
- EARLIEST 10 12 14 16 18 20 22 24 26 28 30 32 34 36
PROPERTY/STUDY MAJOR SPECIES | ypASURE- 123456789 11 13 15 17 19 21 23 25 27 29 31 33 35
MENT
NC-40 (wel.ston) Uack pine 53 ) XXX xix X X X X{ X
NC-178 (Crawford Co.) Wack pine 60 X X X
NC-431 (Bosom Field) Fed pine 52 X Xi X X] X Xi X Xi X| X X Xi X
NC=433 (Buck Creek) Red pine 51 Xi X XX XX Xi Xt X Xi X§ X X X X
NC-434 (Croton Dam) Red pine 52 X X| X, X| X Xi
NC-436 (Ravenna) Red pine 60 XX X X X{ Xi
NC-437 (Sconer) Red pine 60 b X X
WISCONSIN -

Apple River THF Cak, White pine 47 pIBER X X
Argonne THF vorthern hardwoodsj 47 XXX XX X Xi X X
Cairns THF DNorthern hardwoods| 49 X X X X X
clisworth THEF vorthern hardwoods; 48 X Xl | X X X
Chilsen THF Hemlock, Yellow

birch, Maple 47 X% X | X X N X X
Dundee THF ' [Red oaks, North-

ern hardwoods 47 X X X X X
Hardies Creek THF Red oak, White cald 51 X X X X
Urenholdt THF White pine 52 qiXx X
wausaukee THF White & Red pine,

Aspen 47 X X X| X X
Champion Valley THF vorthern hardwoodsi 47 X X X X
Star lake Red pine 43 X X X X X
Butler's Woods Oak, Basswood,

Maple 45 XX xxixaxixaxtxxxxxxxx X X
Nettleton vorthern hardwoods| 38 Xl X (XXX X X X| (X Xi X X X
Stone's Woods Lak, Hickory,

Maple 45 XXX XXX XX XX XxxXxxxX X
Shaugnessey's Woods Oak, Hickory,

Maple 45 NXXAXXNAX XXX XXX X XXX X
™MC-26 Balsam fir, Aspen { 49 X X X X Xi Xi XXX (X
NH=-25 Northern hardwoodsf 51 X X X X X
NH-138 (Argonne) Northern hardwoods| 56 X X X X| X
NH=138 (Medford) Vorthern hardwoods| 58 X Xl X X
NC-18 White spruce 49 X X X
NC~32 1. White cedar 46 X X X
Owens-I1llinotis Northern hardwoods t l ! l l ‘

Conifers 64 X|

MINNESOTA

NC-56 (Pike Bay) White pine 54 X X Xi X
NC=57 (Pike Bay) Uack pine 53 X X X Xi X]
INC=59 (Little Fork) Black spruce 54 X
NC=76 (Cutfoot) Red pine 49 X X X X NEE R
INC-75 (Cutfoot) Red pine 50 X X X X X X
NC=79 (Rena) Red pine 49 X Xi ¥ X X
NC=83 (Marcell-Clubhouse)Red pine 44 X RIBE ¥ X}
NC-84 (lLake 13) Red pine 44 Xl X{ X X] X X X X| X
NC-96 (Pike Bay) Aspen 56 X X X] P2
NC-98 (Aurora) Jack pine 68
NC-142 {Portage Lake) Red pine 47 X X X X X
NC~-155 (8irch Lake) Red pine 57 X >
NC~-163 (Mando) Red pine 57 N

1An “X” denotes that at least one plot on the property was measured at the number
of years after the earliest measurement given by the column label. Only Butler’s,
Stone’s, and Shaugnessey’s Woods were measured in their entirety every year.



(8) Dates (month and year) of each measure-
ment.

The master format consists of a maximum of
512 word blocks of binary information. The block
length is specified because of input/output buffer
length on the Control Data Corporation’s Cyber
74 computer. Each word can contain up to 14
integer values to code information. The master
format and contents of each word are given in
figure 2. An example output of a permanent
growth plot record is shown in figure 3. Specific
objectives of the master format were to (1) max-
imize efficiency in reading/writing and storing the
master flles, and (2) have information in a stan-
dardized format because five or six different per-
sons may be getting information from the master
at any one time.

RETRIEVAL OF INFORMATION
FROM DATA BASE

Because the information is written in blocked
binary form with 14-character words, one must
use simple FORTRAN statements to extract the
desired values from a word in a block. For exam-
ple, to analyze mortality, the master file is read
and the desired information extracted to estab-
lish an analysis-specific file. Most of the sort word
contents are normally carried into the analysis-
specific files. This information, together with
other information, aids in tracing any problem
observations and for organizing analyses by
state, species, mode of stand origin, etc. The anal-
yses then proceed species-by- species for the 26

sSpecies groups for which functions are devel-
oped.

Word
1 Number of words in record
2 Sort word

Il Mode of stand origin

12 Treatment

I1 Replicatfon

I3 Data source (property number)

I5 Plot number

I1 Record number (1, or 2, or 3, or 4 if more
than 300 words on preceding record
(except for record 1))

3-7 Site index (up to 5 SI-species combinations)

12 s1
I3 Species for SI
I3 Stand origin (last 3 digits of origin year)

8 Plot invariate parameters

12 Forest tvpe

I2 Plot size (as denominator of fraction, {.e.,
5=1/5 acre plot)

I3 Number of trees on prlot

I2 Number of measurements = mea

9 Soils information
10-94mea  Plot variable parameters

14 Date of reasurement (MMY)
I3 BA/acre at tire of measurement

10+mea, Tree invariate parameters
11+2mea,
12+3nmea,

I3 Tree number

I3 Tree species

12 Tree species group
1l+mea-
1242mea Tree variable parameters

I1 Status

I1 Condition

I3 DBH to last tenth inch (F3.1)
I1 Crown class

I1 Crown ratio

I1 Tree quality

I2 Form factor

I3 Height

Figure 2.— Lake States FREP binary master rec-
ord format.

22 1000100000011

1039026
110501 4009800000000
237526 3006000000000
310501 4012800000000
410501 4009500000000
510501 4011400000000
610501 4009500000000
737526 4005900000000
837526 4006000000000
P09506 0
1037526 0
% 0

461105918
1064037
1011000000000
1007200000000
1014000000000
1010300000000
1012800000000
1010700000000
1006200000000
1007000000000
4005300000000

4005200000000
4005600000000

0 4005700000000
Q0 0
0 0
G375 0 0
1609506 0 0

62375942 0 0 ¢

1062048
1011900000000
1008400000000
1014700000000
1011100000009

1013700000000 300

1011700000000
1007800600000
1008000000000
1006000000000
1006360000000
LO0&500000000
1006900000000
4006100000000
4005900000000
4005200000000

0

10701604 ©
LOV&053

QOO
QOOQQGCGO0
TOL2126000065
10GR03600¢

O
LOOA7IZ000000
LOO71 26000049
100 2000040
LOQ7928000000
LOOERZAN0HNQQ
13HV0CO0Q
1005345000000
A005458000000

Figure 3.— Sample output listing of a single plot from the mas-
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ter file. Contents and meaning of each word are
given in the master format in figure 2.
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POTENTIAL DIAMETER GROWTH FUNCTIONS

Jerold T. Hahn and Rolfe A. Leary,
Principal Mensurationists

When seeking an unknown value of a numerical
variable it is common practice to bracket the un-
known by two values—one greater than the
unknown and the other less. Mathematicians have
used this practice for many years to find the solu-
tion of nonlinear algebraic equations. A simple
example is the problem of finding the value of x
that satisfies the equation x =y, when y=142.

The square root of a number can be estimated by
guessing a number such that its square is greater
than y and then guessing another with square less
than y; e.g., 12% =144 and 112 =121. The desired
value is then known to be between 12 and 11. By
judicious guessing one quickly gets several correct
digits in the value of x.

The idea of establishing an upper and a lower
bound to the rate of a biological process is a very
useful modeling device. In the case of the accretion
processes it is reasonable to take zero as the nu-
merical value of the lower bound. This paper is
concerned with estimating the largest possible nu-
merical values—the potential—for increase in di-
ameter at breast height (d.b.h.) by all major forest
species in the Lake States. Our concern is with
both the potential diameter growth rates of indi-
vidual trees and the diameter growth potential of
all trees in a stand.

The concept of a growth potential has been used

in mathematical modeling of biological processes
for many years (Verhulst 1965, Lotka 1956, Vol-
terra 1931, Gause 1969). The potential is given by
r in the generalized differential equation of popu-
lation growth: dY=r fY).
The term r refers to the rate of self-renewal of the
population in question. Its effect dominates the
right-hand side of the equation as long as re-
sources are not limiting,
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Foresters have only recently begun using the
concept of potential in forest growth models. Ar-
ney (1974), Hegyi (1974), Ek and Monserud (1974)
have used potential height growth as the upper
limit of growth. Potential height growth is usually
estimated by taking the first forward difference,
with respect to age, of equations to predict height
based on site index and age (see Lundgren and
Dolid 1970). The use of breast height diameter
growth to characterize a tree's potential is less
common than the use of height (Newnham 1964,
Chen 1976). A disadvantage of this approach is
that there are no standard functions relating tree
and environment variables to diameter growth, as
there are to relate tree and environmental varia-
bles to tree height.

In theory, the following tree and environment
variables affect the amount of lateral stem growth
at breast height: (1) current d.b.h., (2) amount of
foliage, (3) respiring surface area, (4) distance
from breast height to center of live crown, and (5)
abiotic flux as reflected by site index. The relation
between each of these variables and diameter
growth was extracted from the literature by
Brand:!

(1) The closer the crown to breast height, the
more stem growth (Duff and Nolan 1953).

(2) Less foliage is needed on a good site (Ass-
mann 1970).

(3) Amount of foliage is greater on a good site
(Long and Turner 1975).

(4) Respiring surface area is related allometri-
cally to d.b.h. (Pienaar and Turnbull 1973).

Brand, G. 1976: Personal communication, St.
Paul, Minnesota.



There are many ways of combining variables
used to characterize each of these relations. Two
broad categories are strictly additive association
and strictly multiplicative association. Of course,
one may have combined additive and multiplica-
tive.

APPROACH

QOur objective was to develop species-specific di-
ameter growth equations that characterize the po-
tential of Lake States tree species to increase in
d.b.h. We have used a combined additive-multipli-
cative model that requires knowledge of the fol-
lowing variables: d.b.h., crown class, crown ratio,
and site index (age 50 base). Crown ratio is the
ratio of full live crown length to total tree height.

Data Base

Individual tree diameter measurements at two
points in time were collected on dominant and
codominant trees of 26 species in Michigan, Wis-
consin and Minnesota. A total 0of 51,149 trees came
from permanent growth plots or from forest survey
plots in Wisconsin; of these, 36,726 were high-
quality dominant and codominant trees usable for
estimating potential growth.

All trees had crown class and crown ratio esti-
mates at the last measurement. Plot site index was
also estimated. The geographical distribution of
plots, and the distribution in the age-site matrix is
given in Christensen et al. (1979).

The diameter growth (AD) for each tree was
determined over a period approximating 10 years.
This was the dependent variable in a nonlinear
regression analysis. The independent variables
were initial diameter (D), final crown ratio (CR),
and plot site index (SI). These data for all domi-
nants and codominants were grouped by species,
as shown in the tabulation above, by 1-inch diame-
ter classes, by 10-foot site index classes, and by 10-
percent crown ratio classes. If a cell contained just
one tree, it was included in the most appropriate
adjacent class. For each cell the means were com-
puted for each variable, i.e., AD, D, SI, CR, as well
as the standard deviation of diameter growth, sap.

Species Number of trees

Jack pine 4,625
Red pine 11,663
White pine 845
White spruce 1,772
Balsam fir 1,277
Black spruce 1,006
Tamarack 165
Northern white-cedar 1,070
Hemlock 140
Black ash 240
Cottonwood

Silver maple 937
Red maple

Elm 898
Yellow birch 343
Basswood 1,092
Sugar maple 3,753
White ash 866
White oak 517
Select red oak 1,555
Other red oak 290
Hickory 349
Bigtooth aspen 261
Quaking aspen 2,124
Paper birch 748
Other hardwoods , 190
Total number of trees 36,726

The mean diameter growth, AD, for each cell
applies to dominants and codominants. Since it
was our desire to estimate the potential of trees to
increase in diameter at breast height, it was as-
sumed that the diameter growth values were nor-
mally distributed around this mean (see fig. 1).
The potential is, of course, greater than the aver-
age. We took the potential to be the mean diameter
growth plus 1.65 standard deviations
(AD+1.65s,p). This diameter growth corresponds
to the 95th percentile of dominant and codominant
diameter growth.

Mathematical Model

The following four mathematical models were
examined. All were nonlinear in form and com-
bined additive-multiplicative with a core Rich-
ards-type function that has anabolic and catabolic
terms (Richards 1959):

23



i i s
-2 -3 B *3 {22
L1885,
e

Figure 1.— The assumed normal distribution of

diameter growth of dominant and codominant
trees fora 10-foot site index class and | U-percent
crown ratio class, The shaded area represents the
fastest-growing 5 percent of the trees.

AD b

At *bSI+bD +bCR D (1
AD b,

At "B CR+b,D +bSID (23
AD b, )

A& bbb SICRD (37
AD by by

AT "b+bD +b,SICR D {4)

The pattern of each ig i?m ["intercept” term] +

[catabolic term} + {anabalic term]. The signsonb,
by, b, and b, are positive, and b, is negative, The
“intercept” term gives the growth approached as

d.b.h. approaches zero: in equations (3 and (4)
lim  AD b
D0 At

This limit is a function of 8l in (1yand of CR in

b,
(2). The catabolic term, b.D |, has the form of an
allometric relation, as required of a relation char-
acterizing respiring surface area (Pienaar and
Turnbull 1973). Several anabelic terms were
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tested. The terms in equations (3) and (4) make the
most sense, because total tree height is multiplied
by crown ratio, giving crown length. Stem diame-
ter has often been related to crown diameter. The
product of crown length and width gives an ap-
proximation, uncorrected for crown shape, of
crown volume,

Fitting Procedures

Each of the above models was fit to both mean
and potential AD values for each cell of each spe-
cies using Marquardt's algorithm modified for
weighted nonlinear least squares regression (Mar-
quardt 1963). Model evaluation criteria were:
qualitative behavior of the solution to each equa-
tion using the estimated parameters b;; pattern
formed by residuals (predicted minus observed di-
ameter growth) plotted against initial diameter,
crown ratio, and site index; and goodness of fit as
measured by R”. For some species the qualitative
behavior of the solution was unrealistic because
an insufficient number of observations was availa-
ble at large diameters, To compensate, the silvi-
culture literature was consulted and from it we
determined the upper limit of d.b.h. for the species,
A very small AD value was assigned to the diame-
ter, an average crown ratio and site index were
attached, and the "add” values were inserted into
the data base as needed to insure more realistic
behavior of the function at large diameters.

Results

Models (31 and (4) gave better results than (1) or
(2) as judged by model selection criteria. The re-
sults of the regression analyses of models {3) and
(4) for 26 species for both average growth and
potential growth were examined and one or the
other was selected as the best model. The coeffici-
ents, number of cells, and R” values are given in
the tabulation. When the b, parameter is exactly
1.0, the model selected was number (3). Otherwise,
model (4) was selected. Figure 2 shows potential
diameter growth values for species commonly
found in the pine type: red pine, white pine, jack
pine, and quaking aspen. The crown ratio was set
at 4.0 and site index at 65.

DISCUSSION

To use the potential diameter growth function it
i$ necessary to know the initial diameter, crown
ratio, and site index. Crown ratio is not a com-
monly collected tree variable, but the average
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Figure 2.— Predicted potential diameter growth
values for species commonly found in the pine
type in the Lake States. Site index is 65 and
crown ratio is 4.0 for each species.

crown ratio for a stand can be estimated by know-
ing mean stand basal area, mean diameter, and
stand age (Holdaway et al. 1979).

The inferential population for equations (3) and
(4), with coefficients in table 1, is the natural
stands and plantations of the 26 species in Michi-
gan, Minnesota, and Wisconsin. No attempt was
made to separate trees in plantations from those in
natural stands, because the individual tree is not
thought to behave differently.

The approach used for potential diameter
growth is somewhat analogous to that used for
models based on potential height growth. The lat-
ter use height-age relations for dominants (site
index curves). We used diameter growth-diameter
relations for the fastest-growing dominants and
codominants. By taking the 95th percentile of di-
ameter growth, we intended to approximate diam-
eter growth rates of forest trees not subject to sig-
nificant competition from neighboring trees. We
judged open-grown trees as not suitable for poten-
tial diameter growth studies because of the signifi-
cant difference in the distribution of increment
among bole, branches, and limbs.

Table 1.—Number of cells and coefficients for average and potential diameter growth functions for 26 species in

the Lake States*
Number of Average Potential
Species group groups b b, by b, bs R? b, b, b, b by R?
1 Jack pine 126  0.09349 -0.00005 2.9144 0.00003 1.0 0.44 0.16062 -0.000009 3.6245 0.00004 1.0 0.35
2 Red pine 282 .05309 -.00013 2.0468 000197 .38337 64 09446 -0.00012 2.0596 .00035 24225 54
3 White pine 161 15242 -.00030 1.9660 .00003 1.0 34 .25578 -.00088 1.7263 .00004 1.0 .28
4 White spruce 72 18789 -.00776 1.3904 00006 1.0 .51 17056 -.014516 1.0660 .00052 27298 .74
5 Balsam fir 121 .037102 -.00026 1.9768 .00016 37750 .64 12200 -.00080 1.9890 .00006 1.0 .50
6 Black spruce 105 .06667 -.00049 2.1592 .00003 95715 .26 10713 -.00107 2.0017 00006 91127 .39
7 Tamarack 56 .05279 ~.000002 3.4307 .00003 1.0 .29 11147 -.00001 3.0685 00003 1.0 .22
8 N. white-cedar 93 .06480 -.00000002 4.7466 .00012 15411 41 13403 -.000001 3.6880 00002 1.0 A7
9 Hemlock 59 11278 ~.000000009 4.3699 .000007 1.0 .25 16872 -.0000003 3.5738 00001 1.0 .25
11 Black ash 84 035027 000000001 5.3434 .00010 .46385 41 .058807 ~.000000006 5.0559 .00024 31553 .25
12 Cottonwood
13 Sitver maple 176 .06783 -.00038 1.5944 .00020 2991 44 .10948 -.00004 2.2226 .00050 06626 30
14 Red maple
15 Eim 179 .14862 -.00016 1.9910 .00002 1.0 12 .28496 -.00182 1.5297 .00003 1.0 .06
16 Yetlow birch 96 11333 -.00005 2.3334 000006 1.0112 12 15155 -.000003 3.3104 .00007 57302 18
17 Basswood 169 .16782 ~.00025 1.8136 000008 1.0 16 .25402 -.000004 2.9396 00001 1.0 .09
18 Sugar maple 22 13309 -.00051 1.7002 .00002 1.0 .29 18772 -.000007 2.5839 .00028 .08385 33
19 White ash 139 10829 ~.00025 2.0926 .00003 1.0000 .36 21167 ~.000003 313 .00001 12430 27
20 White oak 152 08114 -.0000004 3.1795 .00004 .51666 .26 12654 -.000004 2.7538 .00005 .62086 21
21 Select red oak 286 .098793 -.0000002 3.3873 00008 41156 .38 15535 —.00000010 3.5367 .00018 25900 22
22 Other red oak 92 10142 -.0000002 3.7728 00012 .20604 46 17358 -.00007 2.4451 .00003 95222 30
23 Hickory 93 071908 -.000008 2.7884 .00003 .69376 44 16471 -.02161 1.3949 .00004 71628 26
24 Bigtooth aspen 79 14120 ~.00029 21217 .00003 1.0 .28 23490 -.00942 1.1041 .00036 .15386 33
25 Quaking aspen 201 11789 ~.00015 2.3618 000042 1.0 39 .21645 -.000091 2.6030 .000044 1.0 3
26 Paper birch 12 07565 -.00059 2.0175 .00005 1.0003 .48 10974 -.00032 2.0238 .00034 .21288 41
30 Other hardwoods 79 19662 ~.00954 1.0500 00002 1.0 44 .37510 -.02479 9.6288 .00004 1.0 36
Total 3.284
AD b bs
1Crown ratio variable used is 3.0 rather than 0.3. General model is ~E=bl+b,D +b,SICRD
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To estimate stand potential growth, the mean
stand d.b.h., mean crown ratic {either observed or
predicted:, and site index are substituted into
equation 4, along with the appropriate coefficients
from table 1. the potential growth of a single tree is
then computed. This is the estimated rate of
growth of a free-to-grow tree. Potential stand
growth 13 simply the number of trees in the stand
times the free-Lo-grow rate.

CONCLUSION

Potential and average diameter growth rates for
26 species in the Lake States are adequately pre-
dicted by combining initial tree diameter, crown
ratio, and site index, into a nonlinear model con-
taining three terms: intercept, catabolic, and ana-
bolic. The intercept term is a species-specifiic
constant, the catabolic is an allometric relation of
treediameter, and the anabolic term isa product of
crown length and an allometric relation of tree
diameter. Since the potential diameter growth
function characterizes free-to-grow conditions, po-
tential stand diameter growth is simply the prod-
uct of tree potential and number of trees,
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ESTIMATING MEAN STAND CROWN
RATIO FROM STAND VARIABLES

Margaret R. Holdaway, Mathematical Statistician,
Rolfe A. Leary, Principal Mensurationist, and
Jerrilyn LaVarre Thompson, Forestry Technician

The amount of foliage in a stand of trees is an
important indicator of the growth one may expect
from the stand. Although this relation has been
known for decades, the amount of foliage is not an
easily determined variable that can be used in
equations to predict stand growth. Field measure-
ments on permanent growth plots have tradition-
ally concentrated on stem dimensions (i.e., diame-
ter and height), with supplemental correlation
studies to associate crown diameter with stem di-
ameter and other stand variables. An exception is
the national forest survey, which has included
measurements on tree crown ratio for many years.
Recall that crown ratio is the fraction of total tree
height in full live crown. Throughout this paper
we express the “fraction” as an integer between 0
and 10 — i.e.,acrownratioof 2 meansa tree has 11-
20 percent of total height in full live crown.

Crown ratio was found to be an important varia-
ble for predicting tree growth (Hahn and Leary
1979), and was incorporated into an equation to
predict potential diameter growth in a stand. Be-
cause the potential growth equations require
mean stand crown ratio as an independent varia-
ble, and some prospective users of the generalized
growth projection system (Hahn and Brand 1979)
may not have included this variable in their plot
data, it is necessary to develop equations to ap-
proximate mean stand crown ratio.

MODEL RATIONALE

From a theoretical analysis it is suggested that
the mathematical model should exhibit the follow-
ing qualitative properties:

(1) solving the mathematical equation must
give a value between 0 and 10,

(2) crown ratio must not increase as BA (basal
area per acre) increases,

(3) crown ratio must ultimately decrease as age
or average diameter increases, and

(4) the rate of change of crown ratio with basal
area must decrease as age or average diame-
ter increases.

The exact relations, rate coefficients, etc. appear
to be species-specific.

The core model tried initially was:
b,

1+b,BA (D

Although this model satisfied condition (2)
above, it did not satisfy (1) and, because only basal
area is used, it did not satisfy the important condi-
tionsin (3) and (4). The additional variables of age
and average diameter were used with equation (1)
to produce models satisfying conditions (1)
through (4).

METHODS

The initial data base (Christensen et al. 1979)
consisted of 1,529 permanent growth plots in the
Lake States. Based on methods of treating plots of
mixed species (Leary and Holdaway 1979), each
plot was assigned as a pure species plot or as a
combination of up to three species. In this study
only plots fitted as “pure” or as containing two
species were used. The individual tree crown ra-
tios, measured on each plot in the last measure-
ment year, were averaged to obtain a species mean
crown ratio (CR). Plot basal area was averaged
over the 10 years preceding the crown ratio mea-
surement. When no measurement had been taken
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1 years preceding, the measurement nearest to
10 years was used. Only plots with no major distur-
bances(i.e., losses to mortality and/or cutting) dur-
ing the interval were inciuded. If the final basal
area was less than 90 percent of the initial basal
ares, a major disturbance was assumed to have
occurred and the plot was not used. For all accept-
able plots mean stand diameter (AD) was calcu-
lated at the final measurement wvear and the stand
age (AGE) was calculated at the midpoint of the
nterval.

RESULTS OF ANALYSIS

Because of insufficient or poorly distributed
data for some species, it was necessary Lo group
species as follows:

Group number  Species group

jack ping

red pine

white pine

while spruce, balsam fir

black spruce, lamarack

northern white-cedar, hemlock

cottonwood, silver maple, red maple

black ash, white ash, elm, basswood

yeliow birch

sugar maple

white oaks, select red oaks, other
red oaks, hickory

bigtooth aspen, quaking aspen, paper

birch
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The analysis showed two patterns of relations —
one for conifers and another for hardwoods. The
conifers tended to have much larger crown ratios
for low basal areas than did the hardwoods, Mean
plot crown ratios for conifers were seldom greater
than 8 or less than 2. The range for hardwoods was
much smaller; crown ratios seldom exceeded 5
even at very low basal areas. Fourteen different
maodels, each containing the core relation, were {it
to the data from 12 species groups using nonlinear
regression methods (Marquardt 19637, The follow-
g model was selected for conifers:

b AGE

e He +2
CR="%n- . where (21
L+ B
AD

AD=arithmetic mean d.b.h.,

BA =basal area 1n sguare feet,
AGE=years from stand establishment. and

bi. by=unknown numerical constants,

group are as follows:

Species group 5. o
Jack pine 00849 73R 38 123
fed pine <7 43 284
White pine - DGH 1388 12 2 67
White spruce-

balsam hir - (158 og1s M 37 52
Black spruce-

tamarack - 039 a5 12 73 43
Horthern while-

cedar-hemlonk -~ 0213 4855 M 37 42

The amount and rate of change of crown ratio
with age, average diameter, and basal area for
hardwoods was quite ditferent from that for coni-
fers. In general, hardwood crown ratio changed
very little over the range of stocking, size. and age
available in the data base. The model for
hardwoods was established as the following varia-
tion of the core model:

. h.
=h, AGE + T 3
h.
1~ A
AD

Coefficients in equation (3 for the hardwood

Species groups are

o]

Speces proup 2 - +
Cottonwood, siver

mapie, ted maple -0 0188 5810 D050 16 22 27
Black ash, eim. dass-

woOU, while ash GO00 304 1 B4
Yellow buch - 0227 8018 28 16
Sugar maple - D054 4707 tg 143
Nhle Gaks. select

et oaks, other red

6aks, hickory ~ Q08B0 4728 0331 32 40 "2
Bigtooth aspen,

quaking aspen,

paper birch 0070 1298 0230 P8 23 112

The crown ratio values for the 61 plots of black
ash, elm, basswood and white ash showed so little
variation that the mean value was assigned to the




coefficient b, (equation 3), and b, and b; were set at
zero. Comparing equations (2) and (3) we see that
coefficients b, (equation 2) and bs (equation 3) op-
erate to achieve the same effect: reducing the
mean crown ratio as basal area increases. The
average rate of change for conifers is twice that for
hardwoods. Another major difference between spe-
cies groups is based on the “intercept” values — i.e.,
the crown ratio as basal area, age, and average
diameter approach zero. For conifers, the “inter-
cept” is 10, a full live crown. For hardwcods the
intercept is b,, and ranges from 6.9 for cottonwood,
red maple, and silver maple to 3.04 for black ash,
elm, basswood, and white ash. Mean stand crown
ratios over a range of average diameters, basal
areas, and ages are shown for red pine and sugar
maple in figures 1 and 2.
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Figure 1.— Mean stand crown ratio for red pine
stands of selected ages and average diameters of
4, 12, and 20 inches.
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Figure 2.— Mean stand crown ratio for sugar ma-
ple stands of selected ages and mean diameters of
4, 12, and 20 inches.

DISCUSSION

Adequate estimates of mean crown ratio for a
stand can be made if one knows the approximate
mean basal area per acre over the last 10 years, the
mean stand diameter, and the stand age. Better
estimates can be made if one knows, say, the run-
ning average 10-year basal area. Simple point
estimates of stand basal area will produce poor
crown ratio estimates if one knows nothing about
prior stand disturbances. A stand disturbance is
less of a problem if the stand is old or the trees
large. For example, if a red pine stand with an
average d.b.h. of 6 inches, age of 40 years, and
basal area of 150 square feet is cut back to 100
square feet with no change in average stand diam-
eter, the predicted mean crown ratio would in-
crease from 0.30 to 0.37. However, if the mean
diameter had been 28 inches, the age 200, and the
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basal area 150 square feet, cutting back to 100
square feet with no change in average stand diam-
eter would have had no significant effect on the
mean crown ratio. When applied in the projection
program (Hahn and Brand 1979), the running
average basal area for the past 10 years is used
instead of an average of only two or three values.

If cutting or mortality changes average stand
diameter as well as stand basal area, the following
relation holds for the models: a decrease in diame-
ter as well asbasal area (e.g., thinning from above)
results in a lower crown ratio, whereas an increase
in diameter and a decrease in basal area (e.g.,
thinning from below) results in a higher crown
ratio. This relation is logical since larger trees of
the same species in a stand (dominanats and
codominants) tend to have higher crown ratios
than smaller trees (intermediates and sup-
pressed).

A generalized relation between mean crown ra-
tio, age, mean d.b.h., and basal area, applicable to
both conifers and hardwoods, is given in equation
(4)

b, AGE
CR=b, AGE+ -2 by (4)
by
1+ AD BA

For conifers, b, is set at zero; for hardwoods b, is
set at zero.
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MODIFIER FUNCTION

Rolfe A. Leary, Principal Mensurationist,
and Margaret R. Holdaway, Mathematical Statistician

A basic premise in the design logic for this gen-
eralized forest growth projection system is that the
growth of an aggregate can be represented by a
multiplicative combination of a potential growth
and a modifier of the potential. The modifier takes
the form of a mathematical function since another
premise is that the amount the potential is modi-
fied depends on the amount of standing crop pres-
ent. The purposes of this paper are to describe
procedures and results of studies to determine how
groups of trees interact within and between spe-
cies.

The place the modifier function has in the basic
projection system is shown in equation (1):

AY Potential | |[Number
—_ = ldiameter of [Modifier]. D
At | growth trees

At this stage in the analysis we assume that the
potential diameter growth function is known,
leaving the modifier function as the only function
with unknown numerical constants. The relation-
ship of the modifier function to the data base and
other subsystems is shown in figure 1. Because the
potential function is assumed known, estimation
of the modifier cannot begin until it has been com-
pleted. Also, shown connected to the potential
function is the crown ratio function. Under ideal
circumstances there would be no need for a crown
ratio function in the calibration phase because
crown ratio would have been observed at all mea-
surements, hence actual observations could be
used. In this study crown ratio was estimated only
at the final measurement, in 1975 or 1976; thus, if
the measurement interval selected for estimating
the modifier was from a prior time, it was neces-
sary to estimate the crown ratio used in the po-
tential function. Because the modifier function
coefficients depend on an estimated potential
growth, which in turn may depend on an estimated

MORTALITY
ALLOCATION FUNCTION

RULE

_, (CROWN RATIO
CALIBRATION {~~ FUNCTION)
DATA

BASE

POTENTIAL
FUNCTION

MODIFIER
FUNCTION

Figure 1. — Relation of modifier function to data
base, potential function, and crown ratio func-
tion. The latter is shown with parentheses and
dashed line because when the crown ratio has
been recently observed it is not necessary to use
the crown ratio function in estimating numerical
constants in the modifier function.

crown ratio, the modifier function’s sensitivity to
variations in stand conditions may be less than it
could be.

REQUIREMENTS OF THE
| DATA BASE

Unlike the potential and mortality functions,
the modifier function is based on information
about all the trees on a plot. Thus, the data re-
quirements relate to plot attributes rather than
individual tree attributes. For a plot to be useful
for estimating modifier function coefficients it
must:

(1) have been measured three or more times,

(2) have been measured over approximately 10

years,

(3) exceed a minimum number of trees,

(4) exceed a minimum basal area density,
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(5) be either a pure stand or a two-species mix-
ture, and

{6) have not had excessive cutting or mortality
In the measurement period.,

The exact cutoff values for these six criteria are
given in the methods section. Many plots were not
used to estimate the modifier because they failed
to meet one or more of the criteria.

METHODS USED TO
SUMMARIZE, STORE,
AND RETRIEVE DATA BASE
INFORMATION

Before plot data are ready for analysis, the ana-
lyst must:

(1) Takethedata, asfound in the data base, on the
species present on each plot and transform
them into a condensed form, recording the
transformation.

(2) Use this transformation information to consol-
idate all species present into a maximum of
four species categories and then summarize
the needed plot information into one physical
record to enable the mass of data to be effi-
ciently stored on disk files.

(3) Design a system that enters a large file of
information produced by step 2 (above) and
picks out only those plots that match a speci-
fied species combination, "unpeels” the data,
reorders the species if necessary, and lists the
unpeeled data on a new file in a format ready
for analysis.

Step 1 (above) needs to be discussed in more
detail. We found in a preliminary study that the
three needed measurements could be taken over as
short an interval as 4 vears without affecting the
results. Whenever possible, however, we tried to
have at least 6 to 8 years in the interval from first
to third measurement. A computer program was
written to locate where the cuts, mortality, and
ingrowth occurred. From these results we manu-
ally selected an interval of at least 6 years with a
minimum of disturbance due to death, cutting, or
ingrowth, and a maximum number of live trees. In
accornmodating these constraints, the three-mea-
surement interval tended to be as short as possi-
ble. This enabled us to use more than one interval
from plots with five or more measurements. Using
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the chosen interval(s) we determined the percent
basal area for each species on the plot, ordered the
species by basal area, retained the first three spe-
cies, and combined the remaining species into a
miscellaneous category.

It was still necessary to reduce these species
down to the principal ones. To accomplish this, a
predominant species composition fitting rule was
developed. The rule works approximately as fol-
lows for a plot with only two species: the plot is
located in a coordinate system at the point (x,,x.),
wherex, is the percent of plot basal area in species
(fig. 2). If the plot were a pure stand of species 1,
the point would be located at coordinates ( Loy if it
were a pure stand of species 2, it would be located
at coordinates (0,1). All other mixtures would be
located on a line between points (1,00 and (0,1)
such that x,+x.,=1. Fora two-species plot, we cal-
culate the distance from (x1,x2) to three points,
(1L,0), (1/2,1/2), (0,1, and assign the plot to that
species combination (pure species 1, two-species
mixture, pure species 2) for which the distance 18
smallest.

on pure species 2
109
o
“y
u
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o
v
b
2
w
L
b
Q
PRETTEPY
10 i
o Ay N {1.0) pure specias 1

O 100
PERCENT SPECIES 1

Figure 2. — Schematic diagram of procedure for

 Judging the composition of a plot containing two
species. In this example d, is less than d s hence
the plot will be considered a pure stand of species
1. Analogous methods are used in 3 and 4 dimen.-
sions for 3 and £ species mixtures.




In our work it was possible to have a maximum

of four species categories. Since the species are put-

in descending order by percent basal area, the
reference points for determining species fits are

(1,0,0,0) pure species 1

(1/2,1/2,0,0) corresponding | two-species mixture

(1/3,1/3,1/3,0) to three-species mixture

(1/4,1/4,1/4,1/4) four-species mixture

The distance from the point (x,,X,,X3,X4) to each of
the four points was calculated and the species com-
bination selected that had a minimum distance.

There was still a need to handle minor species
dropped by the fitting rule. That is, something had
to be done to species 4 if the fitting rule showed
that the point (x,,X»X3,Xs was closer to
(1/3,1/3,1/3,0) than it was to (1/4,1/4,1/4,1/4).
These species were added- to a similar species
based on a priority joining rule. Finally, for each
plot we recorded the transformation that indicated
the predominant species and what to do with all
other species. For the purposes of this study only
plots fit with one or two species were used and the
others were skipped.

ANALYSIS METHODS
AND RESULTS

Pure Stands

Once the plot information was summarized and
stored in a retrievable manner, the pure stand
analysis proceeded as follows: for a particular spe-
cies, e.g., jack pine, the summarized data were
used as boundary conditions in the nonlinear mul-
tipoint boundary value problem (Leary 1970,
Leary and Skog 1972). Solve

AY [Potential diameter growth/tree] [NT][l—e.B/BA] (2)
At

subject to the boundary conditions
Y(ty) = ki, Y(t) = ko, Y(ts) = ks, where
Y is the sum of tree diameters,

NT is the number of trees,

2
BA is the stand basal area (BA = .005454 C{G%)’

B is an unknown numerical constant (with units
of basal area),

k1,ks,k; are the boundary conditions, and

AY _ Y(t+D - Y®)
At (t+1) -t

(first forward difference).

Other algebraic forms for the modifier were tested,
this one most thoroughly

a__
1+ vBA

but were found to be less desirable based on their
pattern of residuals.

, 3)

Calculation of the potential diameter growth
part of equation (1) requires use of mean stand
crown ratio (Hahn and Leary 1979). Individual
tree crown ratios on each plot had been recorded at
the last measurement, but frequently the last
measurement was not one of the times used to form
the measurement set. Although most cases
showed little difference between the 3 values re-
sulting from observed or predicted crown ratios,
we used only observed crown ratios whenever
there was a sufficient number of interval sets. This
practice resulted in a large reduction in the sets of
measurements available for use. For example, red
pine had 503 sets of measurements spanning three
measurements, but only 241 included the last
measurement and an observed crown ratio. Be-
cause we felt the observed crown ratio information
was more precise, we used it unless doing so would
have resulted in little or no information for a spe-
cies,

The B values estimated for each measurement
set judged to be pure were plotted against the
mean stand diameter and their variation was
studied. Based on these results, all measurement
sets with 40 square feet or less of basal area stock-
ing and with 50 percent (by number of trees) or
more mortality and/or cutting between the begin-
ning and final measurement were removed. Anal-
ysis showed the B values were independent of the
number of trees, the site index, the interval length
(5 to 29 years), and stand age to midpoint of the
interval. There appeared to be a possible slight
relationship between 8 and average summer tem-
perature over the interval, but data were insuffi-
cient to warrant further study. The same held true
for the effect of average summer rainfall on S.
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Some species showed a location (Minnesota, Wis-
consin, Michigan) effect, but the limited range of

- mean stand diameters for many species made its
study inconclusive. Some investigations were
made on varipus weighting approaches, but the
only one that offered any benefit was to weight
proportional to plot size.

Red pine, with 241 measurement sets, had the
most data available to study any differences be-
tween natural stands and plantations. The planta-
tions tended to have smaller average diameters
with the same basic pattern as the natural sets
except for a scattering of higher values at about 8
inches. A careful study was done to see if the cause
of these higher values could be found, but it was
unsuccessiul. As a result, no separation as to mode
of stand origin {plantation or natural) was made in
the final analysis.

In determining a function to fit to the 8s, we
looked at those species with a fairly complete di-
ameter range. Computing the average g for 2-inch
average diameter classes indicated a nearly con-
stant function that decreases somewhat at the
lower diameter values. From this relation the
function

B = b, (1—e b2 DBH, 4)

was chosen. A few representative graphs are given
in figure 3.

Table 1 contains the coefficients b, and b, (equa-
tion 4) for various species and the number of three-
measurement sets on which each is based. Only
490 measurement sets were usable after under-
stocked plots, or those with high mortality or cut,
were removed. Measurement sets were also lost
because observed crown ratios were used, instead
of predicted, whenever possible.

Mixed Stands

The mixed stand analysis proceeded similar to
the pure stand analysis, but the model was ex-
panded as follows:

solve
'ﬁ:xfx(ADx)
(BAI + )y BAQ AD:)/AD;)
AYL - p,) NT )1 —e
At
5
’B‘::Q(AD:)
(BAQ + (&0 BAl ADl/AD‘z)

AY2 _ (pG,) (NT4)|1 -e
At

with boundary conditions
Y1<t;) = k” &,1(t‘») = ku X'I(t';) = }'\:13
Y2(t) = kyy Y2t = ko Y2(ty) = kg

200
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AVERAGE STAND (IAMETER SNCHES)
Figure 3. — Sample monomeolecular functions relating Bralues
to mean stand diameter. Conifer values tend to be considerably

larger than hardwood values.
given in equation (4) and the
table 1.

The mathematical function is
numerical values are given in



Table 1.—Parameter values for equation (4)*

Sets of
b, b, measurement Comments
Species intervais
Jack pine 112 —.4638 46 Predicted crown ratio used
Red pine 121 —.4462 241 Observed crown ratio used
White pine 117 —-.1261 77 Predicted crown ratio used
White spruce 125 —.3652 11 Predicted crown ratio used
Balsam fir 86 —.4923 15 Predicted crown ratio used
Black spruce 9 data only for DBH 2"-4” (use
white spruce coefficients)
Tamarack 1 Limited data (use jack pine
coefficients)
Northern white-cedar 155 —-.2230 18 Observed crown ratio used
Hemiock 2 Limited data (use white pine
coefficients)
Black ash 0 Assigned sugar mapie
coefficients
Cottonwood
Siiver maple 69 -.1434 7 Predicted crown ratio used
Red maple
Eim 0 Assigned sugar maple
coefficients
Yellow birch 1 Limited data (use coefficients
for select red oaks)
Basswood 2 Limited data (use coefficients
for select red oaks)
Sugar maple 74 -.1902 25 Observed crown ratio used
White ash 0 Assigned sugar maple
coefficients
White oaks 4 Limited data (use coefficients
for red oaks)
Select red oaks 73 -.1303 10 Observed crown ratio used
Other red oaks 0 Assigned coefficients of
Hickory 0 select red oaks
Assigned coefficients of
select red oaks
Bigtooth aspen 0 Assigned coefficients of
quaking aspen
Quaking aspen 117 -.1366 21 Predicted crown ratio used
Paper birch 0 Assigned coefficients of
quaking aspen
Total 490

'For species in which the range of average diameters was small, or only a few observations were available, the estimated beta values were
used as a guide in selecting a stubstitute beta function. When no data were available, the species was assigned the beta function
parameters for a similar species; for example, we had no pure bigtooth aspen or paper birch plots, so they were assigned the beta function

coefficients for quaking aspen.
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where
Y1, 72 are sums of dinmeters for species 1 and 2,
respectively,
PGLPG. are potential diameter growth func-
Liong,
NTUNT, are numbers of trees,
ADAD. are average diameters of trees in spe-
cies 1 oand 2,
are the monomolecular functions of average
dimmeter fequation -4 for species 1 and 2,
BALBA, are basal area 1003454 (Y, /NT % of
species | and 2, and
%2,y 8¢ the m‘akm;ma interaction terms that
tell how spoecies 2 affocts agwcws 1 and how
species 1 @;mkcw species 2, respectively,

Only the plots judged to be two-species plots
hgure 21 were used for this analysis,

We tested the w values resulting from using both
a potential function containing the observed
crown ratio and the predicted crown ratio. The
results were similar {actually shightly better for
predicted crown ratios, as judged by the deviations
of observations from predictions, Since there were

more twoespecies plots avallable, we used the pre-
dicted crown ratin throughout the two-species
analysis,

Inthe single species analvsis we found that plots
with less than 40 «af;u;m* feet of basal area had
sharply decreased 3 values. The twa-species anal-
van showed that between 30 and 40 square feet
they were nearly the same as above 40 sguare feet,
Thus, we used 30 square feet as the cutoff value for
understocked plots instead of 40 square feet to
avoud losing additional data. The cutoff criterion
for mortality, cut, or ingrowth was 50 percent of
initial or surviving trees. Very few plots had to be
discarded because of these criteria,

From equation (5) it can be shown that if both tw,
and qmésr@ exactly Tand the ratio of aver age diam-
elers s §, we can say that species 2 affects species 1
us species 1 oaffects itsell) and species 1 affects
Zalfects itself In thisanalysis,
the follow w;, relationships between o, and w, were
thought to be most reasonable and were examined:

Specses 3 as spec

1wy estimated separately
sy
{6)

fdudy

Y ‘:&“k'

38

In relationship H] here 1s no fixed relation be-
tween m, and w,, in [2] the sum of w, and .15 w(;u:s;
to2,in| Et}m pmducmt woandw.as landinid]the
pmduct of w, and w15 2,

Analysisof mixed plot data for pach relation. ship
in equation 16) showed that [1] is undesirable
because w, and w, could vary widely with hittle
difference in the goodness of fit of the solution nf
equation (5) to the observations. ' This mav h;
been caused by attempting to estimate four un.
mem;, wyand weand intial conditions for ¥ 1 and

Y2, based on only six observations of the svstemn
state ) Relationship[2]between o, and wogave very
poor results as judged by residual pattern and re-
sidual magnitude. Relationships (3] and (4] bott
gave good results but w, w. = 1 was shghtly better
and more logical. Thus. for each two- »pec 3 TN
ture we had the constraint that w, w. = 1. For each
plot of, for example, jack pine-red pine. we had an
estimated value of w, and w.. The mean values for
each two-species mixture is given in table 2 along
with the number of plots. Because we are dealing
with the product of two averages, , and w., the
product does not necessarily equal 1. but is usually
near 1,

B

w5

Table 2.—{nteraction terms w, and w., for equation

(o
Measurement
Species w EE3H]
availabie

Jack pine-red pine 4
Jack pine-quanng aspen 3
Red pine-while pine ! 8
Red pine-guaking aspen 281 2
me ping-while 0aks 434 2
White pine-select red paks i 3
White ping-quaking aspen 1783 652 2
Balsam hr-guaking aspen 581 2327 ]
Black spruce-northern white-cedar B3 3068 Z
Hemiock-sugar maple 1.548 g9i7 5
Red mapie-yeliow dich 859 1205 b
Hed mapie-sugar maple 1571 1188 4
Red maple-select red oaks Fache 4 5
Red maple-paper birch 359 2
fim-basswood ¥ 5
Elm-sugar maple 1 11
Elm-white paks 3 Z
Eim-select red oaks 2.G50 7
Eim-quaking aspen 380 2
Basswood-sugar mapie 976 1 7 24
Sugar maple-white ash 1,588 4965 g
Sugar maple-select red caks 2357 848 22
White ash-select red oaks 427 A8 ?
White oaks-sedect red paks il Y 0
White paks-other red paks 282 545 ?
Select e oaks-other red 0aks 1120 893 3
Select red paks-biglooth aspen 47 2497 2
Select red oaks-quaking aspen 485 2324 2



DISCUSSION

The unit associated with 8 (equation 2) is square
feet of basal area. Thus, the unit of b, in equation
(4) is also square feet of basal area. The combina-
tion of equations (2) and (4) makes this clear

-b, (1 “ebzﬁpBH)

BA (7)
1 —-e

From this relation we interpret the 8 function to
give the basal area at which a stand with mean
diameter, DBH, is growing at 63 percent of
its potential. That is, when the exponentofeis —1,
1—¢= 0.63. On this basis, one would expect toler-
ant species to have higher function values than
intolerant species. The softwoods in table 1 gener-
ally follow this pattern although one would expect
Jack pine to have a lower b, value than balsam fir.
The hardwood estimates deviate more from the
theoretical ordering. One would expect quaking
aspen to have the lowest b, value. Instead, it has
the highest.

Because of the way the model in equation 1 is
assembled and the unknown numerical constants
estimated, each subsequent step provides a check
on previous steps. For example, the 8 value esti-
mates provide a check on the potential function in
the following ways: (1) if the B values are ex-
tremely large (recall the 8 unit is basal area) this
means the potential function is predicting growth
rates too low, and (2) if the 8 values exhibit a
pattern that contradicts theory, such as quaking
aspen having a higher b, value than sugar maple,
then the potential function for one of the species
may need more work. Likewise, when estimating
w; and w,, a check of the B functions for species 1
and 2, respectively, is made. For example, if two
similar species have been observed growing to-
gether and the observations are used to estimate
w, and w, in the relation

W Wy = 1,
one would expect w, to be very close to 1. A value
significantly different from 1 would indicate that
one of the B functions is not adequately character-
izing pure stand growth of the species.

Only pure stands and two-species mixtures were
treated because the observational data simply will
not support a thorough examination of three-spe-
cles mixtures. Models for three- and four-species
mixtures are built up from two-species models. For

example, if we observe species 1 and 2 growing
together and estimate w,,»and w., for their interac-
tion, if we observe species 2 and 3 growing together
and estimate w,; and ws, for their interaction, and
likewise w5 and w,, for 1 and 3 growing together,
then a three-species model is formed as follows:

__B:=fiaDy

[ -B=f{AD)
(BA, ~ w,, BA, AD, /AD, + wy, BA; AD,/AD,
—=[(PG,) (NT\J1-e -
e ~Bg=f:g(AD2) -
(BA, + (., BA, AD, AD, + w,; BA, AD, /AD,
‘*Q‘L{PGT][NI‘ Iit—e B
(8)

(BA, ~ @y BA, AD, AD, + oy, BA, AD, /AD,

AY3
~A‘t~ Z[szl INTy]{1-e

The explicit assumption here, for example, is that

species 2 affects species 3 the same whether or not

species 1 is present.

For species mixtures where no information, or
insufficient information, is available, a default
value of 1 is given to the values, pending acquir-
ing additional information.

CONCLUSION

When the potential growth of a plot or stand of
trees of a single species is characterized by the
product of a potential function. number of trees,
and a modifier of the potential, the function

[l-e -'B‘IBA]

satisfactorily reduces the potential growth to that
actually observed. The values of B are species-
specific, being higher for conifers than for
hardwoods, and higher for tolerant species than
for intolerant species. For stands containing two-
species mixtures, variation in the growth was sat-
isfactorily estimated by using two equations:
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We infer from this that mixtures of three or more
species can be handled by expanding the number
of squations
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DIAMETER GROWTH ALLOCATION RULE

Rolfe A. Leary, Principal Mensurationist,
Margaret R. Holdaway, Mathematical Statistician,
and Jerold T. Hahn, Principal Mensurationist

THE PROBLEM

Forest growth models may be categorized in
many ways. An often-used dichotomy is stand
model vs. tree model. Munro (1974) presented a
classification based on the use of inter-tree dis-
tances and primary input parameters (variables).
In this paper we have added a third dimension to
Munro’s: projection variables. We feel this is im-
portant because one may choose not to project
information at the level of detail potentially avail-
able, but at an aggregated level. For example,
even though a tree list containing d.b.h., species,
stem maps, etc. is available as input, one may
choose to project the attributes of aclass of trees. If,
in going from the input form to the projection form,
one aggregates tree attributes into class attri-
butes, information is irretrievably lost unless a
way can be found to disaggregate change in the
projected variables.

There are advantages to maintaining and up-
dating a tree list through time. It allows more
useful output because individual trees can be ag-
gregated according to a criterion of interest for
output. This is especially important when the out-
put criterion is not the criterion used to aggregate
input to the projected variables. For example, out-
put information is often desired according to vari-
ous merchantability standards, such as 4.5-inch
d.b.h. (pulpwood) or 11.0-inch db.h. (saw log).
There is, however, ample evidence that these size
criteria have no biological significance useful for
projection purposes.

On the other hand, there are advantages to any
approach that aggregates input information into a
few classes for projection. Such approaches are
more simple and economical, lending greater op-
erational usefulness to the projection system.

The purpose of this paper is to present a simple
rule for disaggregating change ina projected vari-

able—i.e., of allocating change by a group of trees
to the individual trees in the group. The following
discussion assumes that the basic input informa-
tion is in the form of a tree list containing tree
species and d.b.h., and that this information has
been aggregated into a single class for projection
purposes.

APPROACH AND
HYPOTHESIS

Two fundamentally different ways to approach
the allocation (disaggregation) problem may be
termed absolute and relative. An example will
show the nature of their differences. Assume we
have a 12-inch d.b.h. sugar maple on our tree list.
It is one of a group of sugar maple trees whose
collective attribute (e.g., the sum of their diame-
ters) is projected for 10 years. From values of the
collective attributes at the initial and final time
we calculate change.

Implementing an absolute allocation rule to es-
timate the diameter growth on the tree would nor-
mally involve either consulting a table of mean
diameter growth rates for sugar maple by size or
size class, or solving a 10-year diameter growth
equation for a 12-inch sugar maple tree. By apply-
ing the same procedure to all other trees on the
tree list and summing the projected growths, the
sum could be compared with the amount of change
to be allocated. If, for example, the predicted sum
exceeds the amount to be allocated, one could usea
reduction constant for all trees.

Implementing a relative allocation rule would,
on the other hand, consider the number of trees
larger and smaller than the subject tree. Accord-
ing to these numbers, the subject tree is allocated
an amount of diameter growth. Because the social
environment of a tree is an important determinant

39



of its growth, we have chosen the relative alloca-
twn rule.

The hypothesized relative allocation rule tested
here s growth of anindividual tree ina stand is to
the stand growth as growing stock of the individu-
al tree 18 to the growing stock in the stand, or

Ad, e {‘}’S? , where the known quantities are

md'g e {u«;:‘%g

Ady, GS,, GBSy stand change given by the pro-
jection equation, growing stock
in the subject tree, growing stock
total, respectively), and the un-
known guantity is

Ad, (diameter change of the subject tree).

METHODS

Only calibration data base sample plots judged
to be "pure”{Leary and Holdaway 1979) were used
for this analvsis. The trees on each sample plot
were sorted in ascending order by d.b.h. and then
grouped into 10 cells of nearly equal frequency,
corresponding to the 1-10th percentile, the 11-
20th percentile, ete., up to the 91-100th percentile,
When the total number of trees, N . was not exactly
divisible by 10, the extra trees were added, one per
cell starting with the 1-10th percentile cell. Thus,
each cell contained approximately 10 percent of
the trees on a plot with the smallest 10 percent in
the first cell and the largest 10 percent in the Jast
cell.

The contents of each cell were anal vzed for two
attributes: (1) the growth of the trees in each cell
relative to the total growth of all trees on the plot
and (2) the growing stock represented by the trees
in each cell relative to the total growing stock on
the plot. Diameter growth per tree and sum of tree
diameters were used as the respective variables.

Proportion of stand growth due the ™ cell was
computed as follows:

k
—
2 Adbh,,
d Py S
— kiw;m-mM P (1
k, IR
0 E Adbh,
[ k‘

where k, is the number of trees in the ith cell, and
Adbhy, is the periodic d.b.h. growth for thejth tree
in the ith cell.

Proportion of growing stock in the ith cell was
computed as follows:

k,
E dbh,
EE
K: =%, {2}
K
10 E dbh,
E 4= S
k;

[T
where k; is the number of trees in the tth cell, and
dbh;; is the diameter breast heightofthe jthtree in
the ith cell.

These analyses gave two sets of 10 values for
each plot having 10 or more trees:

%, = the proportion of total growing stock in
the ith 10-percentile cell, and

¥y = the proportion or total growth due to trees
in the ith 10-percentile cell.

Proportion of growth and proportion of growing
stock were computed for 10-percentile classes on
each plot with 10 or more surviving trees in the
time interval selected. Two intervals were selected
on each plot: from the final measurement back
approximately 10 years, and from the first mea-
surerment forward approximately 10 years. If over-
Japresulted, the plot was not used. A total of 1 599
plot observations were available for analysis,
Each of the 1,599 observations consisted of two
sets of 10 proportions: growth and growing stock,
as well as additional plot descriptors (mean plot
basal area at midpoint of the interval, mean stand
diameter, site index, property and plot number).

Information on the 1,599 plots was sorted in
order by species and mean stand basal area. Pre-
liminary evaluations based on red pine plantation
data showed a surprisingly linear relationship be-
tween proportion of growth and proportion of
growing stock. The same linear relation was evi-
dent in the other plantation data available {ack
pine and white spruce). Graphs of growth propor-
tion against growing stock proportion for natural
stands showed a marked difference from those for




plantations. This was especially evident for plots
" with greater mean d.b.h. values and/or lower
stand basal areas. Figures la and 1b show the
differences in trends as plot basal area changes.
Figure 1b is for red pine plantations and figure 1a
is for red pine natural stands.

In both figures, there is a tendency for the rela-
tion to rotate around or near the point with coordi-
nates.10,.10. This, of course, is to be expected since
the plot data were divided into 10-percentile
classes. As basal area stocking decreases the fig-
ures show three trends: the range in proportion of
growing stock decrease, the range in proportion of
growth decreases, and the slope of the relation
changes from a very steep positive one at 179
square feet in figure 1a to slightly negative at 66
square feet in the same figure. Comparing these
trends with those in figure 1b shows that the
ranges also decrease, but the slope of the relation
is still positive at 50 square feet.

Several approaches were used to develop mathe-
matical equations to characterize the types of
changing relationships between proportion of
growth and proportion of growing stock. The at-
tempt was basically to estimate parameters for a
general equation fit to each set of observations
based on basal area classes. For example, a four-
parameter model fit to observations for each basal
area class would yield one set of parameters
(a,b,c,d):

GRyrop = f(GS;op, a,b,c,d). 3
Given a set of parameters (a,b,c,d) for each basal
area class, the attempt was to develop an expres-
sion as follows:
a = f(BA), where

a is a parameter in equation 3,

BA is mean stand basal area in square feet, and

f is an unknown function.

The general function, then, would be
GRyrop=f(GS;rop,a=1(BA),b=£,(BA),
c=f3(BA),d=f,(BA)) 4
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Figure 1.—Proportion of growth compared with proportion of growing stock for
(a) red pine natural stands and (b) plantations in the Lake States.
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where f; ({ = 1,2,3,4) are functions relating basal
area (BA) to parameters a,b,c, and d.
This approach resulted in sets of parameter val-
ues—for example, a set of six b values that varied
so widely that no relation between the b values
and basal area could be established. As a result,
this approach had to be discarded.

The approach finally used was to take the vari-
ous graphic forms of relations between growth pro-
portion and growing stock proportion shown in
figure 1 and align a series of them on a light table
so that they produced, as nearly as possible, a
single smooth graph. To this single graph was
added a new set of axes. The new coordinates of 17
points were read for segments of the composite
graph and used as observations to estimate the
parameters in an equation to characterize the
composite graph. The function used was:
log(GRyr) = a, + b(log GS,rop) +

¢(log GSprop)* + d(log GSprep)? (5)

where
log is logarithm to the base 10,
GRyrop is growth proportion,
GS,rp is growing stock proportion, and
a,,b,c,d are unknown numerical constants.

Estimated values of the numerical constants are

a, = —2379
b = —5077
¢ = —3.972
d = — 2064

(R* = 0.986, Standard error = 0.0204). A graph of
this function is shown in figure 2.

The strategy in putting together a composite
relation is to have a mathematical function that
possesses all the required types of shapes. The
desired shape for a particular situation can be
obtained simply by translating the axes so that the
observed data coincide with a segment of the com-
posite function graph. Because of the analogy with
the giant tree concept (Grosenbaugh 1954), equa-
tion (6) is called the “giant function”.

GR=k,+10 (@+b(log(GS+k,)) +

clog(GS+k,))? + (6)
d(log(GS+k,))%)

where a,b.cd have the numerical values given
above,

k, is the vertical translation of the axes, and
: 13 the horizontal translation of the axes,
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Observations of the growth proportions and
growing stock proportions for basal area classes,
such as shown in figure 1. were used to determine
values of k, and k, for ach basal area class for
each species. Table 1 shows k, and k, values for
eight red pine basal area classes for natural
stands. The equation used to characterize the rela-
tion between k, and mean basal area is a simple
parabola:

k,=a,+a,BA +a,BA® (7
where

1,8,,3; are unknown numerical constants. and
the function for k, is

kgzb,(l“eb“a{‘bg s B#‘U’ba, (8
where

b;,byby and b, are unknown numerical con-
stants.

Constantsa;,i=123andb, i =1 4 were deter-
mined by linear and nonlinear regression meth.
ods, respectively, to give the following generalized
form to the giant function:
GR=k,+10 (@~ Bilog 1GS+k, )+
¢(log(GS+k, ) +dilogi GS+k, )9 (9

where a,b,c.d are known constants for the giant
function, and k, and k; are computed from plot
basal area using equations (7) and (8),

In most cases it was necessary 1o examine the

observations and assign numerical values to b,

and byinequation (8). Table 2 givesthe coefficients

of equations (7) and (8) fur al] species with suffi-

cient data.

Table 1.—Vertical (k,) and horizontal | ko) transia-
tion values for giant function to account
for variation in relation betiween growth
proportion and growing stock proportion
for red pine natural stands (groups are
by basal area closses)

__Basal area k, k; R* No. of
Mean Range ;;mzs,
65.6 (20-69) - 1060 1346 42 8
79.5 (70-88) 1Y 1174 44 21
101.5 (90-109) -.1099 0981 53 52
119.1 (110-129)  -.1043 0826 93 151
137.9 (130-149)  -.1009 0734 .97 85
156.0 (150-166) -.0985 0873 .96 39
178.9 (170-189)  -.0565 0315 .99 i
197.6 (191-207)  -.0689  .pags .79 5
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Figure 2.—Graph of composite function in equation 5 showing location of 17

observations from separate graphs.

RESULTS AND DISCUSSION

The functions to predict translation values, k,
and k,, show a considerable difference in the pat-
tern of translations as basal area increases. Figure
3 shows the patterns for Lake States species with
sufficient plots judged to be pure. Species differ-
ences relate primarily to the magnitude of k, and
k,, and the rate at which k, and k, approach zero.
In general, tolerant species’ values approach zero
very slowly while intolerants rapidly approach
zero. Quaking aspen appears to be an exception to
this statement.

Small differences between species’ k, and k,
values can make a sizable difference in the rela-

tion between growth proportion and growing stock
proportion. For example, the k, and k, values for
red pine natural stands and plantations (figs. 3g
and 3h, respectively) are very similar, yet the pat-
tern for 3g produces the relations in figure 1a and
that for 3h produces the relations in figure 1b.

The total sequence of operations in predicting
growth proportion is given schematically in figure
4. Four input quantities are required for a given
tree and stand to determine the tree’s d.b.h.
growth: total stand growth (from the stand compo-
nent projection equation), d.b.h. of the ith tree,
sum of tree diameters on the plot, and the total
stand basal area.
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Table 2.—Coefficients of equations (7) and (8) used to predict vertical and horizontal translations of axes so
that appropriate section of giant function is used to characterize growth proportion-growing stock

proportion
k, (vertical) k, (horizontal)

Species a, a, 23 b, b, b, b,
Jack pine (plantation) - 630 E-01 -.730 E-03 .770E-05 .10°E00 -.4000 E-02 150 E+03 .7400E 00
Red pine (plantation) . 844 E-01 -.540E-03 .380E-05 .15E00 -.5585E-02 300 E+03 .2139 £+01

(natural) - 643 E-01 -.968 E-03 .500 E-05 .20 E00 -.9400 E-02 .300 E+03 .4102 E+01
White pine (natural) - 736 E-01 -.350 £-03 .140E-05 .10 E00 -.7300 E-03 250 E+03 1759 E 00
White spruce (plantation) ~ -.111 E 00 - 100 E-03 .339E-05 .10EO00 -.1799 E-01 .250 E+03 .8264 E+01
Balsam fir (natural) . 871 E-01 -.242 E-03 .283E-05 .10EQ0 -.1720 E-02 .250 E+03 .3479E 00
Black spruce (natural) 100 EO0 620 E-04 .800E-07 .10EOQ0 -.3190 E-02 250 E+03 .3724 E 00
No. white-cedar (natural)  -.154 E00  .583 E-03 -120E-05 .10E00 -.2018 E-02 .400 E+03 .3724E 00
Sugar maple (natural) -840 E-01 -.240E-03 .240E-05 .10E0Q0 -.6200 E-02 250 E+03 .8322 E 00
Quaking aspen (natural) - 819 E-01 -.247E-03 .248E-05 .10E00 -.3470E-02 .250 E+03 .7540E 00
Other hardwoods (natural)' -.394 E-01 -.196 E-02 150 E-04 .10E 00 -.2297 E-01 .200 E+03 .6384 E+01

'Red maple, elm, basswood, yelow birch, white oak, select red oak.
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Figure 4. —Sequence of steps in the estimation of diameter growth for an individ-
wal tree in a stand. Steps a, b, and c establish the relation between growth
proportion and growing stock proportion. Steps d, e, and f apply the relation to
all trees in a stand. Total growth at step f comes from the projection equation.
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In the projection procedure each tree is treated
imdividually rather than being grouped into 10-
pereentile classes. Considering a single tree on a
plot of N trees is equivalent to dividing the plot
into & 100-percentile classes. In this case the re-
lation between proportion of growth and propor-
tion of growing stock should have the same shape
as the 10-pereentile graph but should be centered
at &, sinstead of (10,100, This can be accom-
phished by transforming the per-tree growing
stock value to a 10-percentile class value. The lat-
ter value can be used as in figure 4, step e, and then
be transformed from a 10-percentile growth pro-
portion value to a {( & )100) percentile growth pro-
portion value. The conversion relations are based
on the following proportions:

P

:: 4 ‘ or :,1‘::;::%{%_1 {}GU‘N’
A6

I

where
%, is the per tree growing stock proportion,
N is the number of trees, and
X is the 10-percentile growing
stack proportion.

The value X is used as in figure 4e and a 10-
percentile growth proportion is computed. This
value is transformed back to a (( ool percentile
basis using the following relation:

1
Yo o N o yom i
Y 10 7" (1oN

where

Yo 18 the per tree growth proportion,

N is the number of trees, and

Y s the 10-percentile growth proportion.

Because of the rather complicated procedures
used to estimate all the giant function parameters,
we used observed growing stock proportion and
observed basal area, and computed a predicted
growth proportion. These values were compared
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with the observed growth proportion. It appeared
that no systematic bias had been introduced into
our procedures because the deviations of predicted
from observed were as a rule normally distributed
about zero for both the percentile class and stand
basal area. This test does not, of course, constitute
an independent test; rather, it simply checks for
bias introduced by our procedures.

CONCLUSION

The growth of an individual tree in a stand is a
function of its position in the stand and of the stand
growth. The initial hypothesis

tree growth | tree growing stock

stand growth ™ “stand growing stock
is overly simplistic. The growth proportion is re-
lated to growing stock proportion in a nonlinear
manner that changes with basal area stocking lev-
els. Furthermore, the nonlinear relation differs
between natural and plantation stands of the same
8pecies.
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MORTALITY FUNCTIONS

Roland G. Buchman, Principal Biometrician

Knowing an individual tree’s likelihood of dy-
ing within the next year is essential to a tree-
model forest growth simulator. A mechanism for
selecting trees to be removed from a stand as a
consequence of mortality is an integral feature of
the North Central Forest Experiment Station’s
generalized forest growth projection system
(Leary 1979).

A tree’s probability of dying depends upon its
ability to cope with its environment. The tree it-
self, its neighboring trees, and numerous ad-
ditional influences including light, moisture,
nutrients, insects, and fungi combine to form the
unique niche for the individual tree.

How might we assess the tree’s response to the
conditions of its neighborhood? One of the simplest
indicators is the tree’s vigor as reflected in its
growth. Diameter growth rate is a readily obtain-
able, direct measure of the tree’s ability to with-
stand the stresses of life.

Diameter growth rate is the key tree character-
istic in the species-specific mortality functions
presented in this paper. We attempted to select a
common functional form for all species, with
unique parameters for each species.

DATA ORIGIN

Permanent growth plot data were available for
the major forest tree species in Minnesota, Wiscon-
sin, and Michigan (Christensen et al. 1979). Most
individual tree records contained measurements
for at least three points in time, permitting calcu-
lation of an annual mortality rate for a given
growth rate. Determining diameter growth rate
required two diameter measurements; determin-
ing the tree’s status (live or dead) and subsequently,
the mortality rate, required a third measurement.

The time between measurements ranged from 1
year tomore than 10, with the most frequent inter-
val being 5 years.

Intervals of at least 2 years but no more than §
were chosen to establish a reliable measure of di-
ameter growth rate. A comparable time interval (2
to 6 years) following growth rate determination
was chosen for recording tree status.

These criteria reduced the size of the data base
eligible for use in developing the mortality func-
tion. Even so, more than 47,000 trees (table 1) had
the required three measurements. The tree count
ranged from 18,208 for red pine and 7,350 for sug-
ar maple down to about 100 for white spruce, tam-
arack, and bigtooth aspen.

Furthermore, many of the trees had more than
three measurements that met the time require-
ments. However, only one set of measurement da-
ta—one diameter growth rate followed by a status
observation—was used from each tree when deriv-
ing the mortality function. This set was chosen at
random for each tree where two or more sets were
available.

The number of trees by species in the final
mortality data base is presented for each diameter
growth rate class (table 1) and for each diameter
class (table 2).

MORTALITY RATE

Individual trees either lived, (mortality zero), or
died, (mortality 1.0). Diameter growth class mor-
tality rates, however, depended upon the compos-
ite of the individual rates of those trees forming
the class.

Growth class lim_its chosen were 0.0 inch (no
growth), 0.02 inch, 0.04 inch, and so on up to 0.30
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Table 1.—Number of trees used in estimating mortality rates and parameters, by 5-year diameter growth

classes
Five-year diameter growth class (inches)
.00- .10- .20- .30- .50- .70- .90- Over -

.09 19 .29 .49 .69 .89 1.0 1.0 Total

Jack pine 104 165 178 492 833 763 718 528 3,781
Red pine 528 605 1,033 3,987 4,571 3,663 2,040 1,781 18,208
White pine 49 44 55 130 139 189 170 407 1,183
White spruce 3 2 6 10 12 25 9 39 106
Balsam fir 118 207 234 562 648 431 271 331 2,802
Black spruce 12 34 59 123 96 43 21 11 399
Tamarack 1 5 6 16 19 8 3 3 61
N. white-cedar 0 4 11 42 53 30 5 5 150
Hemlock 17 23 34 92 68 61 39 22 356
Black ash 8 10 21 45 42 23 10 5 164
Red maple 36 35 52 193 246 221 166 185 1,134
Eim 168 65 141 258 241 204 234 374 1,685
Yellow birch 38 32 51 143 129 100 51 53 597
Basswood 103 59 110 227 262 286 328 348 1,723
Sugar maple 402 216 538 1,145 1,447 1,347 1,214 1,041 7,350
White ash 20 22 60 129 131 182 237 319 1,100
White oak 33 29 50 17 103 66 30 18 446
Select red oaks 19 37 50 216 323 263 250 235 1,393
Other red oaks 11 4 21 28 32 20 13 11 140
Hickory 22 24 60 114 67 29 13 7 336
Bigtooth aspen 0 1 4 20 20 27 20 16 108
Quaking aspen 105 213 198 398 382 389 443 791 2,919
Paper birch 64 86 91 165 167 99 78 55 805
Other hardwoods 16 20 48 54 29 36 20 26 249
Noncommercial 101 22 70 77 24 10 3 2 309
Total 47,504

inch per year. These limits correspond to 5-year
growth remeasurements (as mentioned earlier, 5-
year remeasurements prevailed in the data base)
of zero diameter growth, 0.1 inch, 0.2 inch, etc.

The mortality rate (R), the annual mortality for
a growth class, was calculated from the more read-
ily determined annual survival rate (SR), with
R=1-SR.

If we assume the SR for a species to be the same
each year of the 2- to 6-year status measurement
interval, while allowing a tree to die but once with
its demise being independent of others of the spe-
cies, we have

28 = INSR'. (1

In (1) i is the length of the status observation
interval, S, is the number of trees surviving the it
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interval, and N; is-the number of live trees at the
beginning of the i*" interval.

These terms become more meaningful if we
examine real status data, for example, the status
of 528 “no growth” red pine trees:

Number of

Number of Number of
live trees years (i) to live trees
(Ni) at second third measurement (S, ) at status
measurement (status) measurement

0 2 0
16 3 13
31 4 29

417 5 347
64 6 44




Table 2.— Number of trees used in estimating mortality rates and parameters, by d.b.h. class

(S/N)'"® and can be solved by substituting the ob-
served N, S, and YR in the function. Based on the
second line in the tabulation (i = 3), the annual
survival rate, SR, is (13/16) '/ or 0.933. Calculat-
ing further, SR = 0.983 for i = 4, 0.964 for i = 5,
and 0.939 for i = 6.

When several different status interval lengths
are encountered, as withi = 3, 4, 5, and 6, applica-
tion of equation (1) will yield a composite SR for all
intervals. Substituting observed values in > S; =
Y NSRiyields 433 = 16 SR® + 31 SR* + 417 SR® +
64 SR®. Solving, we find SR to be 0.9611 and R to
be 0.0389.

We then have ¥ S; = 433 and Y N;SR' = 433.05
with the red pine data, both a check on our calcula-
tions and the completion of the demonstration. In
summary, we have:

D.b.h. in inches at second measurement (prior o status observation)
Species to 1.6- 2.6- 3.6- 46- 56- 6.6- 7.6- 8.6- 9.6- 10.6- 11.6- 12.6- 13.6- 14.6- 15.6- 166&
15 25 35 45 55 65 75 85 95 105 115 125 135 145 155 16.5 larger Total
Jack pine 62 426 851 482 477 509 362 199 159 103 51 42 20 16 14 4 4 3,781
Red pine 12 91 234 928 1,937 2,889 2,851 2,221 1,811 1,491 1,124 853 628 432 320 183 20318,208
White pine 23 72 64 70 70 76 75 81 81 78 82 79 71 261 1,183
White spruce 2 11 12 10 7 9 19 12 10 5 3 1 1 2 1 1 106
- Balsam fir. 92 596 631 463 298 303 207 107 61 22 12 5 4 1 2,802
Black spruce 3 12 35 4 68 132 80 16 6 3 399
Tamarack 3 1 9 20 1" 10 3 2 2 61
N. white-cedar 1 1 3 36 34 21 27 15 6 4 1 1 150
Hemiock 30 36 4 33 35 30 33 24 23 26 16 12 14 356
Black ash 9 17 47 33 20 7 14 8 5 1 1 2 164
Red maple 7 3 19 97 237 185 156 115 92 74 50 22 28 15 10 24 1,134
Elm 18 69 119 156 178 180 175 172 155 136 85 65 46 35 33 63 1,685
Yellow birch 1 6 62 140 114 61 56 54 28 12 22 15 7 8 11 597
Basswood 20 33 68 148 225 220 195 191 170 134 72 54 33 32 27 101 1,723
Sugar maple 23 252 269 743 1,123 1,324 1,028 705 486 336 234 187 135 113 101 86 205 7,350
White ash 10 20 51 86 150 139 154 142 121 94 61 29 16 11 5 11 1,100
White oak 2 10 5 28 39 49 60 45 49 26 29 29 17 58 446
S. red oak 1 26 72 87 90 85 109 134 120 118 119 79 83 270 1,393
Other red oaks 3 7 10 13 12 6 6 3 6 12 17 9 6 9 6 3 12 140
Hickory 2 4 7 11 14 50 82 70 34 29 17 6 5 3 2 336
Bigtooth aspen 3 20 18 15 6 12 19 11 3 1 108
Quaking aspen 21 98 313 304 439 513 448 300 234 147 57 29 7 4 4 12,919
Paper birch 169 128"~ 72 7 132 113 55 29 14 6 4 2 1 2 1 805
Other hardwoods 10 3 1 25 30 38 25 26 18 23 18 6 7 3 6 249
Noncommercial 28 39 51 85 49 30 15 7 5 309
If the status observation follows the second di- N; i Si N:SR'
ameter measurement by 2 or more years and the 0 » 0 0.00
status interval is of common length for all trees 16 3 13 1 4' 20
(i.e., one level of i), then (1) reduces to S = N SR?, 31 4 29 26.45
where YR corresponds to the length, in years, of 47 5 347 341 ' 96
the observation interval. This yields SR = 64 6 44 50‘44

Inspection of each species’ mortality data re-
vealed that decreasing mortality was associated
with increasing diameter growth. When diameter
growth exceeded 0.5 inch in 5 years, the mortality
rate essentially leveled off without reaching zero.
Tamarack and northern white-cedar were excep-
tions; these species had consistently low mortality
at all growth levels.

There are four critical points where reliable
mortality data are needed. Foremost is the mortal-
ity rate for “no growth” trees. If the data at this
point need to be bolstered by including trees show-
ing slight growth, then the estimate of mortality
at no growth loses some reliability.
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A second critical data point is the mortality rate

for the fast-growing trees. For each species the

most ample data appeared here.

At least two reliable data points between the
nongrowers and the fast-growers are needed to
establish the form of the mortality curve as mor-
tality declines.

Mortality rates for at least the four critical
diameter growth rates were established for all spe-
cies except other red oaks, tamarack and northern
white-cedar. With tamarack and northern white-
cedar the relationship of mortality to diameter
growth was not established because too few trees
were available, especially too few slow or no
growth trees. Therefore, a uniform mortality rate
was assigned to all tamarack and another to north-
ern white-cedar.

MODEL SELECTION

A mathematical expression for relating mortal-
ity to growth rate was sought for each species. The
logistic function Y = [1+EXP(a+ > BX)I ' hasbeen
used effectively for modeling tree mortality (for
example, Hamilton and Edwards (1976) and Mon-
serud (1976) and for modeling human health risk
(for example, Truett et al. (1967)).

Writing the logistic in terms of our application
we have

R = [1+EXP(a+8DGR)]", (2)

with DGR being the annual diameter growth rate.
Equivalent forms are R’ =a’ EXP (B-DGR) and
R’ = EXP (a+B*DGR), with R’ = (1 — R)/R.

Three variations from this basic function (2)
were also evaluated for usefulness in estimating
mortality:

R = [1+EXP (a+8DGR)]" + 3, 3)
R = [1+EXP (a+BDGR"]", and (4)
R = [1+EXP (a+BDGR)] + 6. 5)

Still another model was considered,
R = [1+EXP (x+BDGR+wsDBH)]* + 8. (6)

to accommodate those species in which the effect of
DGR depended upon tree size.

In these models, the parameter, «, establishes
mortality at the no-diameter growth level with the
very minor contribution of 8. DBH and its multi-
plier, w, provide an adjustment based on tree size
especially for trees having little or no growth. In-
clusion of a background death rate, 6, provides for
the occasional removal of a fast-growing tree. The
progression of the mortality estimates from no-
growth trees to that of fast growers is controlled by
Bandy. Adding the exponent, y, greatly increases
the function’s flexibility.

Model (6) was selected for seven of the species
(table 3) and model (5) for the remainder. Esti-
mates of the parameters under (5) are given for all
species (table 4) to facilitate parameter compari-
son, even though (6) is the recommended model for
seven species.

A preliminary screening of models (2) through
(5), the first step in the selection process, was
based on the ability of each to reproduce the mor-
tality observed for each diameter-growth class. In-
clusion of the background death rate (8), models (3)
and (5), greatly improved the estimates for annual
growth rates in excess of 0.1 inch where a low, but
non-zero, mortality rate was observed.

Table 3.— Mortality function® for selected Lake States tree species (estimates based on diameter and diameter

growth rate)

Parameters

Species @ B v ) )

Jack pine 0.3678 60.178 1.0727 0.12220 0.00502
Red pine 1.0843 11.012 .5887 .48500 .00020
Balsam fir 2.6976 30.550 .8996 -.23069 .00400
Basswood -.5861 101.870 1.6493 .68398 .00489
Sugar maple .8150 66.937 1.5934 .75000 .00435
Other red oaks -1.1492 9.109 2.4552 .35000 .00000
Quaking aspen -.0786 213.630 1.7126 .25812 .02276

'Estimated annual probability of a tree dying is {1/[ 1 + EXP (a + B8-DGR”

= diameter breast high,
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The variable exponent for diameter growth rate
(y) yielded exponents less than 0.75 for three spe-

cies, and more than 1.25 for 10 species (table 4)—a

substantial departure from 1. In these instances
model (5) more realistically portrayed the decline
in mortality for trees with no growth to trees with
0.1-inch annual growth than did model (3).

Finally, model (5) could well be superior to the
others eliminated at this point, yet still be defi-
cient. Numerous questions come to mind. Is it
applicable for all sites? Is it applicable over the
geographicrange of the species, for all stand densi-
ties, and for all diameters? And more.

One major evaluation was completed; estimated
tree mortality was compared to mortality observed
within each diameter class. To accomplish this, a
two-way table was constructed having 1.0-inch di-
ameter classes as one dimension and 0.02-inch
annual growth classes as the other. Observed and

estimated tree deaths along with total trees were
calculated for each cell as well as for each diameter
class and each diameter growth class.

Disagreement between observed and estimated
tree deaths could be accepted, and was expected,
within a diameter class. However, if these discrep-

- ancies formed a pattern whereby the estimated

deaths were consistently too low for small trees
and too high for large trees, or if the reverse pat-
tern were true, then model (5) was deemed inade-
quate.

For six species, including red pine, balsam fir,
basswood, sugar maple, other red oaks, and quak-
ing aspen, model (5) overestimated mortality on
the small trees and underestimated on the large.
Jack pine revealed a modest reversal from this
pattern. Model (6) adequately adjusted the esti-
mated diameter class mortality patterns. Hence
we used model (6) for these species.

Table 4.— Mortality functions! for Lake States tree spectes (estimates based on diameter growth rate)

Parameters

Species a B8 v )

Jack pine 1.2178 149.3669 1.3699 0.00856
Red pine 3.2185 17.3086 .6165 .00042
White pine 2.3507 33.6094 . 1.0088 .00201
White spruce 2.8806 30.7737 1.2309 .00396
Balsam fir 2.0754 29.5772 .9541 .00265
Black spruce 2.8774 432.9522 1.8576 .00235
Tamarack 13.00002 1.0000 1.0000 .01334
N. white-cedar 13.00002 1.0000 1.0000 .00402
Hemlock 2.8233 89.5603 1.0966 .00320
Black ash 1.4875 13.3384 .5429 .00018
Red maple 2.2405 53.5938 : 1.0392 .00494
Elm 1.9889 44.5414 1.0965 .00899
Yellow birch 2.6705 63.1477 1.3819 .00382
Basswood 2.2779 25.3602 .9027 .00317
Sugar maple 3.1831 82.5642 1.3605 .00405
White ash - 1.7821 232.3075 1.7267 .00222
White oak __— 3.6946 95.6369 1.4517 .00188
S. red oak - 2.3092 6,999.8220 2.6615 .00468
Other red oaks 1.0044 69.2301 1.8048 .000C0
Hickory 3.0626 63.4946 1.0498 .00134
Bigtooth aspen .8805 56.5925 1.2154 .01288
Quaking aspen 1.2199 693.5903 2.0753 .02384
Paper birch 2.1808 11.6263 4750 .00029
Other hardwoods 2.2339 29.6290 1.3427 - .00748
Noncommercial 2.3581 113.0644 .9993 . .b1923

'Estimated annual probability of a tree dying is {1/[1+EXP(a+B-DGR”) ]} + 5 with DGR = diameter growth rate (inches per year).

Mortality is constant for all growth rates, relation to DGR not established, no slow-growing trees in sample.
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VALIDATION

To evaluate model performance the mortality
models were applisd 1o two data seta that were not
utthized in model development. One set consisted
of 268 permanent plots from the Cloguet Experi-
mental Forest, Carlton County, Minnesota; the
Forest w managed by the College of Forestry, Uni-
versity of Minnescta. These plots provided test
data primarily for aspen, birch, and northern coni-
fers itable 50 An initis] measurement and three
remensurements, spanning a penod of 17 yvears,
were pvatlable.

The second set consisted of 38 permanent plots
from the Dukes Experimental Forest, Marquette
County, Upper Michigan, The Dukes Forest is
managed by the North Central Forest Experiment
Batwon. These plots provided a small set of test
dnta for northern hardwoods (table 5). An initial
measurement and two remeasurements, spanning
n period of 10 vears, were available.

One validation consisted of com paring the num-
ber of trees, by species, expected to die during the
status observation interval with those actually dy-
ing in the interval. With this, the probability of
death was determined for each tree of the species
using that species’ mortality model. As in the mod-
el derivation process, diameter growth rate was
bazed on the first two diameter measurements for
a tree, and the status was observed at the third
measurement. The count of trees observed to die
was compared to expected deaths based on the
maodel {table 5).

The largest discrepancy between actual tree
deaths and model estimates was for jack pine. Ex-
cessive deaths were yielded by the model, especial-
ly for trees growing less than 0.08 inch per vear,
and for trees less than 8.6 inches in diameter. The
tamarack and quaking aspen models also overesti-
mated mortality, though the aspen differences
were not large.

Table 5 — Observed and estimated tree mortality on validation plots by tree species

méiéa! measurement through
_second remeasurement’

'CLOQUET PLOTS

First remeasurement through
third rameasurement?

Species Treesin Mortallty Trees in Mortality o

- , o lest Observed  Estimated  fest  Cbserved  Estimated
Jack mne 1,674 111 211 1,597 207 278
Red pine #949 3 5 1.032 5 37
While e 170 11 B 185 20 g
White spruce 58 & 4 104 b B
Balzam fur 513 73 85 513 130 94
Black sprupe 778 54 85 832 118 81
Tamnarack a0 & 19 318 16 29
N white-cedy 354 7 7 304 16 1
Ash &1 1 5 76 1 i
Hegd mapie 75 0 3 §3 ] 5
Bugtooth aspen 53 @ 10 50 10 14
Quaking aspen 611 89 103 653 166 174
Paper birch ... 8 e 888 39

... ... bukespots
Eim 71 1 4 — e e
Basswood 67 ! 2 - - -
Sugar maple 400 5 & — - —

"Uaammater Growth rat Dased o0 B years growth, 3talus ohserved § yiars lales,
% SRR grith rate based on 5 years’ growlh, SIS olisarveg 7 years laler,
Unarler growen sy based on 7 peary growth, stptus observed 3 years later
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Numerous species, including white spruce,

northern white-cedar, bigtooth aspen, elm, bass-

wood, and sugar maple, showed good agreement
between actual and estimated mortality. With the
exception of 10 predicted deaths among the 148
1-inch trees (none were found), the red pine esti-
mateswere good. Ash and red maple showed varia-
t161iTi results between obsérvation periods, but on
balance yielded good results.

Mortality was underestimated for white pine,
primarily with the 6-inch trees; for balsam fir and
black spruce, primarily with the 5-, 6-, and 7-inch
trees; and for paper birch.

The second validation consisted of simulating
mortality for each plot, paralleling the use of mor-
tality models in stand growth simulation. Based
on random selection in proportion to each tree’s
likelihood of death, each tree was assigned either a
mortality or a survivor status. A count of these
mortality trees provided an estimate of plot mor-
tality through simulation for comparison with ob-
served plot mortality.

To arrive at the probability associated with
each mortality count, each tree on a plot was given
100 assignments of 1 (mortality tree) or 0 (survivor
tree). This was done through generating 100 ran-
dom numbers between 0 and 1 for each tree and
comparing each number with the tree’s likelihood

of death. If the random number did not exceed this
likelihood, the tree was assigned a status of 1,
death. Otherwise the tree was scored 0, a survivo
tree. v

The first scores were added for all trees on the
plot to arrive at one mortality count for the plot.
This process was repeated for each of the 99 re-
maining scores. A distribution of these 100 ¢ounts
was made for each plot, providing a relative fre-
quency or probability for each mortality count.

Consider the results from Cloquet plot 82 (table
6). This plot had 30 trees with two diameter mea-
surements. When status was recorded 5 years lat-
er, one dead tree was found. Expected mortality
using the mortality functions for the species pres-
ent was 0.94. On this plot the probability of select-
ing exactly one tree to die in the 5-year interval
based on 100 applications of the selection process
was 0.30, i.e., 30 of the 100 simulation runs pro-
duced exactly one dead tree. The probability of
selecting either zero, one, or two trees, a count
within one of the observed mortality, was 0.91.

Ten Cloquet plots demonstrate the discrepan-
cies that might be encountered in stand growth
simulation (table 6). These plots were selected be-
cause of their close agreement between observed
and expected mortality. Still, the highest propor-
tion of hits, simulation results equal to observed
mortality, was the 0.47 (47 of the 100 simulation

Table 6.— Relative frequencies (probabilities) of mortality tree counts for 10 Cloquet plots determined by
random selections in proportion to each tree’s probability of dying in 5 years (basis: 100 sets of tree

counts per plot)

Mortality trees

Mortality tree counts

Plot Trees Observ. Exp.! 0 1 2 3 4 5 6 7 8 9 10 11 12 13
Number

82 30 1 0.94 43 30 .18 08 0O — — — - - - - .
68 19 1 1.01 36 42 17 05 — @ — — = - - - -
237 30 1 1.00 34 47 16 083 — — — = - - -

4 36 2 1.55 26 28 27 15 02 01 01 — — — — — —
398 18 2 2.43 01 18 40 18 16 .05 02 — — — — — _—
147 53 3 3.48 02 10 12 25 17 15 10 07 .02 — — — —
111 33 4 4.63 Ot 01 11 13 21 24 17 08 02 02 — — —
285 29 5 465 — 02 11 17 23 21 13 .06 .05 .02 — — — _
177 36 5 492 — 01 .05 .12 21t 23 21 14 02 01 — — — __
204 45 7 788 — — 01 — 02 13 18 17 16 .17 .10 .03 .02 .01

'Expected mortality is the sum of the tree probabilities of dying over 5 years.
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runs produced one dead tree each) found for plot
237 Plot 177, with observed mortality at five trees
and expected at 4.92, showed only 23 hits in 100
applications.

Clearly, the mortality counts {from stand growth
simulation will often differ from the actual, even
when the model is appropriate. However, the dem-
onstration material (table 6) indicates we can ex-
pect to be within one tree of the true count most of
the Lume.

The Cloguet and Dukes plots having at most one
mortality tree were summarized on the basis of
conformity between each plot's observed mortality
and the results from mortality simulation (table
7. On four plots (Cloquet plots having 11 or more
trees, one with no mortality and three with one
mortality tree each) the probability of getting the
correct mortality count through simulation was
zero. At the other extreme, 26 of the Cloguet plots
having 10 or fewer trees and no mortality showed
probability of 0.91 to 1.0 of getting the correct
mortality through simulation.

Except for plots having 10 or fewer trees and no
mortality, most plots did not have a high probabili-
ty of hitting the observed mortality through mor-
tality simulation. However, most plots met the
relaxed eriterion of being within one tree of the
correct number.

Only 31 of the 87 Cloquet plots with two or more
mortality trees had a probability exceeding 0.20 of
producing the correct mortality count through
simulation (table 8). Furthermore, the criterion of
being within one tree of the correct count was not
met consistently by plots having three or more
mortality trees.

Thirteen plots containing 11 or more trees each
had zero probability of producing the correct mor-
tality count through simulation. Of these, 11 had
mortality counts in excess of the observed mortali-
ty, and two were less than the observed mortality.
Jack pine was the prime contributor to nine of the
plots having excessive counts.

Tuble 7.— Probability of conformity by plot between mortality tree counts determined by random selections in
proportion to each tree's probabulity of dying (simulation) o nd observed counts for cach plot having
at most pne mortality tree (basis: 100 sets of simulation tree counts per pleti

Plots: 10 or fgwe‘:}few i

‘ (Number of plots)
Cloguetplots -
__Piots: 11 or more trees

Dukes plots?

Probabitity  Mortality (0)'  Mortality (1) Mortality (0} Mortality (1)~ Mortality (0)  Mortaiity (1)
Within Within Within Within Within Within
o CHit?  ttree Hit Ttree  Hit  1lree Hit  1tree Hit  1lree Wit 1 iree
o0 i 3 2
01-.10 3 13 2 5 2 1 1
1120 2 8 ) 1
21-30 2 ] 5 7 2 1 2
31- 40 1 5 5 11 2 2
41- 50 3 2 5 5 5 4 2 1
1. B0 1 5 4 2 4
£1-.70 2 § 5 3 7 1
71- Bl B 1 10 5 2 5 4
8180 16 3 1 4 11 5 8 3
9110 26 50 n. 8 2 B2 2B 5
Towl plots B4 54 1 i n A 36 3 % 3% 5 5

T ety 1hseteslt on Yase Dty
B phot wih D MOkl trees nel npiuded.

e sunakibon oount Jor e ol 1 (e Same s e observed mortality.

54




Table 8.— Probability of conformity by plot between mortality tree counts determined by random selections in
proportion to each tree’s probability of dying (simulation) and observed counts for each Cloquet plot
having two or more mortality trees (basis: 100 sets of simulation tree counts per plot)

(Number of plots)

Plots: 10 or fewer trees

Plots: 11 or more trees

Mortality (2 or 3)1 Morality (2) Mortality (3) Mortality (4 or more)
Probability Within  Within Within  Within Within  Within Within  Within
Hit2  1tree 2trees Hit 1tree 2trees Hit 1tree 2trees Hit 1tree 2 trees
.00 2 2 4 2 1 3 1 1
.01-.10 5 1 3 2 6 3 2 15 5
.11-.20 1 1 9 1 1 3 1 3 5 3
.21-.30 3 3 10 1 5 2 1 7 5 4
.31-.40 2 5 2 1 1 3 1 4 1
41-50 1 2 2 1 4
.51-.60 1 3 1 2 1 5 3
.61-.70 12 1 3 2 2 5
.71-.80 2 5 1 3 1
.81-.90 2 5 4 4
.91-1.0 1 11 19 2 2
Total plots 11 11 11 29 29 29 19 19 19 28 28 28

'Either two or three mortality trees observed on these plots.
The simulation count for the plot is the same as the observed mortality.
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MARKING RULES!

Gary J. Brand, Research Forester

TIMBER MANAGEMENT GUIDES AND

Previous papers have described a forest growth

projection system capable of "growing” and "kill--

ing” trees. Because it does not select trees for re-
moval, the system applies only to unmanaged
stands. To accurately project managed stands a
procedure is needed that will remove trees (simu-
late cutling) according to prescribed guidelines,
This paper describes the procedure talgorithrm
used to simulate tree removals recommended in
management guides, and indicates some possible
uses for the projection system with the addition of
the algorithm. FORTRAN subroutines called by
the projection system computer program {Hahn
and Brand 1979 implement the tree removal
algorithm,

DESCRIPTION OF THE
SILVICULTURAL
ALGORITHM

The algorithm has three major parts, Because
different species produce different products, ma.
ture at different ages, and grow under different
conditions, the guides used by forest managers are
species dependent, and are therefore developed for
specific cover types. In the projection system a tree
hist characterizes the portion of the forest of inter-
est {Leary 1979 The first part of the algorithm
determines, on the basis of this tree list, the cover
typee—and thus, the most appropriate pude to use.
The selected puide, along with plot values, deter-
mine a sivicultural action to be carried out on the
tree list, The fingl part of the algorithm performs
the suggested action.

Cover type may be determined by the species
with the greatest number of stems, number of

7 rk was conducted under a conperative
agreement betuween the North Cent ral Forest Ex pers
tmend Stution and the Col lege of Forestry, Universi.
ty of Minnesota, St. Paul , Minnesota.

hix u

dominant and codominant stems, basal area, basal
area of dominants and codominants, or some other
method. The Society of American Foresters (1954 )
favors using the number of dominant and codomni-
nant stems. The USDA Forest Service (1974)
states that cover type should be based on species
most fully occupying the area. The latter point
indicates that tree size as well as number is impor-
tant. Since crown class cannot be projected by the
model, a classification based on crown position is
impractical. To incorporate size into the proce-
dure, basal area rather than total stems was used
to determine cover type. An algorithm used by
North Central Forest Experiment Station Forest
Survey 2 is the basis for determining the type.

SELECTING THE ACTION

In most cases, guides prepared by North Central
Forest Experiment Station silviculturists were
used to develop the algorithms. Each guide was
translated to a diagram that systematically evalu-
ates stand characteristics to reach a final recom-
mendation. The sources for the diagrams are as
follows:

Cover type Source

Jack pine Benzie (19770

Red pine Benzie 13977

White pine USDA Forest Service

(1855

USDA Forest Service

{15670

Black spruce Johnston (1877

Northern white-cedar  Johnston {1977

Mixed swamp conifers  Johnston (1977h)

Lowland hardwoods Godman {(personal
communication)

Spruce-fir

Hahn, J. T Personal communication, 1975,

/ Whor s




Northern hardwoods Tubbs (1977), Godman
(personal
communication)
Sander (1977)

Perala (personal
communication) USDA

_Forest Service (1967b)

DUnderstocked stands of Benzie (personal

above cover types communication)

Oak-hickory
Aspen-paper birch

Cover Typing

The purpose of the typing algorithm is to deter-
mine the most appropriate cover type and there-
fore the correct guide for evaluating the tree list.
Most tree lists will have a cover type assigned to
them that was either determined in the field or by
computer analysis. In either case, there are advan-
tages to determining cover type directly from the
tree list using a computer algorithm. One is that it
will ensure that identical tree lists have the same
cover type regardless of their source. It also allows
the cover type to change with projected composi-
tion changes.

These guides have several advantages over
other possible guides. They enjoy rather wide-
spread use in the Lake States and thus it is more
likely that region-wide projections will be
accurate. They exist for the major timber types in
the Lake States, so there is some consistency. And
finally, they do not recommend actions so
intensive that the model cannot respond to them.
For example, fertilization could not be adequately
represented by the model because coefficients are
not available to predict growth responses to
fertilization.

Since management guides are interpreted by
foresters in the field, professional judgment can
influence the choice of a final action. To use com-
puter methods in determining an action requires
decisions using a tree list that does not contain all
the information available in the field. As a result,
some simplifying assumptions had to be made in
constructing algorithms for the various types.
These assumptions were checked with silvicultur-
ists and appear to be reasonable.

Various actions are suggested by the guides
such as “do nothing,” “clearcut”, “thin”, “shelter-
wood cut”, and “remove overtopping trees”. The

recommended actions are based on site quality,

stand characteristics, and cover type. For exam-
ple, clearcutting is prescribed in a jack pine stand
if the site index is 60 and stand age is 65 years.
Clearcutting in an aspen stand, however, is pre-
scribed if the stand age is 35 years.

Decision diagrams containing these criteria
were produced for each type. Stand and site char-
acteristics are uséd to guide decisions in the dia-
grams, which are constructed along the lines of a
taxonomic key (fig. 1). For example, assume a jack
pine tree list has the following stand characteris-
tics: average stand diameter—5 inches; basal
area—100 square feet/acre; site index—=50 feet;
stand age—35 years; number of trees—500/acre;
and BAMIN—55.6 square feet/acre (BAMIN is the
amount of basal area needed to achieve full stock-
ing.). The dashed line in figure 1 indicates how a
final recommendation would be reached. Since av-
erage stand diameter is 5 inches, the bottom
branch is followed. Again the bottom branch is
taken since the basal area is greater than 55.6
square feet per acre. The site index and age
indicate that the top branches are now
appropriate, leading to the final recommendation,
“do nothing”.

A disadvantage of this approach is that it lacks
flexibility—only this decision diagram can be used
for jack pine. To allow more flexibility, the critical
values are read as input variables and can there-
fore be changed. Figure 2 shows the more general
form of the decision diagram for jack pine. Now, by
selecting JP(7) as 50 years and the rest equal to
zero, jack pine can be managed on a 50-year rota-
tion with no intermediate cutting. The guides can
be manipulated to test the effect of different maxi-
mum and residual basal areas, different rotation
ages, or less intensive management.

Marking

After an action has been selected according to
the guide, it must be carried out. The marking part
of the algorithm selects trees for removal accord-
ing to tree characteristics. In the simple case of
clearcutting, all live trees are “marked” as cut. For
more complicated actions, such as thinning, char-
acteristics must be selected that allow ranking of
trees for desirability of removal. Low-preference
trees are marked for cutting until the required
residual stand is achieved.
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The various removal procedures used to carry
out specified actions are listed below:

Input needed

size class to remove
size class to remove
four species to leave
size class to remove
four species to leave
size class to remove
four species to remove
size class to remove
four species to remove
size class to remove
four species to favor
7. reduce number of trees number of trees

to leave

lowest d.b.h. of trees
to remove

size class to remove
four species to remove

Removal procedure

1. rough and rotten

2. small trees,
unspecified species

3. large trees,
unspecified species

4. small trees,
specified species

5. large trees,
specified species

. 6. shelterwood cut

8. all overtopping

9. all trees of a certain
size and species

The removal procedures have been selected to
accomplish all the final actions recommended by
the management guides. For instance, jack pine
stands less than 60 years old with 120 square feet
of basal area per acre and a site index greater than
60 should be thinned from below to 80 square feet
per acre. The first, second, and fourth procedures
will accomplish this action. Rough and rotten trees
are removed first, and if the basal area is still too
high, the smallest tree of an undesirable species is
removed. When all undesirable species are re-
moved and the residual stand has still not been
achieved, the smallest trees of desirable species
are removed. Marking is discontinued when the
residual basal area is achieved.

As with action selection, it is desirable to have
the ability to change the marking rules. To permit
this flexibility, different hierarchies of removal
procedures may be selected. This option permits
up to five of the removal procedures listed above to
be selected for each recommended action. Return-
ing to the jack pine example—by selecting the
first, third, and fifth removal procedures the stand
can be thinned in such a way that the largest trees
are removed first.

RELATIONSHIP TO THE REST
OF THE PROJECTION
SYSTEM

Because effective use of the management guide
algorithm depends on the rest of the projection
system, it is important to present a simplified de-
scription of how the pieces interrelate. A tree list
(representing a stand) is brought into the system
and its cover type and silvicultural action are de-
termined as previously described. The action is
carried out and the appropriate trees are coded as
cut. One year’s growth is determined for the re-
maining trees and the mortality function applied.
Trees are coded as dead if selected by the mortality
function. Therevised tree list is cycled through the
growth and mortality functions to determine an-
nual changes until the desired number of years
between cutting cycles has occurred. Cover type,
silvicultural action, ard trees to mark are again
determined using the current tree list. This proce-
dure continues until the tree list has been pro-
jected for the desired number of years. (If another
stand (tree list) is to be projected, the new tree list
is brought into the system and the entire cycle is
repeated.)

POSSIBLE USES

Incorporation of the management algorithms
into the projection system makes possible several
additional uses of the system. Survey information,
in the form of tree lists, is available on a statewide
basis. Applying the projection system to these tree
lists would produce timber yieirds expected from
the state if all lands were managed according to
the guides. Comparison with present yields would
indicate the intensity of management as well as
opportunities for increasing timber yields.

Another use for the system would be testing
various management guides and marking rules.
Actual or contrived tree lists could be projected
using different guides, and the yields then com-
pared. This would provide a much faster means of
comparing alternatives and help identify those
most promising for field testing. By experimenting
with marking rules, the effect on timber yields of
leaving rough and rotten trees as den trees or
favoring different species or size classes could be
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determined. Comparing these yields with those
obtained from the original marking rules would be
- a meaure of the “cost” of the new marking rule.
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AN IMPLEMENTATION PROGRAM

Jerold T. Hahn, Principal Mensurationist,
and Gary J. Brand, Research Forester

The various parts of the generalized forest
growth projection system have been described
elsewhere (Buchman 1979, Christensenetal. 1979,
Leary, et al. 1979, Hahn and Leary 1979, Leary
and Holdaway 1979, Brand 1979). TRES (Timber
Resource Evaluation System) is the computer pro-
gram that combines the parts into a package capa-
ble of simulating the growth of trees entered into
the system. This paper is not intended to be a
detailed user’s guide, but rather a general descrip-
tion of the input needed, how the parts are put
together, and the output produced.

INPUT

The input consists of a parameter deck and a
tree list. A tree list consists of tree species, d.b.h.,
crown ratio, and quality class for a group of trees.
Also required are site index, stand age, and plot
size.

Parameter Deck

The parameter deck specifies two groups of in-
put values: user-selected options, and numerical
constants needed by each portion of the growth
processor.

Numerical constants are used for:

(1) assigning species group codes to individual
trees,

(2) crown ratio function coefficients,

(8) silvicultural treatment specifications,

(4) volume equation coefficients,

(5) mortality equation coefficients,

(6) potential growth function coefficients,

(7) growth modifier coefficients,

(8) allocation rule coefficients, and

(9) a species grouping priority matrix (used for
combining species when more than three
species occur on a plot).

These values are determined from calibrating the
model on a specific data base of permanent (re-
measured) plots.

Projection related options that may be selected
by the user are:

(1) length of projection cycle (vears),

(2) number of projection cycles, and

(3) type of growth projection desired (valida-
tion, projection, or update).

The number of years the tree list is projected is
determined by the number and length of the cy-
cles. The projection is limited to a maximum of 100
years, but it may be in the form of 100 cycles of 1
year each or one cycle of 100 years. The length of
the cycle determines how often summaries are
made and the tree list examined for management
opportunities.

Three types of growth projections can be se-
lected: validation, projection, and update. A val-
idation run uses a tree list with measurements
recorded for several different years. The tree list is
projected from the initial measurement to the final
measurement. Projected and actual measure-
ments are compared to determine the accuracy of
the model. A projection run starts with initial con-
ditions and grows the trees for a specified length of
time to estimate future conditions. Finally, an up-
date run starts with initial conditions from the
past and grows the trees to the present. Using
known product removals, the trees that produced
those products are removed from the tree list. This
update section of the program is currently being
developed. An example of an echo of the input for a
validation run appears in Appendix A.

Tree List

Regardless of whether the tree list comes from
sample plots or is derived (for example, from a
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stand table), the tree list can be in one of three
forms. The first is a list in the format described by o
Christensen et al. (1979). The second is tree infor- .
mation in the unit record format used by the
USDA Forest Service Renewable Resources Eval-
uation (forest survey) projects. And finally, a tree
list in a computer-readable format specified by a
user may be selected, in which case the user is
responsible for supplying the necessary computer
code for input and output routines.

PROGRAM ORGANIZATION

Besides providing input/output capability, the e N
program controls when the different parts of the g
system are used according to the options selected.
Table I gives a listing of all the subroutine and ‘ G
function names, their calling routines, and a brief j e —
statement of their purpose. The program hasseven w j
parts: .

(1) the main calling program, P

(2) a function, VALUE, where all mathemati- <7>“<Q5:« <
cal equations are located, o ’

(3) input subroutines,

(4) a subroutine for aggregating the input tree Figure 1.—Main program calling TRES.
list,

(5) stand treatment subroutines,

(6) stand growth subroutines, and

(7) output subroutines.

Figures 1 to 7 contain flow charts for each of the

seven parts. Figure | shows the structure of the

- main calling routine and figure 2 the structure of
the function VALUE. V=

Figure 3 shows the set of subroutines for reading 1 2
the input parameters and the tree list. The struc-
ture of subroutine READ is shown in figure 3a. It
reads input parameters and echo-prints all values.
Figure 3b shows the subroutine structure for read-
ing tree lists in master format (Christensen et al.
1979); figures 3c and 3d show subroutine structure
for reading tree lists in Renewable Resources
Evaluation (forest survey) unit record format. The ,

~possibility of a user-written subroutine is indi-
cated by figure 3e. i

w
£
w
<2}

GROWTH
MORTALITY

POTENTIAL GROWTH
MODIFIER OF POTENTIAL
GROWTH ALLOCATION

COMPUTE
CROWN RATIO
COMPUTE
COMPUTE
COMPUTE
PROBABILITY OF
COMPUTE

TREE VOLUME
COMPUTE

~ When all input (parameters and tree list) has
been read, the tree list is partitioned into species S RETURN
_ groups and size classes by subroutine FIT (fig. 4), « ,

- called from the main program TRES (fig. 1). Figure 2.—Function VALUE.
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Table 1.—Subsystem TRES (Timber Resource Evaluation System) of program FREP (Forest Resources
Evaluation Program)

Part Function’
Program TRES

Main calling routine. Sets up and initializes arrays, performs
housekeeping functions, organizes calling of subroutines.
Function VALUE
Called from RMASTR, RSURTP, GROW, ISUM, QUTPTI, and OUTPUT2.
Computes values for crown ratio, potential growth, modifier,
mortality, volume, and growth allocation functions.
Subroutine READ
Called from TRES.
Reads user-selected options and numerical constants and
echo-prints all values.
Subroutine RMASTR
Called from TRES.
Reads data from binary files in MASTER format into arrays TRS and [TRS.
Initializes array parameters.
Subroutine RSURTP
Calted from TRES.
Reads data from files in forest survey unit record format into arrays TRS and TRS.
Initializes array parameters.
Subroutine OPENRD
Called from RSURTP.
Unblocks forest survey unit record file and supplies one record at a time to RSURTP.
Has entry point READIT.
Subroutine RUSER
Called from TRES.
Supplied by user to read user dat file into arrays TRS and ITRS.
Subroutine FIT
Cailed from TRES, SCREEN and REMOVE.
Classifies trees in arrays TRS-ITRS into projection groups.
Subroutine SCREEN
Called from TRES.
Screens plots for possible treatment and/or sets up treatment schedule.
Subroutine COVTYPE
Called from SCREEN.
Determines cover type using live trees in tree list.
Subroutine TREAT
Called from SCREEN
Performs silvicuttural treatments prescribed in SCREEN.
Subroutine GROW
Called from TRES.
Grows trees, selects trees for mortality, aliocates growth to individual trees, updates TRS and ITRS array.
Subroutine REMOVE
Called from GROW.
Removes trees to meet specified annual removals for updates or trees recorded as having been
removed by remeasurements.
Subroutine ISUM
Called from GROW, QUTPTI, TRES
Summarizes trees into classification groups and computes group totals.
Subroutine QUTPT!
Called from TRES.
Outputs summaries for specified points in time.
Subroutine TFILE
Called from TRES.
o,.t—. i PR . h ~~-,\(d £y I

- aritt.
Wwrites blocked unit record tape
Has entry points WRITIT and CLOSWR.
Subroutine OUTPT2 )
Called from TRES.
Outputs file for validation tests.
Subroutine OUTUR
Called from TRES.
Supplied by user to output updated tree list to user specifications.

|

il

1. Main
Program
N

. Mathe-

matical
functions

. Input

. Aggrega-

tion of
species

. Stand

treatments

. Stand

growth

+—— 7. Output
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READ CONTROL CARD
FUNCTION
PARAMETERS. FIT
CRITERIA, SPECIES
GROUPINGS AND
SCREEN PARAMETERS

ECHO
PRINT
VALUES

RETURN

DETERMINE
PLOT
INDICIES

DEYERMINE MID
AND FINAL YEAR
INDICIES FOR
RECONCILIATION
& VALIDATION

FILL ARRAYS
TRS & ITRS
WITH TREE LIST
FOR ENTIRE
PLOT

RECORO
FROM SAME
PLOT?

ADO TO
TRS — ITRS
ARRAYS

RETURN

(i)
&

CALL
OPENRD

CALL
REATIT

INITIALIZE
ARRAYS & PARA
FILL FIRST
BUFFER

RETURN

ENTRY
POINT
REATIT

TRANSFER
NEXT ITEM TO
TRANSMITIAL ARRAY
FiLL SECOND
BUFFER {F NEC.

USER
SUPPLIED
CODE

Figure 3.—Subroutines (a) READ, (b) RMASTR, (¢) RSURTP, (d) OPENRD, and (e) RUSER.

INITIALIZE
ARRAYS
AND INDICES,

SORY BA/A
BY SPECIES
GROUP

DETERMINE

PRIMARY &

SECONCARY 5PP,
GROUPS

CLEANUP
REMAINING SPP
GROUP ASSIGN
ACCORDING TO PP
AFFINITY ARRAY

OETERMINE PROJ,

ENTER IN ARAAY
iTRS

DETEAMINE PROJ
O1A. CLASS BY SPP
GP.AND ENTER
INDEX iN
ITAS ARRAY

ENCODE CLASS
BOUNDRIES INTO
STORAGE ARRAY FOR
DISPLAY WHEN
OQUTPUT CALLED FOR

LOOP THAY
TREE LIST

SECTION NOT

YET INCLUOED

ONLY ONE DIA
CLASS PAOJECTED

Figure 4.—Subroutine FIT.
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Selecting the option to manage the stand as it is
being projected, following the management guides
of Brand (1979), causes subroutines SCREEN,
COVTYPE and TREAT to be called. Figure 5a
shows the flow chart of SCREEN, from which
COVTYPE and TREAT are called. COVTYPE
(fig. 5b), which is also called at the end of a pro-
Jjection by OUTPUTZ, determines the cover type;
TREAT (fig. 5¢) performs the silvicultural treat-
ments selected in SCREEN. Trees selected for re-
moval are designated as cut, and the live trees are
again divided into species and diameter groups by
arecall of subroutine FIT. This allows the changes
in species composition caused by cutting to modify
the numerical constants used to project the plot.

~ o, \-; . e .:-;. L. fs)rthp,
< | .- 5 w2l | wl
- ! fu “2'\.;::, - X

vy -~ - b I

and ISUM (fig. 6). ~ p1ot is then projected tnrough
the end of projection period; it cannot be revisited
until all plots have been processed. The crown
ratio function (Holdaway et al. 1979), potential
growth function (Hahn and Leary 1979), and mod-
ifier function (Leary and Holdaway 1979) are used



to determine total growth of each diameter/species
projection group (fig. 6a). Individual tree growth is
then determined from the growth allocation func-
tion (Leary et al. 1979). Mortality trees are deter-
mined using the mortality function (Buchman
1979) and pseudo-random number generator.

ouTPUT

Four different output types are possible:

(1) “Yield table” output containing such varia-
bles as basal area and number of mortality
trees, surviving trees, basal area and sum of
diameters on a per plot and per acre basis,
and cut tree volumes on a per acre basis.
This output is given by subroutine OUTPTI

DETERMINE
BASAL AREA BY
SPECIES GROUP,
OETERMINE
COVER TYPE

SELECT
APPROPRIATE
GUIDE TO USE

DETERMINE
ACTION
RECOMMENDED BY
GUIDE

0

04
WRITE ACTION
ANO P
ACTERISTIC!
TO OUTAUT AND
Tare2e

T CHAR.
3

SELECY 8.1

SPECIES MOST

COMPATIBLE WITH
VER TV

ANY
caL 0 TREES
or cut

r

(fig. 7a) and is available at the end of each
cycle as well as at the beginning and end of
the projection period. Appendix B shows an
example of this form of output.

(2) A new Renewable Resources Evaluation
(forest survey) unit record file (subroutine
TFILE and OPENRD, figs. 7b and 7c respec-
tively).

(3) A file for validating the projection system.
This is produced by subroutine QUTPT2
(fig. 7d) and has meaning only if two or more
measurements have been made on the plot.
The file produced by OUTPT2 is ordinarily
stored on disk and analyzed by a separate
user-written program.

(4) A user-designed output file (subroutine
OUTUR, fig. 7c).

OETERMING
REonoma 10 AEMOYAL ACTION
ACTION AND SPECIES AND
BIE CRITEMA

Figure 5.—Subroutines (a) SCREEN, (b) COVTYPE, and (c) TREAT.
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Figure 6.—Subroutines (a) GROW, (b) REMOVE, and (c) ISUM.
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APPENDIX B

TEST OF UPDATE CHANGES USING CLOGQUET FILE

_wsswesse plOT SUMMARIES AT THE END OF 1959 PLOT IDENT. ]| sasssase
NUMBER OF MORTALITY TREES PER ACRE .
SPECIES DIAMETER CLASS

GROUP ALL  TOTAL

JACK PIKE 0 )
PAP.BIRCH 0 0
“FLK.SPRUCE 0 )

TOTAL 0 0

DIAMETER SUMS PER ACRE

SPECIES DYARETER CLASS
GROUP aLL__ TOTAL

JACK PINE 372.4  372.4

PAPBIRCH 125.3  125.3

ELK,SPRUCE 0 0

TOTAL 497.7 497,17

BASAL AREA OF MORTALITY

TREES PER _ACRE

SPECIES DIAMETER CLASS
L GROUP atb TOTAL
JACK PINE 0 0
PAP.BIRCH 0 0
BLK«SPRUCE . 0 0
TCTAL 0 0

BASAL_AREA ON PLOT

SPECIES DIAMETER CLASS
GROUP ALL _ TOTAL
JACK PINE 3.1 3.1
) PAP ,BIRCH 6 o6
- ELK.SPRUCE 0 9
TOTAL ‘ 3.7 3.7

NUMBER OF TREES PER ACRE

SPECIES DTARETER CUASS
GROUP ALL TOTAL
JACK PIKRE 35.0 35,0
PAP BIRCH 210 21.0
o BELK.SPRUCE ) [)
TOTAL 560 56.0

BASAL AREA PER ACRE

SPECIES DTAMETER CLASS
GROUP ALL  TOTAL

JACK PINE 2240 2240

PAPBIRCH 4ol 4,1

ELK+SPRUCE 0 6

TOTAL 2640 26.0

NUMEER OF TREES ON PLOT

SPECIES DIAWETER CLASS:
GROUP ALl TOTAL
JACK PINE Se0 5.0
PAP,BIRCH 3.0 3.0
BLK.SPRUCE 0 0
TOTAL Be0 8,0

PRESENT STAND VOLUMES

SPP.GP. CUFT/A. CORD5/Res BOFT/A,

JACK PINE 389.50 4,93 1860435

PAP.BIRCH 68.91 X 0

TOTAL 458441 S.80 1860435
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TESTS

Rolfe A. Leary and Jerold T. Hahn,
Principal Mensurationists,
and Roland G. Buchman, Principal Biometrician

The purposes of this paper are (1) to report on
tests of the design for assembling projection sys-
tem parts, and (2) to report on tests of projection
system reliability in various use domains. The use
domains are many. For example, the forest type
domain covers all Lake States types; we are inter-
ested in the projection system reliability for each
type. Another domain is that of stand origin mode
—plantation or natural. A third relates to geo-
graphical regions within the Lake States; does the
system work better in one State than in others?
For which types in which State? A fourth and
particularly important domain is time. What is
the time decay rate for projection system reliabili-
ty? Other domains include stocking levels, sites,
ages, species, sample plot types (fixed or variable
radius) and mean stand diameters. Each domain
or combination of domains warrants investiga-
tion. In this paper we report on item 1 above and
the domains of (1) cover type, (2) geographical
area, (3) time, and (4) sample plot type.

TESTING MODELS OF
SYSTEM DYNAMICS

Mathematicians recognize two possible sources
of error in predicting the future state of a dynamic
system, such as a forest stand:

(1) errors in estimating the initial state (initial
conditions) of the system, and

(2) errors in the mathematical model that char-
acterizes system dynamics.

Errors in predicted future states may be caused by
either of these sources or both may act in concert.
Source (2) may be further broken down into:

(a) the mathematical equations are inappropri-
ate for describing the process,
(b) the manner of combining the equations is

incorrect, and
(¢) the numerical constants obtained from cali-
bration are not those governing the system.

An example of error type 1 for the projection
system is when a person does not have an observed
tree list but only a dot tally of trees on the plot by,
say, 4-inch diameter classes.

An example of error type 2a is if the potential of
trees to grow in diameter at breast height is not
satisfactorily characterized by our potential func-
tion (Hahn and Leary 1979). Error type 2b is exem-
plified by a finding that the realized stand growth
cannot be characterized by a product of a potential
and modifier functions. Error type 2c is obvious;
the numerical constants in use do not characterize
the specific process under test.

Considerable effort has gone into developing
theoretically sound mathematical equations for
describing the process of forest growth. Hence er-
ror type 2a will not be evaluated in this paper.
Such evaluations belong more properly in the sep-
arate papers decribing each equation. We will,
however, evaluate the projection system to assess
the magnitude of type 2b and 2c errors. We are not
concerned with assessing type 1 errors—this is an
inventory problem. We have prevented type 1 er-
rors by using only permanent growth plot informa-
tion. To assess type 2b errors we have used the
permanent growth plot information available to
calibrate the mathematical equations (Christen-
sen et al. 1979). If the projection system performs
well when checked against the calibration data
base, it may be tested against an independent data
base (i.e., one not used in calibration). By doing so,
and by comparing predicted future states with ob-
served future states (starting from a known past
condition) we are able to assess the magnitude of
type 2c errors. The validation data base for this
comes from five sources:
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{13 Cloquet Experimental Forest of the College
of Forestry,' University of Minnesota:

{2) Chequamegon National Forest, Wisconsin;

13} Nicolet National Forest, Wisconsin;

(4) A second-growth northern hardwood study
{NH-2) on an experimental forest near Mar-
quette, Michigan; and

(5) Hiawatha National Forest, Upper Michi-
gan.

Figure 1 shows the geographical locations of
sources. The {ifth source, the Hiawatha National
Forest, has an eastern and a western part. The

S

‘We thank Dietmar Rose and the staffof the Cloguet

Forestry Center for making past measurement data
available and for assistance in making a measure-
ment in 1976,

distribution of plots by age class and site mndex
class is shown in table 1.

METHODS AND
PROCEDURES

To test both the method of assembling svstem
parts and the applicability of the system to other
Lake States forest conditions, the validation op-
tion was selected in the computer program that
implements the projection system (Hahn and
Brand 1979). Selecting this option causes the pro-
gram to:

(1) read up to four sets of observed diameter
measurements for each tree on a plot and
store them for comparison with sets of pre-
dicted diameters,

L RSSO S

S S—

£ - o -

i

g

- R T = 2

Figure 1.—Geographical location of the five
sources of permanent growth plot data used for
independent tests of the projection system.
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Table 1.—Distribution of 785 permanent forest growth plots used for model validation by age and site within 12
forest types in the Lake States (site class 30 ranges from 25 to 34, 40 from 35 to 44, etc.)

JACK PINE RED PINE WHITE PINE
ge : Site index class Total Age Site index class : ) Age Site index class T
class: 30 7 80 T 50 : 60 : 70 - 80 : 0%V |c1ass:730 : 20 : 50 : 60 : 70 : 80 .Total} y455:730 : 40 : 50 : 60 : 70 : 80 : 50 : otal
0-20 1 3 4 [21-30 2 1 3 131-40 1 1 3
21-30 2 ] 3 131-40 T 5 9 1 16 [51-60 12 2 5
31-40 303 2 g |a1-50 1 5 2 1 9 [61-70 12 3
41-50 4 3 & s 16 |51-60 3 3 2 8 |71-80 1 2
5160 1 3 3 13 2 22 s1-70 1 5 9 1 16 |100+ 1 )
g:—gg 2 10 2 14 |71-80 2 5 4 12 |Total T3]
- g8 10 18 [81-%0 103 2 6 N
AR s A ; zo : NORTHERN WHITE-CEDAR
91-100 1 1 |100+ 1 4 6 N [2T0 T T
00, 1 1 |Total 7 31-a0 2 1 1 4
ota 95 BLACK SPRUCE g, ! 2
WHITE SPRUCE-BALSAM FIR ] 1 a0 9 2 1 12
5-20 VR 5 131-40 3 3 {7n-80 1 1 2
21-30 1 12 |m-s0 3 3 |81-90 1 1
31-40 2 2 1 6 5160 1 1 1 3 [91-100 3 3
41-50 2 4 71 2 15 lg1-70 1 4 ) & {100+ 10 3 14
2}-50 3 05 2 2 12 |n-80 5 ) § |Total T
-70 1 6 6 13 {81-90 2 3 .
s - L A S ; NORTHERN HARDWOOD
81-90 ) 32 6 |oo+ 7 1 8 [0-%0 T T 7
%6100 } : ] 2 |Total 39} 21-30 10 103
+ 2 31-40 11 2 10
Total 78] LOWLAND HARDHOCD 41-50 3 N o2 1 37
3780 T T]51-60 1 9 25 N a6
TAMARACK 61-70 1 1 |s1-70 13108 1 123
520 1 T191-100 1 1 171-80 13 1 5
41-50 1 1 Jioos 1 |91-100 1 1
g}-so 2 2 <4 |Total —T {100+ 3 2 1 7
nzgg . L ; QUAKING ASPEN Total 23
81-90 12 O [/ R R S R R S PAPER BIRCH
91-100 4 4 |21-30 2 1 2 5 {7020 T2 3
100+ 3 1 |31-40 2 4 5 1 {21-30 1 2
Total Y5 J41-50 17 12 16 4 40 |31-80 1 1 3
51-60 2 9 5 7 23 |a1-50 1T 1 5 ) 8
OAK-HICKORY 61-70 103 2 6§ Ist60 1 1 5 5 2 14
3T-90 T T—{71-80 2 2 |61-70 2 5 1 8
41-50 11 3 181-90 1 1 {71-80 32 6
51-60 12 3 |91-100 1 1 lst-100 2 2
Total —7 oo+ 1 1|00+ 11 3
Total 78 | Total 43

(2) use the first set of diameter measurements
to start the projection,

(3) remove a tree from the projection tree list
when it has been observed to have been cut,

(4) add a tree to the list of trees being projected
when it is observed to be an ingrowth tree,
and

(5) write an output file that contains observed
and predicted diameter and status for each
tree present on a plot at the first measure-
ment. This is done for up to three points in
time.

Ingrowth trees are not written on the output file
(step 5) for comparing observations and predic-
tions. They are included in the projection process,
however, because in some cases ingrowth trees
comprise a major part of the stand by the time of
the final observation. Ignoring them could cause
serious overestimation.

Analysis of the information produced at step 5
proceeds in two directions: (1) analysis for accura-
cy, and (2) analysis for precision.

The accuracy analysis is based on all the plots
that occur in a forest type. We compare the pre-
dicted and observed mean stand diameter, trees
per acre, and basal area per acre in a forest type by
forming the ratio

predicted mean stand attribute for the type o
observed mean stand attribute for the type

Clearly, ratios consistently greater than one in-
dicate overprediction (positive bias), and those
consistently less than one indicate underpredic-
tion (negative bias). Caution 1s needed in inter-
preting ratios where the observed attribute (the
denominator of the fraction) is very small and both
observed and predicted are expressed as integers.
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The precision analysis is needed to assess the
repeatability of the estimated ratios for each type.
Here we compute for each plot in a forest type the
ratio of predicted to observed variable (mean stand
diameter, trees per acre, basal area per acre), the
mean ratio over all plots, and a standard deviation
of the ratios.

Conceivably the projection system could, at 10
years, have a positive bias of exactly 6 percent for
every plot in a forest type. This would not be an
accurate predictor but would be precise. Lack of
accuracy can, of course, be corrected. Lack of preci-
sion cannot be easily corrected. Rather, it indi-
cates a general inability of the underlying model
to capture the essence of the processes underlying
stand dynamics.

To test the method of assembling the parts of the
system (error type 2b) we used selected forest prop-
erties from the calibration data base. and did an
accuracy analysis only. To test the applicability of
the numerical constants to other forests in the
Lake States region terror type 2¢) we used the five
properties in the validation data base (fig. 1), and
did both an accuracy and precision analysis. In
both cases, we based our analysis on all plotsin a
property regardless of their stocking level; plots
having as few as three or four trees were used as
well as fully stocked plots. Clearly, failure to satis-
factorily pass the test on method of combining
system parts makes the other test largely academ-
ic. Finally, it should be noted that the plots are
typed by the projection program (Hahn and Brand
1979), and that trees of several species may be
present on a plot, not just trees of the species the
type name bears.

TEST RESULTS
AND DISCUSSION

This section is broken into two parts; the {irst
gives the results of testing the manner of combin-
ing systemn parts, and the second tests the applica-
bility of the complete system, including values of
numerical constants, to other forests of the Lake
States,

Combining the System Parts

The results of tests are shown in figure 2. The
model seems to predict mean stand diameter bet-

ter than either number of trees or basal area. This
s not surprising, since an error in predicting num-
ber of trees—even if diameter is predicted exact-
ly—will usually cause an error in predicting total
stand basal area.

Even so, the three ratios for most species are
gratifyingly close to one at most points in time.
Several points can be made based on the contents
of figure 2:

(1) Predictions for Minnesota jack pine are de-
cidedly better than those for Lower Michi-
gan when the evaluation is based on mean
stand diameter and total stand basal area.
However, the model estimates number of
trees better for Lower Michigan stands.

(2) Predictions for Minnesota and Wisconsin
red pine plantations and natural stands are
quite good, although nearly all show ratios
somewhat greater than one.

(3) White pine mean stand diameter is pre-
dicted fairly well. The mean d.b.h. for the
Minnesota source is underestimated, while
that for the Wisconsin source is somewhat
overestimated. Urenholdt trees per acre af-
ter 22 years is off some (23 percent), but
trees per acre at the other locations are quite
good.

(4} Only one small plantation was available to
calibrate the system for white spruce, Even
after 25 years the predictions are good.

(5) Predicted values for the balsam fir type are
less than the observed values. The average
stand diameter prediction gets progres-
sively worse for the first 18 vears, but then
improves over the remaining 7 vears of
observations.

{(6) Both average diameter and number of trees
are underestimated for the black spruce and
northern white-cedar types. Combined,
these greatly underestimate basal area. In-
terestingly, most of the prediction error
occurs in the first 10- to 13-vear period.
Thereafter the prediction essentially paral-
lels the observation.

{(7) Average diameter for test plots in the north-
ern hardwood type is, for the most part,
within = 4 percent of the observed. An ex-
ception is the Dundee timber harvest forest,
which overestimates average diameter by
12 percent after 27 years. Perhaps the sever-
est test of the projection system occurred



YEARS SINCE INITIAL MEASUREMENT
JACK PINE TYPE 10 15 20 25 30 25
[ NPT PR MRS ST U LRV WP VY Sl 0 TGN AUl LN YU G T S
1 Nc-s7 (P/22) AD .98 98 99
TR .95 98 1.09
BA .94 95 1.04
|
2 NC-30 (P/25) AD 1.05 1.13 1.14
TR .97 98]  1.00
BA 112 1.28]  1.31
RED PINE TYPE
1 NC-8a (N/11) AD 1.03 103 1.03
TR .99 99 99
BA 1.08 105 1.06
2 NC-155 (P/58) AD 1.02 101 1.01
TR 1.00 1.00  1.01
BA 1.04 102  1.03
10 15 20 25 30 35
PRI S B ST TN WA W S SHNE NHNS SH WS WA SHAT SN SHNS W S SN SHNY GRS S 1 Jdy
RED PINE TYPE
3 star (p/8) AD 1.03 1.03 1.03
LAKE TR 1.04 1.08 1.09
BA 1.07 1.09 1.09
4 Nc-431 (P/27) AD 97 .98 95
TR 1.00 101 101
BA 92 .95 .90
WHITE PINE TYPE
’ 1 NC-56 (N/27)AD .96 .96 .96
TR 1.01 1.02 1.03
BA 91 91 .94
2 (N/10)AD | 1.00 1.03
URENHOLDT TR| .92 77
BA| .97 .?5
3 WASAUKEE (N/18)AD 1.00 1.00 1.01
TR 1.04 1.03 1.04
BA .99 .98 .99
WHITE SPRUCE TYPE
1 NC-18 (P112) AD .98 99 1.00
TR 1.00 1.04 1.10
BA .93 94 94
BALSAM FIR TYPE l
2 NC-26 (N/20) AD 94 92 97
TR .99 89 .91
BA 1.01 98 .95

Figure 2.—Test results of accuracy analysis of
method of combining system parts. Each forest
property is identified by name or number, planta-
tion (P) or natural (N) stand and number of plots
used in the comparison. Criteria for comparison
are mean stand diameter for the type (AD), mean

trees per acre for the type (TR), and mean stand
basal area (BA) per acre for the type. Maps show
approximate location of each property in Lake
States. Ratios are computed as

predicted mean stand attribute for a forest type
observed mean stand attribute for a forest type
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Figure 2. — (continued)

10 15 20 25 30 35 |
— BLACK SPRUCE TYPE S ll ;’ ii :
1 1 ncss (nr12) AD 83 95 |
TR 85 83 |
8a B4 A7 §
NORTHERN WHITE
CEDAR TYPE i
2 NC32 (NM9) AD 94 95 86
TR 54 98 54
BA 86 87 87
NORTHERN MARDWOOD TYPE l
|
k‘\\’ﬁ/ 1 camns (n16) ap 98 99) 97
TR 88 53 95 j
8A 98 111 1.08 |
1 2 (N/12) 4D 9% 95 98]
NETTLETON TR 1.07 1.09 1051
BA 89 88 851
3 NH-25  (N/108) AD o8 98 .98
TR 1.00 1.00 104 ;
BA 98 95 99 ;
i i §
4 wi13om (N/10) AD 100 | 99 1.01 |
TR 1.09 1.10 .07 ’
BA 106 |1.05 .08 3
5 srone's (n19) AD 98 95
WwWOOLS TR 1.00 1.14 ;
BA 1,08 1.19
B ounoEe (N12) D 104 1.08 112
™ 95 85 1.02 §
BA 108 1.07 1.23
. 10 15 20 25 30 3%
\ QAK —HICKORY TYPE N — . — .
Tsrones (nsssy ap 99 58 |
WwOoODSs TR .98 102
8A 99 104 |
20UNDEE (N18) AD  |1.02 1.01 103 ‘
TR 91 88 88
BA a7 94 95
i
|
ASPEN TYPE
|
2 NCes (n2s)  aD  ss 97 98
TR 1.1 97 1.01 ]
BA 87 85 82 i
Twncas (na2s)  ap .92 81 95
TR 82 78 73 |
BA 88 85 B8 |




with the Nettleton plots. The average stand
diameter of the first measurement was be-
tween 1 and 2 inches. Even though pro-
jections were made for 36 years, the
estimated mean stand diameter was within
4 percent of the observed.

growth to small trees. The Wisconsin aspen
comes from the same study as the balsam fir
test. The 25 plots under test here probably
had a large component of balsam fir. As with
the 20 plots in the balsam fir type, mortality
is overestimated and the average diameter

(8) Predictions for the oak-hickory type, as is underestimated.
- found in southern Wisconsin, are reason-
ably good, although there is a tendency to
overestimate mortality on the Dundee tim-
ber harvest forest.

(9) The Minnesota aspen type is reasonably
well predicted for both average diameter
and number of trees. The fact that basal area
is underestimated so much is probably due
to allocating too much of the diameter

Tests on Independent Data Sets
Accuracy analysis

Five different data sets form the basis for these
tests (fig. 1). The 266 Cloquet plots have been
measured four times. The ratios of predicted to
actual stand attributesis shown intable 2 for 5, 10,
and 17 years after the initial measurement. Ratios

Table 2.—Summary of Cloquet Experimental Forest test showing ratios of projected to actual mean plot
diameter, trees per acre, and basal area per acre for the type totals converted to a per-acre basis
(Cloquet plots are all *hi acre, fixed-radius)

Forest No. of Years after initial measurement
type plots 5 10 17 5 10 17 5 10 17

{ratio of predicted
to actual basal area

(ratio of predicted
to actual number of

(ratio of predicted
to actual mean plot

diameter) trees per acre) per acre)
Jack pine 43 102 1.03 1.04 1.02 1.03 1.06 1.05 109 1.13
Red pine 53 - .99 .38 .98 1.00 .99 .99 .99 97 .96
White pine 6 1.00 .99 .96 1.04 111 120 1.02 103 1.01
W.spruce-fir 37 1.02 1.03 1.04 1.08 112 1.26 112 119 1.37
Black spruce 29 101  1.03 1.05 1.05 1.09 1.18 1.07 114 132
N.w.-cedar 15 1.01  1.02 1.04 99 101t 1.03 1.01 1.06 1.12
Tamarack 15 1.02 1.03 1.06 .97 97 .97 1.01 104 1.09
Lowland hdwd. 2 1.00 1.0t 1.01 113 1.07 139 109 100 126
N. hardwood 2 1.01  1.05 .92 1.00 1.00 1.33 1.02 110 120
Aspen 32 1.02 105 1.07 .93 93 1.00 .97 99 111
Paper birch 26 1.02 103 1.04 1.03 103 1.01 1.06 1.09 1.10

Table 3.—Summary of NH-2 test projection for the northern hardwood type (NH-2 plots are Yo acre, fixed-

radius)
Number
of Years after initial measurement
plots 7 8 11 : 7 8 11 : 7 8 11
(ratio of predicted (ratio of predicted (ratio of predicted
to actual mean plot to actual number of to actual basal area
diameter) trees per acre) per acre)
37 1.00 —_ .99 .99 — .99 1.02 — 1.00
62 — .99 — — .98 — — .97 -_—
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Table 4. —Summary of 10-year national forest test projections (all comparisons are based on repeated measure-

ments of variable radius 10-point cluster plots)

~ Chequamegon Nicolet ~ Hiawatha

No. No. No.
Forest of D.b.h. Trees Basal of D.b.h. Trees Basal of D.b.h. Trees Basal
lype __plots _area  plots area plots  area
Jack pine 7104 102 1.08 5 1.06 118 123 200 109 103 118
Red ping & 88 11t 100 & 102 .85 98 1283 %4 9
White ping 308 109 .93 2 .83 B84 87 397 89 100
W.spruce-fir 15 105 109 110 14 103 81 105 8 102 153 1186
Black spruce 2 113 85 102 3 104 115 1.28 5 104 114 118
H.w . -cedar E 100 100 1.02 12 102 91 96 4104 88 102
Tamarack 2 100 7% 85 101 85 1.0 —
Oak-hickory 4 100 70 83 1105 124 118 2 85 86 87
Lowland hdwi. A ¢ B & B 1 e e
N. hardwood 45 1.0v 87 95 54 100 88 .94 3 10193 98
Aspen 43 88 88 88 4 102 70 97 17 104 84 103
Paper birch 786 118 1.09 & 8 72 77 3104 115 131
All types 22 101 74 8% 148 101 94 100 1200 101 100 104

for the second growth northern hardwood study
are shown in table 3. Thirty-seven plots had three
measurements and 62 had only two measure-
ments. The three national forests had two mea-
surements only, so only one ratio is presented for
them in table 4.

The Cloquet test shows 8 of 11 types have
overestimates of mean d.b.h., 9 of 11 have over-
estimates of trees per acre and 10 of 11 have
overestimates of basal aren. Although the mean
diameter overestimates are not serious, they are
notable for their consistency and regular progres-
sion; for example, 1 or 2 percent after 5 years, 2 or 3
percent after 10 vears, and 4, 5, or 6 percent after
17 years for white spruce-fir, black spruce, north-
ern white-cedar, tamarack, and paper birch types.
In fact, all types except red pine, white pine, and
northern hardwoods have nearly the same pro-
gression of accuracy deeay in predicting mean di-
ameter. There 13 close agreement in both the type
of error tover- or underestimate) and progression
of accuracy devay when evaluating the system on
number of trees. Exceptions appear to be the white
pine, tamarack forest types and northern
hardwoods. The ratios for predicted and observed
basal area follow closely the estimates of mean
diameter and number of trees.

The Cloquet results confirm earlier forecasts

that the projection system would overestimate ob-
served variables. This forecast was based on per-
sonal observations of the field remeasurement
crew on the quantity of large shrubs and small
trees present on Cloquet plots. Any competing veg-
etation that has affected growth of the trees on the
plot but is not a part of the recorded observations
will result in overestimates.

The major independent test for northern
hardwoods was based on the repeated measure.
ments of a study (NH-27 in Michigan's Upper Pen-
ninsula (table 3). The ratios are close to one in
almost every case, and hence warrant little
discussion.

The Chequamegon, Nicolet, and Hiawatha Na-
tional Forest plot data cover a period of 10 vears
(table 4). These plots differ from the Cloguet and
NH-2 plots in three ways: the plots are 10-point
clusters of variable radius plots, the trees are mea-
sured down to 1.0 inch diameter, and the re-
measurement occurred 10 vears after the initial
measurement, Most notable of the Cheguamegon
results are the relatively large overestimates of
mortality in the black spruce, tamarack, oak-hick-
ory, lowland hardwood, northern hardwood, and
aspen types. One might discount overestimates in
the first four types as chance occurrences because
of the low plot numbers. We feel it is more likely



because the mean plot diameters tend to be small,
especially on the black spruce type, and because
the number of trees represented by a small tree is
larger than the number represented by a large tree
(recall these are variable-radius plots). Thus, if the
projection should assign a mortality status to a
very small tree, it may mean that 100 trees per
acre (its tree factor) are considered to have died.
This points up one of the major differences in the
way fixed- and variable-radius plots are projected.

The Nicolet also shows low estimates of num-
bers of trees for the aspen and paper birch forest
types. The Hiawatha shows a 53-percent overesti-
mate of trees per acre for the white spruce-fir type.
Most of this difference is attributable to three of
the eight plots. Because we are underestimating
mortality on some plots by as much as 242 trees
per acre in only 10 years, it is apparent that some
variable other than competition is dominating the
mortality process.

Precision analysis

The precision analysis, based on the Cloquet and
NH-2 data sources, differs from the accuracy anal-
ysis in two respects:

(1) we consider only the ratio of predicted to
actual mean stand diameter (ratios for num-
ber of trees and basal area have been com-
puted but are not included here), and

(2) we consider the ratio for each individual plot
in computing the mean and standard devia-
tion of the ratios over time for for each mea-
surement following the first.

Again, the analysis is organized by forest type.
Figure 3 contains graphs for nine of the Cloquet
types (lowland hardwood has been omitted), and
figure 4 shows the mean and standard deviation at
the two points in time for the northern hardwood
type from NH-2.

Our concern with this analysis is with the pat-
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Figure 3.—Pattern of ratios and standard devia-
tion of ratios of predicted to actual mean plot
diameter for nine forest types on the Cloquet Ex-

perimental Forest, Minnesota. Standard devia-
tions are shown in dashed lines, means in solid
lines.
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Figure 4,.Pattern of mean ratios and standard
deviation of ratios of projected to actual mean
plot diameter for the northern hardwood type.

1.1%

2

BAYVIO OF PREDICTED TO ACTUAL
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tern created by plotting the mean =1 standard
deviation over time. Specifically, we look at (1) the
closeness of the mean ratio to 1.00 at each time,
and (2) the magnitude of the standard deviation
and its relation to time since the initial measure-
ment. Concern number 2 s particularly impor-
tant.

Figures 3 and 4 show that all mean ratios are
within =7 percent of 1 after 17 and 11 years, re-
spectively. For most types the ratios begin near 1
at 5 years and increase linearly to the value at 17
years. Jack pine, white spruce-fir, quaking aspen,
and paper birch have noticeable concave patterns
to the mean ratio, Tamarack and northern white-
cedar show signs of a convex pattern. In all cases
except the red and white pine types, extrapolation
backward to the initial measurement would yield
a ratio near 1.0

Comparing the standard deviation magnitude
shows that northern white-cedar is smallest, with
black spruce, white spruce-fir, and jack pine also
low. Quaking aspen has the largest standard devi-
ation, followed by paper birch, red pine, and white
pine.

The trend in standard deviation magnitude over
time shows three patterns: (1) linear, (2) concave,
and (3} convex. We consider jack pine, paper birch,
and black spruce Lo be linear. Red pine, white pine,
aspen, and white spruce-fir are judged concave.
Tararack and northern white-cedar appear to ex-
hibit more of a convex pattern. With only two

points, a trend cannot be assigned to the northern
hardwood type (fig. 4).

The least desirable standard deviation trend
type would be convex; linear would be better, and
the most desirable would be concave. Trend type
alone, however, is not sufficient to rate the good-
ness of projections by forest type, because it is
confounded with standard dewviation magnitude
and the ratio trend itself. For example, we rate
white pine, red pine, aspen, and white spruce-fir as
having the best standard deviation trend type
{concave), but none of these rates low on standard
deviation magnitude. The northern white-cedar
type shows a linear trend type and it has the lowest
standard deviation. Because of these conflicting
relations (fig. 3) it 1s not possible to say which type
is projected the best (as measured by predicted vs.
actual mean diameter). It is, however, possible to
identify three candidates for "poorest” rating:
quaking aspen, paper birch, and tamarack. A more
definitive analysis could probably be made if num-
bers of trees were also included.

Table 5 summarizes the results of the precision
analysis based on individual plot ratios of pre-
dicted to actual mean diameter for each forest

type.

Table 5.—Summary of precision analysis findings
for projections of mean stand diameter
(all results are based on Cloquet Forest
plot data except the northern hardwood
type, which is based on NH-2 from Up-
per Michigan)

Compar-
Trang in ative Tima
ratlp o avarall rend In
Forast lyps projected 1 magnliude  magnituda
actual mean  of standard  of standard
plot diameter deviation daviation
Jack pine linear smal linear
Red pine concave medium  concave
White pine concave medium  congave
White spruce-fir concave medium  concave
Black spruce lingar small linear
N. white-cedar convex small convex
Tamarack convex medium  convex
Northern hardwood NA medium NA?
(uaking aspen congave large concave
Paper birch linear large linear

*Not applicable because only two peints in time are available.



SUMMARY

Tests of the projection system were based on
comparisons of predicted and actual mean diame-
ters, number of trees per acre, and basal area per
acre for two data sets: (1) selected properties from
the calibration data base, and (2) an independent
data base. A summary of the important findings,
organized around two central questions, is given

below.

I. Isthe method of combining system parts sat-
isfactory?

1.

The method of combining system parts
(potential, modifier, allocation rule, mor-
tality, etc.) is satisfactory.

. Many of the calibration data base proper-

ties are projected very well for up to 30
years (fig. 2).

. Properties with small trees are generally

less well projected (e.g., NC-26, NC-32,
NC-18, Nettleton, NC-59, fig. 2) than
those with large trees.

. Sizable growth rate differences for jack

and red pine appear between Lower
Michigan and Wisconsin-Minnesota. If
validated by further checks, this indi-
cates the need for separate coefficients for
at least Lower Michigan.

Projections of average diameter are bet-
ter than numbers of trees, which are bet-
ter than basal areas.

IL. Is the projection system applicable to other
areas in the Lake States?

1.

The projection system did a reasonably
good job of projecting plots from Minneso-
ta, Wisconsin, and Upper Michigan.
These plots had not been used to calibrate
the system.

Consistent positive bias (as much as 6
percent in 17 years) was found in pre-
dictions of mean d.b.h. for several cover
types on the Cloquet Forest in
Minnesota.

3. Variable-radius plots (10-point cluster
design of Forest Survey) can be satisfac-
torily projected for 10 years, although
mortality is sometimes overestimated for
plots with many small trees.

4. No discernible deficiencies were found in
projection capabilities for any species in
the independent data sets as geographi-
cal location changed. It should be noted
that we had no independent data set from
Lower Michigan.

5. The standard deviation of the ratio of
projected to actual mean plot diameter
showed three types of trends when plot-
ted over years since the original mea-
surement: concave, linear, and convex.
Northern white-cedar and tamarack for-
est types showed the least desired (con-
vex) trend. Red pine, white pine, white
spruce-fir, and quaking aspen showed the
most desired (concave) trend.
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PRECIPITATION AND TEMPERATURE
TRENDS IN THE LAKE STATES
FOR SELECTED WEATHER STATIONS

Jerrilyn LaVarre Thompson, Forestry Technician

The purpose of this report is to summarize
trends of precipitation and temperature at se-
lected locations in the Lake States and discuss
these trends and their possible impact on the cali-
bration of a forest growth projection study. Sub-
stantial differences in the rainfall or temperature
between the peried used for calibration and future
veriods could have an effect on the accuracy of the
projections.

Previous work on the impact of climate on tree
growth has indicated a close correlation between
precipitation and radial stem growth (Dils and
Day 1952). The transition from wet years to dry
years induces a gradual, rather than sharp, de-
crease in tree growth, reflecting a lag in soil mois-
ture response to decreased rainfall. The reverse
transition from dry to wet periods produces imme-
diate growth response because soil mowsture is
replenished more rapidly than it is lost by evapo-
transpiration. Temperature also affects tree
growth, primarily because it regulates growth ini-
tiation in the spring (Dils and Day 1952). Howev-
er, we have made no atlempt to correlate chimate
data and tree growth in this report.

DATA SOURCES

Most of the data in this report were obtained
from records provided by the Minnesota State Chi-
matology (fTice, 1903 Hendon Avenue, St. Paul,
Minnesots 55108, Additional data were obtained
through correspondence with Forest Service per-
sonnel in Michigan,

Precipitation and temperature data for the 6-
month period, April through September, were
compiled by month for 11 weather stations
throughout Minnesota, Michigan, and Wisconsin
from the vear of each stalion’s establishment

through 1976 (fig. 1). The criterion for weather
station selection was the station’s proximity to
permanent studies of forest growth.

In all but two cases, both precipitation and
temperature were recorded at each station. At the
Cass Lake, Minnesota station, only precipitation
was recorded: at the Virginia, Minnesota station,
temperature was the only variable recorded.

Precipitation was recorded by month at each
station from April through September from the
year of station establishment through 1976. Tem-
perature was not recorded in the annals monthly
until 1931; consequently, the values prior to 1931
are the April through September averages from
the date of station establishment through 1930,

Minnesota and Wisconsin temperature values
were recorded by month from 1931 through 1976.
Michigan monthly temperature values were not
recorded until 1941 at Cadillac, and 1951 at Alle-
gan, Grayling, and East Tawas. No temperature
information was available for Grayling or East
Tawas until 1931; from 1931-1951, only the April-
through-September average was available. April-
through-September temperature averages were
recorded for Cadillac and Allegan from station
establishment to 1941 and 1951, respectively.

*ROWING SEASON

Prior to discussing the data analysis, the term
“growing season” as used in this text should be
defined. Usually the growing season is described
as the period between the last killing frost in the
spring and the first killing frost in the fall. Some
factors that determine whether a plant will be
killed by frost are species, age, time of year, and
duration and rate of freezing (Moran and Morgan



i
[
Cass Lake (1906) |

Virginia (1908)

[ 4
[ ]

|
Leech Lake (1887)
O
Cloguet (1311)
|

River Falls (1918)

|| T
] Long Lake (1908)

1 .
e \ : East Tawas (1897)
Cadillac (1909) " |

I e
Waukesha (1892)

|
|

Figure 1.—Location and date of establishment of meteorological stations.
Monthly (April to September) precipitation and temperature infor-
mation was recorded from each station, except Cass Lake, where only
precipitation was recorded, and Virginia, where only temperature

was recorded.

1976). The Weather Bureau commonly designates
the growing season as the “freeze-free” period,
when minimum temperatures are greater than
32°F. (0°C.). Another measure employs a 28°F.
(-2°C.) free period, which accommodates for local
temperature variations.

In the Lake States the frost-free period gener-
ally extends from April through September.
Moran and Morgan (1976) cite the three Wisconsin
stations used in this study as having 28°F. free
periods that range from 110 to 195 days. The Min-
nesota stations, Virginia, Cloquet, and Leech
Lake, have 28°F. free seasons that extend from 104
to 159 days (Baker and Strub 1963). While most
tree growth occurs in June and July, it does begin
as early as April and can continue until Septem-
ber. Therefore, in this study we have defined the
growing season as the 180-day period from April
through September, to include all tree growth oc-
curring in any year.

DATA ANALYSIS METHODS
AND RESULTS

To prepare the information for analysis, several
steps were taken. The monthly precipitation data
were added to obtain growing season rainfall to-
tals. Average temperatures for each growing sea-
son were also calculated.

Five-year averages for both precipitation and
temperature were calculated for each station from
its date of establishment through 1976 (figs. 2 and
3). “Even” 5-year intervals were used for ease of
manipulation (i.e., 1901-1905, 1906-1910, etc.).
The first average for a station may include more
than five yearly measurements to accommodate
this scheme. For example, Allegan, Michigan pre-
cipitation data began in 1909, but the first “even”
interval is 1911-1915; consequently, the first in-
terval is 7 years, from 1909-1915. All subsequent
averages are 5 years, except for the last interval,
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1971-1976. The average for an interval is plotted .

at the endpoint of that interval.

Trends in precipitation and temperature were
analyzed for three periods: (1) station establish-
ment through 1976; (2) station establishment
through 1935; and (3) 1936-1976. The period 1936-
1976 encompasses the interval when fleld mea-
surements for the forest growth projection study
were taken, and is referred to as the calibration
period (Christensen et al. 1979). In addition, the
months of June and July were analyzed separately
for the calibration period. Soil moisture is critical
during these months, because it is then that soil
moisture deficits are first apparent, and it is also
the time when most growth occurs (Fraser 1962).

Yearly fluctuations in precipitation for the vari-
ous weather stations are large, yet there are some
notable trends. For example, in Minnesota from
1911 through 1976, growing season precipitation
at the Leech Lake, Cass Lake, and Cloquet sta-
tions increased slightly overall, as shown by linear
regression analysis. Until 1940 a decrease in rain-
fall was recorded for all three stations. Cass Lake
showed a marked increase in precipitation from
1941 to 1976 (fig. 2a). Leech Lake showed an in-
crease in rainfall from 1940 to 1945, but a gradual
decline from 1946 to 1976.

Cloquet showed-a decrease in precipitation from
1940 to 1976. From 1936 to 1976 for June-July
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rannfall gradually increased at all three Minneso-
ta stations.

in Wisconsin, precipitation increased from 1918
to 1976 From station establishment to 1876, the
Long Lake and Hiver Falls stations showed in-
ereasing ramfall arounts, but the Waukesha sta-
tion recorded a decrease (g, 2b, The peried from
station establishment to 1935 was generally drier
than the perned from 1936-1978. The 1936-40 in-
terval marked an increase in ranfal] for a decade.
Since 1940, all Wisconsim weather stations have
recorded an overall decrease in precipitation, For
the June-July analvss, Long Lake and River Falls
showed a decrease in the amount of rainfall, while
Waukesha showed an increase.

o

In Michigan the overall trend from 1909 to 1976
was one of decreasing rainfall (fig. 200, From sta-
tion establishment through 1976, Allegan and
Cadillac exhibited this downward trend; however,
Graviing and East Tawas showed an increase in
raanfall for the same period. From station estab-
tishment to 1935, East Tawas experienced pro-
gressively more raunfall, while the other Michigan
stations experienced a drymg trend. During the
calibration period these trends continued, Howev-
er, the June-July analysis showed decreasing pre-
cipitnlion at Graviing and increased precipitation
at the other stations.

In the Lake States overall, the period from the

various statons’ mméaimhmmt to 1935 was gener-
ally drier than the calibration period {1936-1976),
Following 1935, which marked the end of the
"Dhust Bowl” ers, precipitation increased for a dec-
ade throughout the Lake States. This was followed
by a general dryving trend through the 1976 grow-
ing season st all stations in the study, except at
East Tawas and Cass Lake,

The avernge precipitation for the Lake States
from station establishment through 1976 was 19.5
inches. From station establishment through 1935
the average was 18.7, and for the calibration peri-
wd, 1936-1976, the average was 20.0 inches. Wis-
consin had the highest averages: 21.0, 20.0, and
21.4 inches for the periods from station establish-
ment- 1976, station establishment- 1935, and 1936.
1976, respectively. Minnesota had an overall aver-
age of 18.7 inches, a station establishment-1935

average of 174, and a calibration period average of

18.5 inches. Michigan averaged 18.9 inches over-
all, 186 inches from station establishment-1935,
and 19.1 inches during the calibration period.

G4

Temperature trends tor the study period did not
fluctuate as much as precipitation p: dwrm Sta-
tion temperature values were fairly constant
through time, but varied by location. XH egan had
the highest calibration period average, 63.2°F.
(17.3°C ., followed by Waukesha and Re’wr Falls
with 62.0°F. (16.6°C) and 8153 F. 1 16.4°C, re-
spectively. Cloquet had the lowest average,
56.3°F. (13.4°C.

Because H-vear averages in Minnesota and Wis-
consin were not available prior to 1931, and be-
tween 1941 and 1951 in Michigan. the information
on temperature trends 1s [imited to the calibration

period.

Each State showed a slight cooling trend for the
alibration period when linear regression analysis
techniques were applied. On a station-by-station
basis, however, only six stations exhibited a cool-
ing trend. The other four stations— Leech Lake,
River Falls, Waukesha, and Cadillac— indicated
shight warming trends (fig. 3.

When June-July temperatures were examined,
they were similar to the growing season trends at
all stations except Cloguet, which showed gradu-
ally increasing June-July temperatures.

The average Lake Btates yrowing-season tem-
perature for the period from station establishment
to 1976 and for the calibration period was 53.9°F.
(14.9°C.). The corresponding averages for these
two time periods by State are as follows: Wiscon-
sin— 60,1 (15.6°C), and 80.0°F.  15.5°C 0 Mich-
igan—59.5°F. (15.3°C ) for both periods; and
Minnesgota—57.0°F. (13.9°C and 57.1°F.
(13.9°C.).

Although the data indicate downward trends
for both precipitation and temperature during the
growing season and an increase in gnmpxmuun
for the months of June and July itable 1), these
trends may not continue into the future.

IMPLICATIONS OF FINDINGS

Precipitation and temperature are external fac-
tors affecting tree growth. They fluctuate both
yearly and over longer time periods.

It is logical to assume that short-term fluctua-

tions of both precipitation and temperature are
normal and that their overall effect on forest




Table 1.—Comparative growing season precipitation and temperature trends from Station establishment to
1976 and 1936-1976 (for the period 1936-1976, both the April to September and June and July

trends are summarized)

PRECIPITATION TRENDS
Minnesota Wisconsin Michigan
Cass Leech Long River East
Lake Cloquet Lake Lake Falls Waukesha | Allegan Cadillac Grayling Tawas
Staticn establ.-
1976
April-Sept. increase  increase  decrease | increase increase decrease | decrease  decrease increase increase
1936-1976
April-Sept. increase  decrease  decrease | decrease decrease decrease decrease  decrease decrease increase
June-July increase increase increase decrease decrease increase increase increase decrease increase
TEMPERATURE TRENDS!
Station establ.-
1976
April-Sept. increase?  increase increase decrease increase increase decrease decrease increase increase
1936-1976 .
April-Sept. decrease?  decrease increase | decrease increase increase decrease increase decrease decrease
June-July decrease?  increase increase | decrease increase increase decrease increase decrease decrease

'Michigan temperature trends from 1941-1976 at Cadillac, and from 1951-1976 at other stations.

2Virginia recording station.

growth is minimal. These fluctuations are re-
flected in seasonal growth variation. During years
of abundant rainfall and warm temperatures, in-
dividual trees or stands of trees put on more
growth. Conversely, sparse rainfall and cold or
extremely hot temperatures inhibit growth (Diller
1935). If these periods of highs or lows are pro-
longed, a marked difference in growth rates would
be expected to follow.

Since the projection system is calibrated on
measurements taken between 1938 and 1976, a
very favorable period for tree growth in the Lake
States, its use for projections into periods of un-
known precipitation and temperature must be
made with caution. Ifrainfall and temperature are
higher in the future than during the calibration
period, the probable result would be underestima-
tion of tree growth by the models. If, on the other
hand, the period following calibration is dry and
cool or dry and exceptionally warm for an extended
period of time, the models would probably overes-
timate actual growth.
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