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FOREST RESOURCES EVALUATION SYSTEMS--
A NEEDED TOOL FORMANAGING RENEWABLE

RESOURCES

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

The Forest and Rangeland Renewable Re- other needs expressed above, the Station must
sources Planning Act of 1974 requires the Secre- have the capability to acquire, process, and evalu-
tary of Agriculture to prepare a Renewable ate information about the current and future ex-
Resource Assessment for the Nation every 10 tent, condition, and use of the renewable resources
years, and a long-range Renewable Resource Pro- within the Region. An evaluation system must be
gram for the Forest Service every 5 years. The first designed specifically to fit the existing data base
assessment and program were published in 1976 and data analysis capabilities already existing for
(USDA Forest Service 1976a, 1976b). The second this Region. This system must be usable for re-

assessment is scheduled to be made during 1979, gional, State, and local assessments as the need
with a second program document based on this arises, and be compatible with any national as-
assessment due in 1980. These resource assess- sessment system developed.

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 WHAT SHOULD A
require resource assessments at the state and local RESOURCES EVALUATION
level for long-range resource planning and devel- SYSTEM DO?
opment. River basin and other special-area plan-
ners need resource inventory information for Obviously, we need an evaluation system that

political subdivisions updated to a common base can, using basic forest resource inventory and
year. other data available for a resource area, project

future forest resource supply and demand for the
Large individual private and public forest prop-

erties and management units likewise need re- area, and evaluate potential alternative resource
source evaluation systems designed to project management programs designed to change supplyor demand. Such a system or series of systems
prospective supply and demand from their prop- should be able to evaluate timber, wildlife, recrea-
erties, and to identify and evaluate potential man- tion, water, forage, and special uses of the forest
agement opportunities, resource and their interactions from an ecologic-

environmental, economic, and socio-cultural point
of view. There is little doubt that such a resource

NORTH CENTRAL'S evaluation system must be computer-based if it is
to handle the large amount of" information and

RESPONSIBILITY analytical procedures necessary for regional
assessment.

The North Central Forest Experiment Station of
the Forest Service, U.S. Department of Agricul- The dimensions of this job are enormous. They
ture, has the responsibility for conducting state- include economic, ecologic-environmental, and so.
wide forest resource inventories and regional cio-cultural evaluations of the following resource
resource assessments within the North Central use systems: timber, wildlife, recreation, water

Region of the United States. To meet these and forage, and special uses (fig. 1). For each resourc_
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Figure 1.---Potential dimensions of a forest resources evaluation program.

use system we must obtain and organize the phys'- EXISTING SYSTEMS
cal and biological information needed for evalua- ARE INADEQUATE
tion, and develop methods for doing this within

reasonable cost and time constraints. We also A forest growth projection system capable of
must develop and apply methods for evaluating handling the complexities of the real world in
economic and social costs and benefits of defined enough detail to evaluate alternative stand treat-alternatives. Substantial work is needed to deter-

ment programs has not been available in the past.
mine the nature and extent of interrelations Individual growth and yield models have been de- i

/ among the various resource use systems so that veloped, but mainly for pure stands of single spe-
these can be considered in evaluating opportuni- cies or for a few types under limited conditions.
ties and making regional assessments. These These, however, have proven to be inadequate in
analyses should be made for the different resource dealing with the mixed ages, sizes, and species, the
components, resource owners, owner organization non-normal stocking, or the high proportion ofcull :
levels, and resource users (both direct and indi- trees that often typify existing stands. Because
rect), and for different spatial and temporal ex- each model was developed independently, using
tents. They also should recognize the degree of different kinds of inputs and producing different
uncertainty regarding our knowledge, kinds of output, attempts to incorporate them into

Because the existing forest resource is usually a comprehensive anal_¢ical system have not been
in a condition far from ideal, such an evaluation successful. Also, since no growth and yield models
system must be capable of dealing with the re- exist for many forest types and stand conditions,
source situation as it exists on the ground. It must any system developed from existing models would
be able to handle the entire range of sites and be, at best, incomplete.
stand conditions, all levels of tree stocking, cull It is doubtful that a comprehensive system capa-
and sound trees, and almost every conceivable ble of conducting integrated multi-resource,
mixture of tree species and sizes. It must be able to multi-use, multi-objective evaluations simultane-
produce both short- and long-run projections of ously will be successfully developed in the near
resource conditions for a wide range of potential future. Rather than wait until a complete system
management treatments within an acceptable lev- is developed, the North Central Station has de-
el of accuracy. Further, it should be able to handle cided to develop parts of the system now. Since
the other components of forest ecosystems besides much work already has. been done on the timber
trees in order to cover all forest uses. resource, developing a computerized system to
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evaluate the timber resource in economic terms in response to proposed management activities. To
was chosen as a logical first task. Later, other be useful for regional analyses, such a forest

resource components will be linked to timber, growth projection system must handle all forest
conditions encountered in forest inventories. In

WHAT'S THE FIRST STEP? short,it must be a generalized forest growth pro-
jection system.

As a first step in meeting the need for a regional

forest resource assessment system, we are devel- This growth projection system must project fu-
oping a computerized timber resource projection ture forest growth on forest inventory plots so they
and evaluation system that will update and project can be updated to any given base year. To do this
timber inventories and product yields, determine adequately it must account for growth on all trees
the extent of potential stand treatment opportuni- inventoried, mortality, recruitment or ingrowth of
ties, and evaluate from an economic standpoint new trees, and removals of trees through cutting.
potential programs to increase future timber sup- It must cover the entire range of site and stand
plies. Figure 2 shows the major components of this conditions encountered.
system that require development. Each of these
components in turn includes subcomponents that
will require considerable research. This growth projection system also must project

the response of individual stands or classes of
stands to prescribed treatments, such as precom-

THE GROWTH PROCESSOR mercial thinning, partial cutting, and cull-tree
NUCLEUS OF THE removal, so treatment opportunities can be evalu-

RESOURCES EVALUATION ated. When fully developed, it will also be used to

SYSTEM estimate potential yields from fully-stocked
stands to establish the potential productivity of

Basic to this timber resource evaluation system specified sites. Such a system is basic to many
is a subsystem to project future stand development types of timber resource evaluations.

ANOUEMAKET] ICHANGE PRICES _ = BENEFITS

PLOT DATA TREE REMOVALS EVALUATION _, PLANS,
PROGRAMS

,,

GROVVTH 1 i TREATMENTI _'l COSTS
PROCESSOR I _ PRESCRIPTION

Figure 2.--Major components of a tim ber resource evaluation system for econom-
ic analysis.
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NORTH CENTRAL'S alternatives in many stands. With further devet-

APPROACH opment it will provide the basis for a timber re-
source evaluation system for regional forest
resource assessments.

In recognizing the need for a new approach to
this problem, researchers at the North Central

Forest Experiment Station have developed acom- LITERATURE CITED
puter-based, generalized forest growth projection
system that can be used as the basis for a timber USDA Forest Service 1976a. RPA: The nation's
resource evaluation system. The details of this renewable resources--an assessment, 1975. 345

system are summarized in the papers that follow, p. Washington, D.C.
Although the system is still under development, it USDA Forest Service 1976b. RPA: A recom-

already can project short-run growth responses in mended Renewable Resources Program. 648 p.
enough detail to be useful in evaluating treatment plus Appendices. Washington, D.C.
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Rolfe A. Leary, Principal Mensurationist
S
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A major new direction is surfacing in the devel- The first was to capture, to the degree possible, the
opment of'forest growth models. The trend is away "essence" of the process of stand growth and devel-
from single-species models toward models suffi- opment. Thus, I sought a structural similarity be-
ciently general to handle any pure or mixed stand tween the model and the forest stands. The second
of any structure and density on any site. This pa- objective was to accomplish the first objective as
per explains the design features of a generalized efficiently as possible.
forest growth projection system that can be used

for short- to medium-range projections of existing From the standpoint of modeling, a forest stand
stands. The details are found in other chapters of can be viewed as a set of interactive, differential
this report, energy transformers and accumulators (Leary

Development of mathematical equation models 1970b). Thus, to model forest stands, one must deal
of forest growth has been an active area of mensu- effectively with these five key concepts: (1) set, (2)
ration research for the past 40 years. One of the interactive, (3) differential, (4) transformer, and
early studies reported was that ofMacKinneyet al. (5) accumulator. Nearly all models address these
(1937). In the early work, goodness of fit of model concepts, although they may be given different
to data was the primary discriminating variable in names or not be identified explicitly.
model selection. Grosenbaugh (1958) developed

this to a highly detailed state. Little consideration From "set" we know we are dealing with an
was given to generality or theorification potential, aggregate of individuals; from "interactive" we
Most models applied only to pure stands of a single know the individuals in the aggregate are inter-
species with relatively simple stand structures, acting; from "differential" we know that not every
The last 5 to 10 years have seen many efforts to individual in the set is the same; from "transform-
develop growth models general enough to handle a er" and "accumulator" we know that the individu-
variety of conditions (Fries 1974). The models for als are both factory and warehouse. If we can
some species are quite detailed, giving a high reso- develop a mathematics that will address each of
lution level, but other models, especially for eco- the concepts and synthesize them into a whole, we
nomically unimportant species and mixed stands, mayhave some structural similarity between
are still at low resolution levels. Several approach- model and nature.
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 My preference was to look first to "transformer"
additional forest conditions, and "accumulator" when shopping for a mathe-

matics to use. This nature-based constraint on our

shopping list directs us to differential equations.
DESIGN OBJECTIVES For the sake of simplicity we go to first-order ordi-

nary differential or difference equations. Here we
I had two fundamental objectives in designing see the symbolic expression of this ideal:

the model part of this growth projection system.

_Arney, J. S. 1977. Personal communication, dY..... or _Y_=f(Y .... )
Centralia, Washington. dt At
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Verbally these symbols are saying: "that which AY1 s ,
=f(density, site, stand history,...) i__

results from growth is itself typically capable of At b'_:o
growing". It is important to understand that Y is c (: sT I I

the dependent variable in this equation and t the AYn =f(density, site, stand history,...), asUE TE O
independent. Persons accustomed to using regres- At _ ._
sion methods sometimes have difficulty, especially ,
with the differential equation form, because the Thus, we see that density, site, and stand history
dependent variable, Y, is on both sides of the are dealt with by making them arguments in the
equality, right-hand side of a difference equation. Stand

Once having made the critically important structure and species composition are accommo-
dated by changing the number of simultaneous

choice of a mathematics to use, we can proceed to
examine the possibilities for dealing with "set", equations.
"interactive", and "differential". The concepts of An important operational advantage made pos-
set and differential are complementary in the fol- sible by our choice of the mathematics of difference
lowing way: from set we easily consider subsets, equations is the ease with which resolution level
but not just any subsets. They should be structured may be handled. The next few sections of the paper
in a way so the individuals within a subset are are organized around the concept of resolution
similar and those between subsets are different, level. They reflect the current design state, and
Subsettingor stratifying an aggregate is a natural are in part chronological because a conscious
way to formalize differentia. Thus, the union of method used was one suggested by Polya (1945):
concepts "set-subset" and "differential" suggest take an insoluble (but apparently simple) problem
that we may need as many Y's as we have subsets, and embed it into a larger problem so as to create a
We turn, of course, from scalars to vectors to ac- class of problems. The reasoning is that the solu-
commodate this need. The result, in terms of a tion to the larger class of problems may be more
symbolic expression of our ideal, is now only obvious than the solution to the one simple
slightly altered: problem.

: For example, the potential choices of a model for

dYl__ or hYl_=f(y1 Y2,...) a single-species stand with unimodal diameter dis-
' ' tribution are numerous. Generalization to handle

dt At mixed stands with varying stand structures and
dY2 AY2 densities is possible with some and not with oth-or .... =f(Y2, Y1,...)
dt At ers. This eliminates a large fraction of the can-

didate models. Other forms are eliminated by
applying the reverse process, and assessing the

These equations must be solved together be- ability to reduce or collapse the complicated model
cause they are coupled or simultaneous equations, to a simple form for simple stands and less precise
We see that the mathematics of differential/differ- estimates. The result of this process is a tremen-

ence equations is so well-suited to our problem dous reduction in the number of feasible models
that in the handling of %et-subset" and "differ- that can make up the core of a generalized pro-
ential" we have also dealt with the concept of jection system capable of variable resolution
"interactive". levels.

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 HOW THE PROJECTION
selected allow us to account for these important SYSTEM WORKS
aspects of "stand"? The later sections of the paper
go into the details of this question, so here I will Like any system, the workings of the projection
only indicate their general occurrence in the above system may be broken up into three parts: input,
equations, output, and transfbrmation or internal workings.
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Part Form Transforming Input to Output
input a list of interacting trees show-

ing species, d.b.h., and crown The mathematical model for transforming the
ratio 2 for each tree. input tree list to an updated output tree list has

output a list of trees showing species, four parts: potential function, modifier function,
new d.b.h, and new status if tree allocation rule, and mortality function.
is a mortality tree.

transformation a stand component change The first two parts fit together as shown below:
['One year chang'_ [_tential yearl)')7 _umber 7 [_action of the 7

equation, an allocation rule, [ in sum of tree [ [d.b.h. growth l • [_ftreesJ • {potentialgrowth{

and a mortality function. {diameters for a { = ]fo r a tree | {actually {

[given number | [with mea n | _ccu.mng A

_tree, _J {cro_.rat,o !
{and dbh on a [
]given site __]

Input and Output In symbolic equation form the relationship is:

AY= [PDG].[NT].[MODIFIER] (1)
The input list must identify each tree's species At

and d.b.h, and hopefully its crown ratio. Although
many temporary inventory procedures do not re- The potential function is designed to estimate
cord trees in this detail, it is possible to fabricate a how rapidly the mean tree would be growing in
tree list from a stand table that would, if summa- d.b.h, if it were not interacting with any other
rized, produce the stand table. Crown ratio is col- trees (Hahn and Leary 1979). The potential
lected by the national Forest Survey, but by few growth is multiplied times the number of trees,
others. This important, although usually missing, giving a potential change in sum of diameters for
input variable has been successfully approxi- NT trees. The modifier function reduces the poten-
mated through a simple relation between mean tial change to what has been observed from perma-
crown ratio and 10-year mean basal area density nent growth plots (Leary and Holdaway 1979). In
(Holdaway et al. 1979). We use crown ratio as an somewhat more detail, and with a slightly
indicator of stand history. It helps to tell us changed notation, equation (1) is:
whether a stand with 80 square feet of basal area AY
grew up from 40 square feet or was cut back from =If,( D,CR, SI)][NT][f2(Y,NT)], (2)
160 square feet. At

Output from the projection system is a new set of where:
d.b.h, values for the trees which survived the pro- f, is the potential function,
jection interval and a status change from live to _f2 is the modifier function,
dead for all trees projected to die. D is mean d.b.h.

CR is mean crown ratio,
Although the input tree list is aggregated to SI is site index,

form initial conditions for the system, the tree list Y is sum of tree diameters, and
is not discarded. This would be throwing away NT is number of trees.
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 The allocation rule disaggregates the projected

growth put on by NT trees, AY/At, to the individu-summarizing the output tree list is thereby sepa-
rated, as it should be, from the job of summarizing al trees on the input tree list. The simple rule:
the input tree list and growing the stand. Output [-percent of hV/At "] [percent of growing

{that should be given{ = f{stock represented ] (3)
tree list diameter class breakdowns should not be [_totree i _] [by tree i .J
forced on the projection system. They are normally
based on technology and economics, and are of no has proven to be a useful point of beginning for this
value in projection, task (Leary, et al. 1979).

The mortality r'de takes the allocated d.b.h.
ZCrown ratio is the ratio of full live crown length growth for each tree and, using an appropriate

to total tree height, function, computes a probability of death for a tree



of that species growing at the allocated rate (Buch- [P'otenti_: d.b.h.-'] Fractionaf potential']

[growth of mean[ rnumber of 1 [that second species[
man 1979). Equation (4) shows this basic relation: AY2/At=[ tree of second [ • [trees of .[attains due to pres- [

rProbability of 7 r/allocated d.b.h. _ x_ [species as a [ [second J [ence of trees of [

[death for i 'h / =f[[ growth for previous[ , (species)j • (4) [function of [ [2pecies ] spec!es two and /[_tree of speciesjJ L\period / LI_,-C-I_ and SI.__J t.N_ecles one ._1

AY1/At is disaggregated to trees of the first spe-
The computed probability is compared with a cies using a species-specific allocation rule, and

pseudo-random number drawn from a uniform dis- AY2/At to trees of the second species. Mortality
tribution on the interval [0,1]. If the random num- probabilities are computed with species-specific
ber is less than the computed probability, the tree coefficients in the mortality equation. An updated
is called a mortality tree, and its status changed to tree list is then ready to be summarized again and
reflect this. It does not enter further in the pro- projected for another period.
jection computations.

Let us go back and take a closer look at the
Once the mortality has been specified and the modifier function, since it, of all parts of the model,

tree list otherwise updated, it is again summarized is changed the most. The functional form of the
for input, and equations (2), (3), and (4) are exe- modifier used to date has been:
cuted to project another year's growth. The entire

process is repeated over and over again as many [1-e fl/f(Y,NT) ]. (6)
times as the user desires.

The form in (6) is used when the model is for a

Throughout this discussion it has been implicit single species, hence has a single equation_the
that all trees in the stand would be grouped togeth- lowest resolution level possible. Here fl represents
er and projected with a single equation. Thus, at how the species interacts with itself in a pure
this level of resolution the model is at the stand stand. When going to a mixed stand, fl is not
model end of the stand model-tree model contin- changed, but the denominator of the exponent is,
uum of growth models, as follows:

In moving away from the stand model we go to
stand component models, wherein groups of trees AY1

-[PDGI] [NT1]
in the stand are projected with different equations. At
The key to this flexibility lies in the use ofsimulta-

/ neous equation models and in the particular form I fl_ 1of the modifier function. The potential function, -e /(fl (Y1,NT_)+ w_f_(Y2, NT2,Y1, NT_))
allocation rule, and mortality functions are little
affected as resolution level is changed. (7)

AY2
- [PDG._,][NT..,]

At

LOW RESOLUTION MODEL I1 f12 1STRUCTURE -e /(f_ (Y2,NT2) + _o.,f_.(Y1, NT_,Y2, NT2)) ,

When the projection system is operating at a low where

resolution level, the input tree list is summarized fl_,fl2 represent how species one and two, re-
into two or more groups called components. For spectively, affect themselves when grow-
this discussion we assume that tree species is the ing in pure stands,
breakdown criterion. If one has, for example, a f,, f2 are functions of sum of diameters (Yi) and

two-species mixture, the input tree list is summa- number of trees (NT_)of the species being
rized into two components. Each component is projected, and
projected by one of a system of two simultaneous oJ_ are the coefficients that tell how species
equations as follows: two affects species one (first equation) and

_otentiald.b.h. ] _fraaionofpotential_ species one affects species two (second
Igr°wthofmean ] rnumberof'] Ithatfirstspecies[

aYl/ntltreeoffirstspecies[.[treesof | .lattainsduetopresq equation).
[asa functionof [ [firstspecies[fenceoftreesof ]

" _ [speciesoneand I_ Ifco_=I,thisindicatesthatspeciestwo affects
_-,,FI_, andSI, J Lpeciestwo J(5) species one the same as species one affects itself. A
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l similar interpretation may be given to _o2= 1. The change classes, summaries of permanent growth

specific forms of the functions f, and f2 in equation plot data do not have discontinuous trends caused
(7) are discussed in detail elsewhere (Leary and by trees growing into and/or out of a class. The
Holdaway 1979). summaries, such as basal area in a class at several

_- points in time, show fairly continuous changes.
d This allows modern calibration methods to be used

y to estimate the fl and _o values (Leary 1970a,
ic 1970b, 1972, 1975; Leary and Skog 1972). (2) Com-
d putational efficiencies are gained in the projection

INTERMEDIATE STRUCTURE process itself since it is not necessary to check the
correctness of class assignment as the trees' diam-

Intermediate level models differentiate not only eters are increased. An added benefit is that the
by species but also by size within species. Thus, the user has the choice of not applying the allocation

, input tree list is partitioned by size class within rule-mortality submodels every year, rather only
: species. How do we incorporate size of tree into the when output is desired.model?

The third aspect is treated by partitioning the
There are three separate but related aspects to list of trees of each species into relative size group-

'this question. One has to do with the mechanism ings rather than into size groupings set on a cardi-
by which the model handles size in addition to nal scale of numbers. If, for example, we use two
species. The second aspect deals with the class size equations for each of two species, the d.b.h.
movement problem _ the movement of trees from class limit might be such that a predeterminedone size class to another. The third deals with

percent of the trees are larger than the limit and
choosing class bounds for aggregating the input the rest smaller. By using this relativistic ap-
tree list. proach when calibrating the modifier function,

The first aspect is easily handled because the each equation of the simultaneous system is as-
model form is such that equations may be added to sured of having trees present in the class it repre-
the system to project size classes within species, sents. In using the model for projection, we avoid
When this is done the denominator of the exponent the computational inefficiencies incurred when
in the modifier function is more complex, but the many equations (size classes) have no trees in
potential function, allocation function, and mor- them. Of course, mortality or partial cutting could
tality function remain essentially unchanged. The cause some of the relativistic classes to have few, if
modifier function for the first equation would take any, trees, but this can always be rectified by real-
on a form such as: locating the trees to the classes.

fl_/(f_(Y1,NT_) + w_ f_ (Y2,NT=,Y1,NT,) + The increased precision that occures from add-
1-e ing more size equations is not known at this time.

_o_f_(Y3,NTa Y1,NT1) +...) (8) It is anticipated that three equations per species
will meet many needs.

The denominator of the exponent of e thus has
the form of a linear combination of interaction The allocation rule works as before except that
coefficients and functional relations between the the percentages are based on each component-that

component being projected and all other compo- is,
nents. This pattern of relations (8) is repeated for
each size class within each species, that is, for each

equation in the system. _.ercent of_hY12_ =f Ist°ck_ercentof growing,tincomponent 1The second aspect, how to move trees from one [that should be | [_epresented by tree i (9)
class to another, is dealt with by keeping all trees [given to tree i _Jin 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 Again, the workings of the mortality submodel are
trees changing classes. Two substantial benefits unaffected by resolution level. It functions the
result from this approach: (1) Because trees do not same as for the simplest model.
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MODEL STRUCTURE allelism. The relation of the jobs to each other and
to the data base is shown in figure 1for the present,

Let's skip now to the highest resolution level nearly parallel effort, and for a hypothetical serial
that this model can produce. It is attained when effort. Figure la shows that only the modifier func-
the number of simultaneous equations is in- tion development is dependent on completion of
creased until each tree is in a class by itself, hence another part before it can be totally completed.
projected by a separate equation. In this way it is This allows a rapid updating of coefficients in all
clear that there is a continuum of growth models models once a new or updated calibration data
from stand (all trees in one class) to tree (one tree base is available. It also minimizes the amount of
in each class), work needed to recover from errors. Figure lb

In going to the highest resolution level the basic shows a serial or cumulative type of model devel-
model structure is the same: opment. This approach has two major disadvan-

tages: submodel 4 cannot be completed until sub-
AYk-[PDG_.] [1] model 3, and so on, and an error in submodel 1
At requires changes in submodels 2, 3, and 4 as well

I1 fl/(f_ (yk)+ _ o_f2 (yk, y_, xk_x_, yk_yj)_ .(10) as in itself. Both of these disadvantages relate to-e _=_ the speed with which work can be accomplished.
Models of a serial or cumulative nature are best

Here the denominator of the exponent of e has the constructed by one person.
same formulation as many individual tree growth

models. Yk is now the diameter of the subject tree A,LOCAT_O__U__,,. _ / _O_,,_ _u_C_,O_
with spatial coordinates x_.,ye.The neighborhood
trees are of diameter Y with spatial coordinates a , _o_ _u_c_,o_

The function f_characterizes the competition _
x_,y_.
factor common to these formulations. _oo,_,__u_c_o_

The potential function now predicts the maxi-

! mum d.b.h, growth of a single tree with diameter _su_i°_ _' Y_, crown ratio CRy, on site, SI. The allocation rule

is no longer needed because in equation (10) tree i b _su_i_'_is 100percent of change as well as growing stock. It
can be retained, however, by making the func- su_o_

tional relation in (9) the identity relation. The 1 _mortality function and relation operate normally,
SUBMODEL 4

giving an estimate of the probability of death
based on AY_./At rather than the disaggregated Figure 1.--(a)Relation between data base and sub-
growth given by the allocation rule. models for current design showing a nearly par-

allel structure. (b) Relation between data base
and submodels for a hypothetical design show- i::

EFFICIENCIES OF THE ing a serial structure. :_

DESIGN
Efficiency of the design may be viewed from a (b) Efficiency is related to use of information in :_

number of perspectives. Consider the following: the calibration data base. _!_
Recall that a design feature of the model calls for :=_(a) Efficiencies in modeling permitted byare

each tree to be assigned to a particular class and to _:i

breaking the overall problem into smaller, remain in that class, and for the size distribution of 1
semi-independent parts, trees to be partitioned so that about the same num-

When the overall model is decomposed into the ber of trees is in each class. When these two fea-
potential, mortality, and modifier functions, and tures are combined it is possible to use a multi-
an allocation rule, efficiencies result because all point boundary value problem approach to the es-
but one can be separately completed prior to a timation of the modifier function. The source of

10
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- efficiencies here is that a boundary value approach (d) Efficiency is gained by building into the
! does not require the taking of differences, often model the response to treatment.

over uneven time intervals (see table 2, Christen-
The particular form of the right-hand side of the

[ sen et al. 1979). Numerical analysts caution difference equations helps answer the question of
against taking differences of a noisy signal be- stand response to a treatment calling for tree re-

' cause doing so accentuates the noise relative to the movals. This is made possible by having an upper
true signal. The regression approach, wherein dif-
ferences are taken, admittedly used in the poten- limit of component change, given by the product of

potential growth and number of trees, and a modi-
tial, mortality, and allocation rule, ignores this fier of the upper limit, expressed as a function of
caution. Keeping a small noise-to-signal ratio is
very important in regions of the country where stand density. The modifier has a form such that as
forest growth rates (i.e., signal strengths) are rela- density increases by growth, the value of the modi-

fier decreases, but if density is abruptly decreased
tively low. by cutting or mortality, the modifier is increased

When the input tree list is partitioned by abso- (fig. 3).

lute size class limits, for example, 4.0-5.9, 6.0-7.9, (e) Efficiency of computations must also be con-
etc., in a stand table projection, numerous stands sidered.
to be projected may have no trees in the upper or
lower classes. When the input tree list is parti- Here the concern is the number of arithmetic
tioned on a percentile basis, each size class is cer- operations that must be performed per unit of out-
tain of having a number of trees present. This put information; for example, an updated tree list.
ensures that the calibration data base information The multiple resolution level design feature is re-

available to develop the projection equation coeffi- sponsible for most of the gains here. If one wishes,
cients is used on every plot. Figure 2 compares the the number of equations may be reduced to one (for
traditional stand table and relativistic approach to a pure stand), and the tree list diameters updated
tree list partitioning, every l0 years rather than every year. Doing this

would have an effect on the precision of estimates
(c) Efficiency is related to simplicity of the of future forest conditions, but it wouldmaterially

mathematical equations, reduce the computational load to produce an up-

When using differential/difference equations dated tree list. The trade-offs between computa-
such as dY/dt or AY/At=f(Y) to explain a pattern of tional load and precision of estimates have not
Y over time, also given by Y=g(t),the rule is that f been thoroughly examined at this time.

is algebraically simpler than g. In fact, quite sim- (f) Efficiency in computer hardware require-
ple functions, f, can produce an extremely varied ments should be a part of the design.
pattern of Y values over time. The use of systems of
difference equations to handle the process com- The design of this projection system is such that
plexity introduced by mixed tree sizes and species one is not restricted to either a large storage capac-
helps to keep the right-hand side of each equation ity or extremely fast digital computer. Storage
as simple as possible, requirements can be reduced by such measures as:

a I ,2 f 3 i o j,

b f,o I 5 I , I
e_oeo ooe • • • • m

1 2 3 4 5 6 7 8 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 _/2,_/4, _/4

11
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PROPORTION OF
POTENTIAL

1 '

MODIFIER INCREASED l
BECAUSE OF DECREASED|

DENSITY .L

MODIFIER REDUCED T
BECAUSE OF INCREASED |

/

DENSITY

DENSITY
DECREASED DENSITY iNCREASED DENSITY

BY MORTALITY AND BY GROWTH

CUTTING

Figure 3._Relation between changes in the propor-
tion of the potential change, increased density
due togrowth, and decreased density due to mor-
tality and cutting.

(1)projecting shorter tree lists (i.e., smaller plots), to finding optimum sampling intensities wherein
and (2) using lower resolution levels. Execution sampling intensities have precisions and costs as-
times can be reduced by employing both of these sociated with each.
measures and by updating tree diameters and esti-

The use for which a growth projection system is
mating mortality every l0 or so years (rather than

intended, it has been argued, determines the reso-
every year). By a judicious combination of mea-

lution level at which one should operate. Anothersures to reduce both storage and execution time
consideration is the following relation betweenrequirements, it is anticipated that the projection

system can be made to function on both full-size dimensionality of the model (equivalent to my res-olution level) and the time horizon over which
and mini-computers, projections are to be made:

DIMENSIONALITY d=f (_) k_ (11)

The fundamental premise in calling the higher where h is the time horizon over which pro-jections are to be made,
dimensional models higher resolution models is d is the dimension of the model state i
based on the reduction in heterogeneity within vector,
class as class "width" is reduced. Theoretically, as k a is a constant for a given accuracy or iI
heterogeneity is reduced, ability to predict growth precision level, and _!
is increased. In a practical sense, however, the f is a function (Kahne 1976).
increased predictability may not be a linear func-
tion of number of classes (equations}. In other For simplicity's sake, if f is assumed the identity
words, going from a single equation for a two- function the relation is:

species mixed stand to two equations may increase d = ka .....precision 20 percent, but adding two more equa-
tions may not increase precision another 20 h (12)
percent. We are confronted with the costs of cali- Thus, the model dimension should be reduced
brating and using whatever resolution level is , for long-range projections and increased for short-
developed. The determination of an optimum reso- range projections, to give the same level of
lution level for growth modeling seems analogous accuracy.

12
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The relation in equation (11) is apparently well- ._o

accepted by scientists involved in large-scale mod- -_. __

eling. In general, however, it is not accepted by °'_
scientists working in forest projection. Too often INP"T TReeUSTS f .... 5FU.M.T,UN, P.OJeCTeOT.ee
projections are made for any time horizon of inter- u _ (THE_OJeCT,ON) USTS " OUTPUT\ _,,) /
est without regard to the dimensionality of the _c@w_. j
model. Sometimes single tree models have given ^_
unreasonable values after projections for lO0 or
200 years, and this fact has been used to discredit Figure 4.--Schema of environment for unverified
the entire approach. On the other hand, stand (sin- projections.
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 ofreso-
lution levels.

In theory, 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 T_ .,ST _.O.,_CT,O.s_s_M/_o.,_c-_DT._ / "I _.,_NC_

!,_: course, have to calibrate at several, say three, lev- \ .............. j _,STS (

els, but from then on one would simply input to the _ tn system the resolution level a user desires or can _
_- .i: afford. The modifier function, as well as the other _)

parts, would be computed by interpolation or ex- Figure 5.--Schema showing processor in a cyber-
s _ trapolation from the three calibrated levels, netic system invoicing use of permanent forest
)- : growth plots to correct the processor.
r

_ USE ENVIRONMENTS that, after a number of years has elapsed, a re-
- _ measurement of the plots be made and used as

_: Once the initial calibration of the projection sys- "experience". A comparison of the difference is the
,: tem has been completed there are at least three function of the detector, which passes the distribu-

types of environments in which it may be used. tion of differences back to a controller, which uses
) One environment is where the objective is simply it to modify the algebraic forms and coefficients in

!_ to project plot tree lists to a future time. This the projection system.

input-transformation-output schema is shown in Reason suggests that with an untested pro-
figure 4. The algebraic forms come from the design jection system one should not wait too long forphase, coefficients come from the calibration

another measurement _ an "experience" reading.
phase, and the input tree list may come either from It also suggests that when little deviation is de-
temporary or permanent forest plots. No pro-
jection system should be used in this manner for tected after such a reading one may want to project

for a longer period before the next check is made
prolonged periods of time without also being used

with "experience". Under conditions where exoge-in the second environment.
nous variables are thought important, for exam-

In the second environment accuracy and preci- ple, climatic variations, it may be desirable to both

sion of the projection system are evaluated. The fix an upper limit to the projection period and
) schema tbr this environment is shown in figure 5. automatically use the most recent "experience", in

Here, in addition to input tree list, projection sys- place of the most distant, to recalibrate the model.

tern, and output tree list, I have added the "experi- This would produce a running average type model,
ence", detector and controller parts to the schema, as opposed to a cumulative model wherein all past
This environment requires that permanent forest measurements are included in the calibration data
growth plot data be used for the input tree list and base.

13
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A third use environment is shown schematically LITERATURE CITED
in what I have called the scenario environment
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DATA BASE

Linda Christensen, Statistical Assistant,
Jerold T. Hahn, and Rolfe A. Leary,

Principal Mensurationists

The need for growth projection systems that measured; for others all trees greater than 0.6
apply to all forest conditions of an ownership has inches d.b.h, were measured. Some plots were
been emphasized by Lundgren and Essex (1979), located randomly or systematically throughout
and a candidate projection system has been de- the forest lands of an ownership. Other plots,
scribed by Leary (1979). Others have been de- coming largely from experimental forests, were
scribed by Ek and Monserud (1974), Hegyi (1975), all from similar quality sites.
and Stage (1973). All the descriptions make it
clear that a satisfactory model will not be devel- Measurement data from five properties were

supplied to us on magnetic tape, and data from
oped by analyzing a few growth plots. Rather, we five other properties were supplied on cards. The
need to have available a large amount of data. data from the remaining 34 properties were sup-
The data base for the current study covers 44
different studies in Minnesota, Wisconsin, and plied on the original field data collection forms.

Inconsistent form layout between studies added
Michigan. Included are 1,501 plots containing

considerably to the work of preparing field sheets i
484,574 individual tree measurements on 92,649 for direct keypunching. Data transcribing was
trees, avoided as much as possible, i

/ The purpose of this paper is to describe the
data base used to calibrate the growth projection During 1975 and 1976 each plot was visited and

one or more of the following variables was mea- _:
system from several perspectives: space, time, i
age, site, and species. The data base used to val- sured or estimated: d.b.h., crown class, crown

ratio, and tree status. These data were added to
idate the model is presented in Leafy et al. (1979) the already existing data.
and the data needed to implement the model are
described in Hahn and Brand (1979).

DISTRIBUTION OF
SOURCES OF DATA DATA SOURCES

Calibration of the growth projection system The spatial distribution of the data sources is
requires permanent growth plots with individual shown in figure 1. Lower Peninsula of Michigan
tree records at several points in time. Our sources data are entirely from plantations of red and jack
were plot records from (1) cutting experiments, pine. Wisconsin data are mostly from natural
(2) demonstration woodlots, (3) industrial contin- stands of hardwoods---oak-hickory type in the
uous forest inventory, and (4) personal records of south and west, and northern hardwoods in the
forest growth. In each case, the growth informa- north--and northern white-cedar. The two Wis-
tion came from permanent sample plots, rather consin plantation studies are Star Lake red pine
than complete forest enumeration. The plots adjacent to Michigan and white spruce near the
were all fixed size---either circular or square. Menominee Reservation. The northern Minneso-
Square plots varied from 0.1 to 0.5 acre, and cir- ta studies include natural and plantation studies
cular plots varied from 0.1 to 0.2 acre. In some of red pine and jack pine, and natural stands of
cases only trees greater than 9 inches d.b.h, were quaking aspen, white pine, and black spruce.
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t- Minnesota, Wisconsin, and Michigan.

n The distribution of data sources by 1977 age PROCESSING AND

o (time) and site (matter/energy) is shown in table STORING DATA
1. Each age-site table is for a different forest type.

Although the total number of plots in table 1 is Information on field sheets was either key-
1,501, 1,529 plots were available for use; howev- punched directly or transcribed to 80-column
er, the variable necessary for determining forest sheets and then keypunched. The card data, as
type was not available on 28 plots. The stand age well as all data from magnetic tapes, were put
at which plot measurements were used may be into a standard format on disk files for editing.

s as much as 20 to 30 years less than the ages given Following correction of all apparent data errors,
n in table 1. For example, the 26 jack pine plots in the edited data were joined with the following
k the 31-40 (age)-50 (site index) cell were 36 years information and placed in a master format:
_l old in 1977. They had, however, been measured
e since 1953 (table 2), so the measurements began (1) Mode of stand origin, treatment, replication,
e when the trees were 12 years old. property number, plot number.

;" The distribution of the data sources by starting (2) Site index, site index species, and year of
stand origin for up to five species per plot.

e date and elapsed time between measurements is
(3) Soils information.e shown in table 2. The oldest measurements were

made in 1938, giving nearly 40 years of observa- (4) Forest type.
s tions. Others are not far behind at 30+ years of (5) Denominator of plot size fraction.
f records. Not every plot on a property was mea- (6) Number of trees on plot.

sured where an "X" occurs in table 2. (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 PINE RED PINE W_I'rE PINE

Age : Site index class : A_;e : Site index class • A_a : Site index class iclsu: 30 : _0 : 50--7-_0 '.:0 : 80': 90 ":'i00: T°tal class: 30 : 40 : 50 : 60 : 70., 80 : 90 : IO01 'r°tal class: 30 : 40 : 50 : 60 : 70 : 80 :_0 : i00 To_al

21-30 I l 2 0-20 1 1 0-20 1 I 2

31-40 26 I l 28 21-30 I 3 1 5 21-30 ! l

41-50 i 65 66 31-40 39 1 40 31-40 1 1

51-60 l 1 41-50 2 i 73 41-50 4 2 6

61-70 62 62 51-60 14 18 1 33 51-60 1 1 1 3

Total 159 61-70 47 63 Ii0 61-70 3 3

81-90 18 18 71-80 I0 I0
SWA._ C_:;I_R

91-100 l 1 91-100 17 17

31-40 1 l
lOO+ 149 t4 16! i00+ 27 2_!

41-50 1 I local 457 Total 70

51-60 1 1
WHITE SPRUCE-BALSAM FIR BLACK SPKUCE

Total

0-_0 / 1 1 21-30 i 2 3
TA_WARACk

21-30 1 1 1 3 31-40 1 1 2

21-30 i 1 31-40 2 6 3 I 12 41-50 12 1 3 1 17

71-'_0 1 i 41-50 1 5 2 1 9 51-60 I 1 2

81-90 2 2 5_-60 1 1 5 II i 19 61-;0 2 1 3

Total 4
61-70 1 21 3 25 I00_ _ 1

NORTHERN _,_.ITECEDAR 71-80 I _ Total 28

Total 70 N0RTH,EP_N HA P,L"WOODS
31-.40 l i

LONq.A._D-HARDWO0 D
61-7'0 I 1 0-20 1 i

71-80 I 1 41-50 1 1 21-30 1 2 2 I 6 i
i

i 91-100 I 20 21 51-60 l I. 2 31-40 2 1 5 5 13

i00+ I 1 61-70 I 1 ' 41-50 2 6 II 20 2 41 i"

Total 25

71-8o I l 51-6o 7 14 2 37 6o i

Total 8 71-%0 _ 9 339 53 i

31-.40 1 I 2
31-90 2 I 1 14 18

41-50 1 2 2 5 QUAKING ASPEN

_I-I00 1 I 17 3 22

51-60 I I 4 3 9 0-20 i 1 2 I00.+ 2 27 4 3 4 40

61-70 26 2 28 21-30 1 2 2 1 I 7
To_al 414

71-80 I 3 4
31-40 6 2 $ 1 1 15

PAPER _IRCld

81-90 I I I _0 13 41-50 2 6 6 3 I 18

91-100 6 22 1 29
51-60 2 2 6 28 1 39 21-30 1 1

100+ 11 40 15 1 67
-- 61-70 I 6 7 14 31--40 I I

Total 157
71-80 2 2 41-50 1 2 i 4

Total 97 61-70 I I

91-1oo l
Total 8
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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.

MICHIGAN

YEAR OF

EARLIEST I0 12 14 16 18 20 22 2 A 26 28 30 32 34 36
P ROPERTY/S TLq)Y MAJOR SPECIES

MEASL_RE- I 2 3 4 5 6 7 8 9 Ii 13 15 17 19 21 23 25 27 29 31 33 35

MENT

NC-40 (we'ilston)' Jack pine 53 X E _ _ X X 1 X _ X X X ! I I ) ] ]

NC-!78 (Crawford Co.) Jack pine 60 X X] ' {'" X ] I ! ! I ]
N'C-4_3J (Bosom Field) [Red pine ' 52 X _ _ _ X X X X I X X X X X_ X 1 I ] ]

NC-433 (Buck Creek) Fed pine 51 X X] ]< _ _ X X X X X xI x X X x X ] I i I
NC-4'34 "{'Croton Dam) eed pine 52 _ ._ _, X X IX X ! ! I Ii60 _ _Z xxNC-436 (_a ..... ) l_ed pine , iI I I
NC-437' <Sooner) IRed pine 60 X Xi X l I ] t I I [ 1

WISCONSIN -

A_21e River THF

A_onne THF thern
Cairns THF _ hardwoods

EElIswor th THF

hilsen THF >emlock, Yellow

Dundee _IF oaks, North-
! ern hardwoods

Hardies Creek THF

Urenho idt THF

Wausaukee THF & Red pine,

:bern hardwoods

Star Lake ,ink

s Woods Basswood,
_le

_e t ti et on------ ha rdwood

_ Hickory,)leL

IShaugnessey' s Woods Hickory,

_le
_;C-26

_NH-138 (A_enne) Northern

_8 (Medford)

_C-18

White cedar
- I!1 ino is hardwood

Conifers MINNESOTA(Pike Bay) 9ine

_C-57 (Pike Bay/) pine

(Little Fork)

(c,_tfoot)
INC- 7S (Cut foot) _lne

(Bena) _ine

(Ma rcell-Clubhouse _ine

_c-84 (Uake13)
(Pike Bay)

INC-98 (Aurora) _ine

(Porta _ine
(Birch Lake) ._ine

_NC- 163 (_k_ndo) _Ine

1An "X" denotes that at least one plot on the property was measured at the ntmzber
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 )'ear.
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(8) Dates (month and year) of each measure- species groups for which functions are devel-
ment. oped.

The master format consists of a maximum of word

512 word blocks of binary information. The block t Nu_er o_ ",or_ _n_o_d

length is specified because of input/output buffer 2 Sort _ord
length on the Control Data Corporation's Cyber _l Modeo_ stand o_i_fn

12 Treatment

'74 computer. Each word can contain up to 14 _l Re_ltcatio_
integer values to code information. The master _3 Data_o_rce <_o_erty _ber)15 Plot number

format and contents of each word are given in n Re¢o_J_=ber <1, or 2, or 3, or _ '--"_ore
than 500 _,'ordson preceding record

figure 2. An example output of a permanent (e_cept for _e_ord1))
growth plot- record is shown in -figure 3. _peciIic 3-7 Site index <up to 5 SI-species combinations)

objectives of the master format were to (1) max- _2 s_
imize efficiency in reading/writing and storing the _3 Species for SI13 Stand origin (last 3 digits of origin year)

master files, and (2) have information in a stan- 8 Plot invariate parameters
dardized format because five or six different per- n Forest type
sons may be getting information from the master n Plot size (as denominatorof fraction, i.e.,5=1/5 acre plot)

at any one time. n Numberoftreeson plot
12 Number of measurements = _ea

9 Soils info r_.ation

INFORMATION Plot variable parametersRETRIEVAL OF  easu. .ont
FROM DATA BASE ,  *,acrea:  eas r.....

lO+mea, Tree invariate parameters

ll+2mea,

Because the informationiswritteninblocked i2+3mea,
...

binary form with 14-character words, one must _3 Tree n_mber
I3 Tree species

use simple FORTRAN statements to extract the _2 Tree speciesgroup

i desired values from a word in a block. For exam- n+_e&-
} ple, to analyze mortality, the master file is read 12+2mea Treevariablepara,_,eters

i and the desired information extracted to estab- _1 Stat_s

It Condition

: lish an analysis-specific file. Most of the sort word _3 DBHtO last tenth inch (F3.1)I1 Crown class
contents carried into theI are normally analysis- n Cro_ _atio
specific files. This information, together with _1 _ree quallty !:12 Form factor

other information, aids in tracing any problem _ Height

observations and for organizing analyses by Figure 2.-- Lake States FREP binary master rec- i
state, species, mode of stand origin, etc. The anal- ord format.
yses then proceed species-by- species for the 26

92 I000100000011 61105918 62375942 0 0 0 10701604 0 i_
1059026 1064037 1069048 1 ();?,60[_ 3

110501 4009800000000 i011000000000 1011900000000 I012.92&,30()06,1 i
2,57526 4006000000000 1007200000000 1008400000000 ]00c.#73'..5(',(',;',,',(',_r) I

)2;10501 4012.804)000000 1014004)000000 1014700000000 1.()[61._25000()&_
410,_501 4009504)O4)0000 10].030OO00000 1011100000000 1012.727'0000()0
510501 4011600000000 1012800000000 1013700000000 ZO0000000C,<)(_O
610501 4009500000000 1010700000000 1011700000000 IOI:."t.I.2&OOC, O,_.S
757526 4005900000000 1006900000000 100780000000() 10C,905¢_000C,00
837526 4006000000000 10074)00000000 ]. 008000000004) 100_?._3',:.),:)C.,,:),:.:'C,0
909506 0 400.%300000000 1006000000004) 100¢57,_;S0<)00<)0

i,::.....)1()[_7[_;':__6 0 400.,,,:.00000000 100&:_00000000 10071.2,',00004_, '
11.09':._0& 0 400.'5600000000 lOO&_!;O0000000 100.:":72'ii,'()()0,:)40

:[209',:506 0 4005700000000 1006900000000 100 7 o2t.._O,:)(.:,O,:',,,._
:L31054)1. 0 0 4006100000000 1006854'>0000':,)
143?',_26 0 0 4005900000000 10().7t:._bd, OOC'O("<)
1537526 0 47 40052004)00000 100,5S4.%0C'0000
1&09506 0 0 0 -100545_30000(:',)

Figure 3.-- Sample output listing of a single plot from t]ie mas-
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 ofa numerical Foresters have only recently begun using the
variable it is common practice to bracket the un- concept of potential in forest growth models. Ar-
known by two valueswone greater than the ney (1974), Hegyi (1974), Ek and Monserud (1974)
unknown and the other less. Mathematicians have have used potential height growth as the upper
used this practice for many years to find the solu- limit of growth. Potential height growth is usually
tion of nonlinear algebraic equations. A simple estimated by taking the first forward difference,
example is the problem of finding the value of x with respect to age, of equations to predict height
that satisfies the equation x2 =y, when y=142, based on site index and age (see Lundgren and

The square root of a number can be estimated by Dolid 1970). The use of breast height diameter
guessing a number such that its square is greater growth to characterize a tree's potential is less
than y and then guessing another with square less common than the use of height (Newnham 1964,
than y; e.g., 122 =144 and 112 =121. The desired Chen 1976). A disadvantage of this approach is

that there are no standard functions relating treevalue is then known to be between 12 and 11. By
and environment variables to diameter growth, as

judicious guessing one quickly gets several correct there are to relate tree and environmental varia-

digits in the value of x. bles to tree height.

, The idea of establishing an upper and a lower In theory, the following tree and environment
bound to the rate of a biological process is a very
useful modeling device. In the case of the accretion variables affect the amount of lateral stem growth
processes it is reasonable to take zero as the nu- at breast height: (1) current d.b.h., (2) amount of
merical value of the lower bound. This paper is foliage, (3) respiring surface area, (4) distance

from breast height to center of live crown, and (5)concerned with estimating the largest possible nu-
merical values--the potential--for increase in di- abiotic flux as reflected by site index. The relation
ameter at breast height (d.b.h.) by all major forest between each of these variables and diameter
species in the Lake States. Our concern is with growth was extracted from the literature by
both the potential diameter growth rates of indi- Brand:l
vidual trees and the diameter growth potential of (1) The closer the crown to breast height, the
all trees in a stand, more stem growth (Duff and Nolan 1953).

The concept of a growth potential has been used (2) L(_s foliage is needed on a good site (Ass-
in mathematical modeling of biological processes mann 1970).

for many years (Verhulst 1965, Lotka 1956, Vol- (3) Amount of foliage is greater on a good site
terra 1931, Gause 1969). The potential is given by (Long and Turner 1975).
r in the generalized differential equation of popu-
lation growth: dY (4) Respiring surface area is related allometri-=r f(Y).

dt cally to d.b.h. (Pienaar and Turnbull 1973).
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- 1Brand, G. 1976: Personal commt_nication, St.
sources are not limiting. Paul, Minnesota.
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There are many ways of combining variables Species Numberof trees
used to characterize each of these relations. Two

broad categories are strictly additive association Jack pine 4,625
and strictly multiplicative association. Of course, Red pine 11,663
one may have combined additive and multiplica- Whitepine 845
tive. Whitespruce 1,772

Balsamfir 1,277
Blackspruce 1,006

APPROACH Tamarack 165
Northernwhite-cedar 1,070

Our objective was to develop species-specific di- Hemlock 140Blackash 240
ameter growth equations that characterize the po-

the tential of Lake States tree species to increase in Cottonwood

Ar- d.b.h. We have used a combined additive-multipli- Silver maple/ 937
74) cative model that requires knowledge of the fol- Red maple
per lowing variables: d.b.h., crown class, crown ratio, Elm 898
dly and site index (age 50 base). Crown ratio is the Yellowbirch 343
Lce, ratio of full live crown length to total tree height. Basswood 1,092
;ht Sugarmaple 3,753
md Whiteash 866
ter Whiteoak 517
ess Selectred oak 1,555
$4, Data Base Otherred oak 290
is Hickory 349

"ee Individual tree diameter measurements at two Bigto0thaspen 261
as points in time were collected on dominant and Quakingaspen 2,124
ia- codominant trees of 26 species in Michigan, Wis- Paper birch 748

consin and Minnesota. A total of 51,149 trees came Otherhardwoods 190

from permanent growth plots or from forest survey Total number of trees 36,726
nt plots in Wisconsin; of these, 36,726 were high-
th quality dominant and codominant trees usable for
of estimating potential growth. The mean diameter growth, -_D, for each cell
ce applies to dominants and codominants. Since it
5) All trees had crown class and crown ratio esti- was our desire to estimate the potential of trees to
)n mates at the last measurement. Plot site index was increase in diameter at breast height, it was as-
0r also estimated. The geographical distribution of sumed that the diameter growth values were nor-
)y plots, and the distribution in the age-site matrix is mally distributed around this mean (see fig. 1).

given in Christensen et al. (1979). The potential is, of course, greater than the aver-

Le The diameter growth (AD) for each tree was age. We took the potential to be the mean diameter
determined over a period approximating 10years. growth plus 1.65 standard deviations
This was the dependent variable in a nonlinear (AD+l.65s_r_). This diameter growth corresponds

_" regression analysis. The independent variables to the 95th percentile ofdominant and codominant
were initial diameter (D), final crown ratio (CR), diameter growth.

e 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- Mathematical Model

" ter classes, by 10-foot site index classes, and by 10-).
percent crown ratio classes. If a cell contained just The following four mathematical models were
one tree, it was included in the most appropriate examined. All were nonlinear in form and com-
adjacent class. For each cell the means were com- bined additive-multiplicative with a core Rich-

t. puted for each variable, i.e., ,AD,D, SI, CR, as well ards-type function that has anabolic and catabolic
as the standard deviation of diameter growth, s_D. terms (Richards 1959):
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.... <;_:;::'!__<?_:i_,....... •

i f.ested. The terms in equations (3)and {4) make the

most sense, because total tree height is multiplie_iby crow_n ratio, giving crown lehigh. Stem diame-

ter has often been to crownrelated diameter. The

t Drc_luct of crown lengy& :and width .gives an ap_

' [ proximation, uncorrected for crown shape, of
i crown volume.

i Fitting Procedures
I Each of the above mc_els was fit to both mean
! and potential AD values for each celt of"each spe-

cies using Marquardt's algorithm modified for
weighted nonlinear least squares reKression (Mar-
quardt 1963>. M_Mel evaluation criteria were:

.... quali tative behavior of the solution to each equa-
-_, -._, ,:_o __.._ ,2, tion using t.he estimated paramete_ b_; pattern

,:, 0'_ _,8N,..775' formed by residuals (pr_ict_ minus observed di-

Figure 1, Tke ._s_med norm.a_ distrib_tio.a of amet_r growth} plottai agai:nst initial diameter,
d_amefer growth of dom_nang and codo,,ninant crown ratio, and site index; and go(.xdness of fit as
frees/br,a lOre'hot sfte index class and lO4>erce.nt measured bv R2 For some .,.pe{._esthe qualitative

"_ , behavior of the solution was unrealistic because_,........ro_z,n,ru_io e[ass_ _ ._eshaded area represents tke .
)?s_te.;._e-growing 5 pereeng r.?fff_e tree,s. an insu f[icien t number ol'obse rvations was ava ila-

ble at .large diameters To compensate, the silvi-
culture literature was consulted and Dora it we

determind, the upper limit ofd.b.h. _r the species.
AI) ba A ve_, small AD value was assignat to the diame-
.... '_'b£.,R D (.I )A_ ....b:_Si+b_._D ...... ter, an average crown ratio and sit,_ index were

attached, and the "add" values were in_rted into

AD b:_ the dam base as need_x:t to insure more realistic
.......... (2._ behavior of the function at large diamete:rs.

so Results
5{ ........b_.*b_D +[:,_S][CR D (3) M(Mels (3) and (4) gave better resalts than (t? or

{?t.... as judged by model selection cr_er''_ in. The re-
&I) b:, :b_ salts of the regression analyses of m_xlels (3)and

+ b,_,.,lCR D {4) (4) t%r o". _() species fbr both average growth and
gx_gentiat [Fowth were examined and one or the
other was selected as the best m<xtel. The coefEci-

AD ...... _ .. eats. number of ceils, and R:: values are given in
The pa_ter_,, ofeach is._{ ,_ [' _n reept term ] +, . f

the tabulatior_. When the bs parameter is exactly
lhemmsonb:_ • __ ....._...."_ number (3). Otherwise,[ca_:Mx:_lic te m_'_1 "_[a na bd ic term ] " _ ''.......... g . 1_l),the m(.dd s,¢lected was

b_ [h, and b,, are positive: and b: is,*.,, ,.,::.,:;v_ The z...... _,_:gat_ _.. m{×iel (,l) was selected. Figure 2 shows potential
'" {' [ '_...._'_[" "5""e"_:_erm g_,.,.:_ the growth approached as d a,net<r["""_ " growth valk_es for species commonly
d.bh. approaches zero; in eqv,iatior_s {3} t:[[Kf{4) fffund in the pine type: red pine, white pine, jack

lira ,'q-or- -., and quaking aspen. The crown ratio was set .:
t).........0 at at 4.0 and site index at 65.
This !imk, is a function of S[ in. (I } and of CR in ;

DISCUSSION
_9} The cataixJic tern'< b_:D h__ the :fbrm of an To.......... ., use the [x_t.ential diameter growth funct ion it
aibmetric re_ation_ as req_,fir(_l era relation char_ is necessary to know the ini(iai diameter, crown
aeterimng respiring surface area {Pienaar and ratio, and site index_ Crown ratio :is not a com-

Tt_rr{b_ll 1973). Several anabolic terms were moaly collected tree variable, but the average




