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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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Figure 6.--Schema of scenario environment. The growth proces-

sor is used to produce alternative output vectors for the inputs
selected by the scenario writing team.

14



Hegyi, F. 1975. Growth modeling in an opera- Leary, Rolfe A., Jerold T. Hahn, and Roland G.
tional planning context. In Canadian forest in- Buchman. 1979. Tests. In A generalized forest

ventory methods, p. 224-239. Workshop Proc. growth projection system applied to the Lake
a jointly sponsored by Can. Inst. For. and Univ. States region, p. 79-89. U.S. Dep. Agric. For.
;. Toronto. Univ. Toronto Press. Serv., Gen. Tech. Rep. NC-49, 96 p. North Cent.

_. Holdaway, Margaret R., Rolfe A. Leary, and For. Exp. Stn., St. Paul, Minnesota.
_. Jerrilyn LaVarre Thompson. 1979. Estimating Leary, Rolfe A., and Margaret R. Holdaway. 1979.

mean stand crown ratio from stand variables. Modifier function. In A generalized forest

In A generalized forest growth projection sys- growth projection system applied to the Lake
t tem applied to the Lake States region, p. States region, p. 31-38. U.S. Dep. Agric. For.
._ 27-30. U.S. Dep. Agric. For. Serv., Gen. Tech. Serv., Gen. Tech. Rep. NC-49, 96 p. North Cent.

Rep. NC-49, 96 p. North Cent. For. Exp. Stn., For. Exp. Stn., St. Paul, Minnesota.
St. Paul, Minnesota.

Leary, Rolfe A., Margaret R. Holdaway, and
Kahne, S. 1976. Model credibility for large-scale Jerold T. Hahn. 1979. Diameter growth alloca-

systems. IEEE Transactions on systems, man tion rule. In A generalized forest growth proj-

and cybernetics 6(8):53-57. ection system applied to the Lake States region.
Leary, Rolfe A. 1970a. System identification prin- p. 39-46. U.S. Dep. Agric. For. Serv., Gen. Tech.

ciples in studies of forest dynamics. U.S. Dep. Rep. NC-49, 96 p. North Cent. For. Exp. Stn., St.
Agric. For. Serv., Res. Pap. NC-45, 38 p. North Paul, Minnesota.

Cent. For. Exp. Stn., St. Paul, Minnesota. Leary, Rolfe A., and K. E. Skog. 1972. A compu-
Leary, Rolfe A. 1970b. Mathematical characteri- tational strategy for system identification in

zation of mixed stand development, p. 83-93. In ecology. Ecology 53¢5):969-973.

Workshop for research on growth of mixed MacKinney, A. L., F. X. Schumacher, and L. F.
hardwood stands. U.S. Dep. Agric. For. Serv., Chaiken. 1937. Construction of yield tables for
Washington, D.C. nonnormal loblolly pine stands. J. Agric. Res.

Leary, Rolfe A. 1972. How to use two computa- 54:531-545.
tional strategies to solve simple system identifi- Polya, G. 1945. How to Solve it: A new approach to
cation problems. U.S. Dep. Agric. For. Serv., the mathematical method. 253 p. Princeton
Gen. Tech. Rep. NC-22, 15 p. North Cent. For. Univ. Press, Cambridge, Massachusetts.
Exp. Stn., St. Paul, Minnesota. Stage, A. 1973. Prognosis model for stand develop-

Leary, Rolfe A. 1975. Nonlinear functional equa- ment. U.S. Dep. Agric. For. Serv., Res. Pap. Int-
tion models of forest dynamics. In 1973-1974 137, 32 p., Intermountain For. & Range Exp.
Midwest Mensurationists Proceedings on Re- Stn., Ogden, Utah.
source Inventory, Projection and Multivariate
Data Analysis. Soc. Am. For., Washington, D.C.

15



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



crown ratio for a stand can be estimated by know-

o w,_,,, ing mean stand basal area, mean diameter, and
the o "._.'".• _,_,.. stand age (Holdaway et al. 1979).

vie- _ The inferential population for equations (3) and
['he _ _ (4), with coefficients in table 1, is the natural
ap- _ _ stands and plantations of the 26 species in Michi-

of _ gan, Minnesota, and Wisconsin. No attempt was

made to separate trees in plantations from those in
_ natural stands, because the individual tree is not

i _ thought to behave differently.

_an i _ The approach used for potential diameter
_pe- _ ' growth is somewhat analogous to that used for
for _ models based on potential height growth. The lat-
ar- ter use height-age relations for dominants (site
_re: o ,o 20 30 ,o so 6oo_. c_ss_,.c._, indexcurves).We useddiametergrowth-diameter
ua- relations for the fastest-growing dominants and
_rn codominants. By taking the 95th percentile of di-
di- ameter growth, we intended to approximate diam-
er, eter growth rates of forest trees not subject to sig-
as nificant competition from neighboring trees. We

ive Figure 2._Predicted potential diameter growth judged open-grown trees as not suitable for poten-
me values for species commonly found in the pine tial diameter growth studies because of the signifi-
la- type in the Lake States. Site index is 65 and cant difference in the distribution of increment
vi- crown ratio is 4.0 for each species, among bole, branches, and limbs.
we
eS.

m- Table 1.---Number of cells and coefficients for average and potential diameter growth functions for26 species in
_re the Lake States _
Lto
_ic Numberof Average Potential

Speciesgroup groups b, b= b= b, bs Rz b, b= b= b, bs Rz

1 Jackpine 126 0.09349 -0.00005 2.9144 0.00003 1.0 0.44 0.16062 -O.00(XX_ 3.6245 0.00004 1.0 0.35
2 Redpine 282 .05309 -.00013 2.0468 .000197 .38337 .64 .09446 -0.00012 2.0596 .00035 .24225 .54
3 Whitepine 161 .15242 -.0OO30 1.9660 .00003 1.0 .34 .25578 -.00088 1.7263 .00004 1.0 .28
4 Whitespruce 72 .18789 -.00776 1.3904 .00006 1.0 .51 .17056 -.014516 1.0660 .00052 .27298 .74
5 Balsamfir 121 .037102 -.00026 1.9768 .00016 .37750 .64 .12200 -.00080 1.9890 .0(_06 1.0 .50

or 6 Blackspruce 105 .06667 -.O004g 2.1592 .00003 .95715 26 .10713 -,00107 22017 .00006 .91127 .39
e- 7 Tamarack 56 .05279 -.000002 3.4307 .00003 1.0 .29 .11147 -.00001 3.0685 ,00003 12 .22

ld 8 N. white-cedar 93 .06460 -.00000002 4.7466 .00012 .15411 .41 .13403 -.000001 3,6880 .00002 1.0 .17
9 Hemlock 59 .11278 -,{X)O(XX)O09 4.3699 .000007 1.0 .25 .16872 -.0000003 3.5738 .00001 1.0 .25

,d 11Blackash 84 .035027 -.00OO00001 5.3434 .00010 .46385 .41 .056807 -._ 5.0559 .00024 .31553 .25

:le 12Cottonwood
13 Silvermaple 176 .06793 -.00038 1.5944 .00020 .29971 .44 .10948 -.00004 2.2226 .00050 .06626 .30

:i- 14 Redmaple

n 15 Elm 179 .14862 -.00016 1.9910 .00002 1.0 .12 ,28496 -.00182 1.5297 .00003 1.0 .06
16 Yellowbirch 96 .11333 -.00OO5 2.3334 .O(XX)06 1.0112 .12 .15155 -.000003 3.3104 .(XX)07 .57302 .18

Ly 17 Basswood 16g .16782 -.00025 1.8136 .000098 1.0 .16 .25402 -.000004 2.9396 ,00001 1.0 .09

2, 18 Sugarmaple 272 .13309 -.00051 1.7002 .00002 1.0 .29 .18772 -.000007 2.5839 .00028 28385 .33
19 Whiteash 139 .10829 -.0OO25 2.0926 .00003 1.0000 .38 .21167 -.00(X)O3 3.3131 .00001 .12430 .27

ll 20 Whiteoak 152 .981t4 -.000(X)04 3.1795 .00004 .51668 .26 .12654 -.000004 2.7538 .00005 .62086 .21

y 21 Selectredoak 286 .098793 -.0000002 3.3873 .00008 .41156 .38 .15535 -.O00(X)010 3.5367 .00018 .25900 .22
22 Otherredoak 92 .10142 -.0000002 3.7728 .00012 .20504 .46 .17358 -.00007 2.4451 .00003 .95222 .30

k 23 Hicko_/ 93 .071908 -.0OOO0,8 2.7884 .00003 .69376 .44 .16471 -.02161 1.3949 .{XXX)4 .71628 .26

,=t 24 Bigtoothaspen 79 .14120 -.00029 2.1217 .00003 1.0 .28 .23490 -.00942 1.1041 .00036 .15386 .33
25 Quatongaspen 201 .11789 -.00015 2.3618 .000042 1.0 .39 .21645 -.00009t 2.6030 .000044 1.0 .31
26 Paperbirch 112 .07565 -.00059 2.0175 .00005 1.0003 .48 .10971 -.0(X}32 2.0238 .(XX)34 .21288 .41
30 Otherhardwoods 79 .19662 -.00954 1.0500 .00002 1.0 .44 .37510 -.02479 9.6288 .O0(X)4 1.0 .36

Tottl 3,284

it isAD=bl+b,Db= b5n _Crownratiovariableusedis3.0 ratherthan0.3.Generalmodel At +b4SICRD .
l-

e
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To e:_tirnate st,and potential growth, the mean Wiscor_:sin_ Sch_ Nat Resour._ Res_ Rep_ R2635,
s:a.nddSh, mean crowr_ratioteither observ:_ior 84 p,
predic:ed:_and siteinde× are subs::tuted:nto (]ause,G. F_1969.The strugglefbrex:stenceo163

_:_-iua/ion 4, along with the appropr:a:e :xff'f_cients :> }Iafner, New York_ :First publ:shed in 1934 ].

h'om L_ble 1; the _g:_tent_algrowth era single _,ree {s Hegyi, F, 1974, A simulation model for :nanagir_g
_,hen cor'npueed,, Th:s is _,he estimated rate of" jack pine stands./ra. Growth models %r tree and
growth at_ a free-t<>g'row :roe Potential stand s:,and simulation, p, 7400, Jsrar: Fries, ed.
growth _s s_mp_y the numbe'r of trees in the sta::d Stockholm. Sweden.

_.imes the free4o-grow fate. Holdaway, Margaret R,, Roll% A, Leary, and
JerilynLaVarre Thompso n. i979. Estimatir:g

CON CLL iSlON rr_ea::s_and('row::ratiof_romsta,xl,,mables.
pr( U:ctR) n svs-

Potential ::rodaverage diameter gq-ow_hra_es fbr tn A t4_n:_.rat:zed fbrest growth , ie, . .,
26 s x?,cie:s the l,ake States are adequately preo tern applied to the Lake States region, p,.,: ....... _a ..... 27-30. U.S. Dep, Agric. For. Serv._ Gem Tech.
dict.ed by combining initial :ree diameter_ crov_q: R.ep, NC-49. <_6p_ N0r:::'__ Cent.. For° Exp Stn,,
ratio, and :_. ...............

.......::.::index,intoa nonlinearmodel con- St.Paul,Minnesota.
tai::ingthreeterrna:intercept,catabolic_and ana-
belle. The. in:ercepv term is a species-spec:fic Long, J. N., and J, Turner, t975. Aboveu'ound
evmst_mt _he eata[x_Iic is an allometrie relation of biomass of"unders_orey and overstorev it: an age

tre_ediameter, and the anabolie :.e:m is a product of sequ.er:ce of {bur Doug[as,.fir st.ands. J. Appl.
EcoL 1.2:.t _:179ot88_crown length and as al!omet4rie relation of" _,ree

diame_er_ Since the potential diameter growth [/£ka, A. a. 1956. Elements of'mathematical blab
£mc_.io:_ characterizes ffeeot_o-grow conditions, po- ogy, 456 p, iRep_ _ Dover, New York. [First pub_
gen_ial, stand diameter growth is _impty _he pred- tished in 1924 ].

uct of tree potenth_l and nurnber of trees, Lundgren, Allen L, and W. Dolid. 1970. Biological
Krowth Rmctions describe published site index

_-'_.':_ _ _ _ , _, _ curves fbr Lake States timber _ ..... ":qx:c:es.:[/.S.Dep_
LI IERA I URE Clq El) agrk,.!;:or.Serv.,ees.:-:'<,.NC.-3_:,,_:'"'"8....p.N_:o:'_::':

A,rney,J_1974.Aa individualtre,em:iel %r stand C'ent_For.Exp_St::.,St.Paul,Minnesota.

simula:i<:m in: Douglas,,firo/a Gr_owth modeb; fbr Marquardt, D. W. t963. An algorithm :br least,-
_,_.:,eaf:d s[and simuh_ion_ p, 38_46.. Jdran Fries, squares estimation o£ nor:l:near parameters. J.,
ed Stockheim_ Sweden_ Sac. :ndustrml & App!. ),:a_h. 11_.2,:43 Io441.

A_smarm, E. t970,, The principles of forest yield Newnham, R, 5I_ t964_ The developmep,,t era s_a::d
study. (English t:"ans]ation by S, Gardinero) 506 model fbr Do::gtas-flr _,L°npublished Ph.D., dis_-
p, Perga,mon Press_, New York sertation, Univ, British Columhia_.

Chert,Chungmmho i976,. Dynamies of an even_ Pienaar, L. V,,, and K, j. Turnbull, 1973, The

aged stand ..........structure, mortality, competkion Chapman_Richards ge::eralization of":,'on Bar-
and growth, {Unpubliahed PhD dissertation, tahnff},/s growth model for basal area growth !
Unit. Mirmes, otaL a:_d yield in evenoaged stands. For. Sc_. 19<,1_:2,- .

Christensen_ :.inda, Jerold T_ Hahn, and Rnlfe A. 22.
L c,a_w, ::ae9

,:..... .:,...........Data base. In A ger:erali:zed forest Richards, Foa. : 9<:,: A flexible >:row'th R:acti::n fi::>r
}_-x_wth pre,}ee_ion system aptied to the Lake empirical use_ ,..l.Experin:enta: Bot,, i0(29'_:290-
St,a_es region, p_ 16-21.. US. Dep. Agric. For_ 300,

Bert....... , C,.._:,_:a fFech_ Rap. _Nr'lv.o._:.,,_o _.}#.:.._p North (}fent_ , _ p,.... \ernulst F'.1965 Noticesurh l:que lapo::>u:la-
Fo r,, '"_ , ..... o

E,_,.9 S_a S_ Paul Minneso:a_ tion suit bans so::: accroissement_. :Firs_ pub-
Duff, G, }:.. and N. J. Nohn. 19_£L Growth and lished if', 1.838], In Readings in Eco!ogy, E_ J.

mo_p}_agenesis in :he Canadian fbrest species, Koromo::dy, ed. Pre::tiee Hall, Englewood
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!635, ESTIMATING MEAN STAND CROWN
163 RATIO FROM STAND VARIABLES
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ech. The amount of foliage in a stand of trees is an (2) crown ratio must not increase as BA (basal

tn., important indicator of the growth one may expect area per acre) increases,
from the stand. Although this relation has been

(3) crown ratio must ultimately decrease as agemd known for decades, the amount of foliage is not an

age easily determined variable that can be used in or average diameter increases, and
)pl. equations to predict stand growth. Field measure- (4) the rate of change of crown ratio with basal

ments on permanent growth plots have tradition- area must decrease as age or average diame-

iol- ally concentrated on stem dimensions (i.e., diame- ter increases.
ter and height), with supplemental correlation

Jb- studies to associate crown diameter with stem di- The exact relations, rate coefficients, etc. appear

ameter and other stand variables. An exception is to be species-specific.

.'al the national forest survey, which has included The core model tried initially was:
ex measurements on tree crown ratio for many years, b
-_P- Recall that crown ratio is the fraction of total tree CR-

_h height in full live crown. Throughout this paper l+b._, BA _1)
we express the "fraction" as an integer between 0 Although this model satisfied condition (2)

_t- and 10 -- i.e., a crown ratio of 2 means a tree has 11- above, it did not satisfy (1) and, because only basal
J. 20 percent of total height in full live crown, area is used, it did not satisfy the important condi-

tions in (3) and (4). The additional variables of age
Crown ratio was found to be an important varia- and average diameter were used with equation (1)

_d ble for predicting tree growth (Hahn and Leary to produce models satisfying conditions (1)
s- 1979), and was incorporated into an equation to through (4).

predict potential diameter growth in a stand. Be-
e cause the potential growth equations require

•- mean stand crown ratio as an independent varia- METHODS
ble, and some prospective users of the generalized

- growth projection system (Hahn and Brand 1979) The initial data base (Christensen et al. 1979)

may not have included this variable in their plot consisted of 1,529 permanent growth plots in the
c data, it is necessary to develop equations to ap- Lake States. Based on methods of treating plots of
. proximate mean stand crown ratio, mixed species (Leary and Holdaway 1979), each

plot was assigned as a pure species plot or as a

MODEL RATIONALE combination of up to three species. In this study
only plots fitted as "pure" or as containing two

From a theoretical analysis it is suggested that species were used. The individual tree crown ra-
the mathematical model should exhibit the follow- tios, measured on each plot in the last measure-
ing qualitative properties: ment year, were averaged to obtain a species mean

crown ratio (CR). Plot basal area was averaged
(1) solving the mathematical equation must over the 10 years preceding the crown ratio mea-

give a value between 0 and 10, surement. When no measurement had been taken
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coefficient b_(equation 3), and b, and b3were set at ' 1

zero. Comparing equations (2) and (3) we see that _ 4
coefficients b..,(equation 2) and b3 (equation 3) op-

erate to achieve the same effect: reducing the • _ i
mean crown ratio as basal area increases. The _... _o_..

ies average rate of change for conifers is twice that for
hardwoods. Another major difference between spe- , _ 3°_"----"

-- cies groups is based on the "intercept" values -- i.e.,

____r the crown ratio as basal area, age, and average _ i _2
_ot_ diameter approach zero. For conifers, the "inter- _ 1 ......

3 cept" is 10, a full live crown. For hardwcods the _ -"__ __'" I4 intercept is b2, and ranges from 6.9 for cottonwood,
2 red maple, and silver maple to 3.04 for black ash, __ ,o_--,_ __

elm, basswood, and white ash. Mean stand crown
2 ratios over a range of average diameters, basal _ '

areas, and ages are shown for red pine and sugar _
1 maple in figures 1 and 2. _ t 2o

)

--- 130 y_"s j

2

0

i- \\\ o !
0 40 80 120 160 200

d _ 1o ye.mrl
BASAL AREA PER ACRE (SQUARE FEET)

e

r _ Figure 2._ Mean stand crown ratio for sugar ma-

% ple stands of selected ages and mean diameters of
" .......2Oyezes

4, 12, and 20 inches.

° ' DISCUSSION

_ __ Adequate estimates of mean crown ratio for a

_-_o..,. 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

,o_. /-_ 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
m crown ratio estimates if one knows nothing about

"_-....._ prior stand disturbances. A stand disturbance is
1,_ .... 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

o ,o _o ,_ ,,_ _ basal area of 150 square feet is cut back to 100
._, A._._ _RE(_OO_,.T) square feet with no change in average stand diam-

Figure 1.--Mean stand crown ratio for red pine eter, the predicted mean crown ratio would in-
stands of selected ages and average diameters of crease from 0.30 to 0.37. However, if the mean
4, 12, and 20 inches, diameter had been 28 inches, the age 200, and the
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basal area 150 square feet, cutting back to 100 LITERATURE CITED
square feet with no change in average stand diam-
eter would have had no significant effect on the Hahn, derold T., and Rolfe A. Leafy. !979, Poten-
mean crown ratio. When applied in the projection tial diameter growth functions. In A generalized

program (Hahn and Brand 1979), the running forest growth projection system applied to the
average basal area for the past 10 years is used Lake States region, p. 22-26. U.S. Dep. Agric.

,C,-,_O,9(5p.._orthinstead of an average of only two or three values. For. Serv., glen. Tech. Rep. "c, ' ,c -"
Cent. For. Exp. Stn., St. •Paul, Minnesota.

If cutting or mortality changes average stand Marquardt, D. W. 196,'-3. An algorithm !'or least-
diameter as well as stand basal area, the following

squares estimation of nonlinear parameters, d.
relation holds ibr the models: a decrease in diame- Soc. Industrial and Applied Math. l 1_'2:,:4311-
ter as well as basal area (e.g., thinning from above) 441.
results in a lower crown ratio, whereas an increase
in diameter and a decrease in basal area (e.g., Christensen, Linda, derold T. Hahn, and Roif_ A.

thinni:ng from below) results in a higher crown Leary. 1979. Data base. In A generalized fi)rest
ratio. This relation is logical since larger trees of growth projection system applied to tb_e Lake
the same species in a stand (dominanats and States region, p. 16-21. U.S. Dep. Am'ic. For.
codominants) tend to have higher crown ratios Serv., Gen. Tech. Rep. NC-49, 96 p. North C'ent.

For. Exp. Stn., St. Paul, Minnesota.than smaller trees (intermediates and sup-

pressed). Leary, Rolfe A., and Margaret R. Holdawav. 1979.
Modifier function. In A generalized forest

A generalized relation between mean crown ra- growth projection system appiied to the Lake
rio, age, mean d.b.h., and basal area, applicable to States region, p. 31-38. U.S. Dep. Agric. For.
both conifers and hardwoods, is given in equation Serv., Gem Tech. Rep. N'C._-49.96 p. North Cent.
(4): For. Exp. Stn., St. Paul, Minnesota.

ba AGE Hahn, derotd T., and Gary d. Brand. 1_)79. An
-C[(=b_ AGE+ .......b_e ............................................2,:,,b4_,,,,. (4) implementation progq'am. In A generaiized _br-

l+iAb_] BA est growth projection system applied to the Lake
, V" )States region, p. 61-78. U.S. Dep. A_ric. _:cr.

N
For conifers, b_ is set at zero; fbr hardwoods b,, is Serv., Gen. Tech. Rep. NC-49.95 p. _ ort,_ Cent.

For. Exp. Stn., St. Paul, Minnesota,set at zero.
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A basic premise in the design logic for this gen- MORTALITY

A. eralized forest growth projection system is that the ALLOCATIONs%,_ /,,, FUNCTIONRULE
_st growth of an aggregate can be represented by a

/f \ _ (CROWN RATIO

ke multiplicative combination of a potential growth ( CAL_;TAT,ON[" FUNCTION))r. and a modifier of the potential. The modifier takes

_t. the form of a mathematical function since another \ BASE /_"'_ POTENTIAL
promise is that the amount the potential is modi- _ A/ FU,NCTION

9. fled depends on the amount of standing crop pres- _ _, MODI?FIER
st ent. The purposes of this paper are to describe FUNCTION

:e procedures and results of studies to determine how
r. groups of trees interact within and between spe- Figure 1. _Relation of modifier function to data
t. cies. base, potential function, and crown ratio func-

The place the modifier function has in the basic tion. The latter is shown with parentheses and
n projection system is shown in equation (1): dashed line because when the crown ratio has
._ been recently observed it is not necessary to use

['Potential-] _qumber'] the crown ratio fur_ction in estimating numerical

e AYAt= IdiameterlLgrowth.J [ trees°f_ [Modifier]. (1) constants in the modifier function.

At this stage in the analysis we assume that the
potential diameter growth function is known,
leaving the modifier function as the only function crown ratio, the modifier function's sensitivity to
with unknown numerical constants. The relation- variations in stand conditions may be less than it
ship of the modifier function to the data base and could be.
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- REQUIREMENTS OF THE
pleted. Also, shown connected to the potential DATA BASE
function is the crown ratio function. Under ideal

circumstances there would be no need for a crown Unlike the potential and mortality functions,
ratio function in the calibration phase because the modifier function is based on information
crown ratio would have been observed at all men- about all the trees on a plot. Thus, the data re-
surements, hence actual observations could be quirements relate to plot attributes rather than
used. In this study crown ratio was estimated only individual tree attributes. For a plot to be useful
at the fmal measurement, in 1975 or 1976; thus, if for estimating modifier function coefficients it
the measurement interval selected for estimating must:
the modifier was from a prior time, it was neces- (1) have been measured three or more times,
sary to estimate the crown ratio used in the po- (2) have been measured over approximately 10
tential function. Because the modifier function years,
coefficients depend on an estimated potential (3) exceed a minimum number of trees,
growth, which in turn may depend on an estimated (4) exceed a minimum basal area density,
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(5) be either a pure stand or a two-species mix- the chosen interwal(si we determined the percent
ture, and basal area for each species on the plot. orciered the

{6) have not had excessive cut'cing or mortality species by basal area, retained the first three spe-
in the measurement period, cies, and combined the remaining species into a

m iscet 1aneous categoD'.
The exact cutoff values for these six cri_ria are

given in the methods section. Many plots were not It was still necessaw to reduce these species
used to estimate the mc_iifier because they fhi!ed dov_m to the principal ones. To accomplish this, a
to meet one or more of the criteria, predominant species composition fitting rule was

developed. The rule works approximately as fol-
lows for a ptot with only two species: the plot is

METHODS USED TO locatedin a coordinate system at the point (x,,xe),

_ Z where x_is the percent of'plot basal area in species i
SUMMARI E, STORE, (fig. 2). If the plot were a pure stand of species 1,

AND RETRIEVE DATA BASE the point would be located at coordinates (1,0); if it
INFORMATION were a pure stand ofspecies 2, it would be located

at coordinates (0,11}..All other mixtures would be
Before ptotdam are ready for analysis, the ana- located on a line between points (11,0t and (0,1)

lyst must: such that x_-+-x.2....1. For a two-species plot, we cal-
culate the distance from (x,,x,t to three points,(1) Take the data, as fi::,t._ndin the data base, on the

species present on eac:h plot and transtbrm (1,0), (1/2,1/2), (0,1), and assign the [)tot to that
t_ o-spemes

' f ' _F ' _ 'them into a come _scd ff>rrn, recording the species combination (pure species 1, v - =-
transt%rmation, mixture, pure species 2) _br which the distance is

(2) U se t h is t ran s fon'n at ion inform a t ion t o co ns o1- sm a 11es t.

idate all species present into a maximum of.
_bur species categories and then summarize
the ne_t_,<_ plot in%reration 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 onty those pk_ts that match a speci.-
fiedspecies combination, "unpeels" the data, _oo
reorders the s.pc.c,ies if necessary,.., and lists the _',
unpeel_:_ data on a new file in a format ready. _

e2:tbr analysis_
m

Step I (above)needs to be discussed in more _.

detail. We found in a preliminaw study that tlhe
three need_ measuremen ks could be taken over as _ \-\

ua

short an inte_.wa_ as 4 years without affecting the _"
results. Whenever possible, however, we tried to

• { I _2 )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 o @ I_0i _._e_, _..

o _0o
ingrowth occurred. From these results we manu-
ally selected an intervat of"at least (3years with a PERC£NTSPECIES

minimum of disturbance due to death, cutting, or Figure 2. _ Sckematic diagram of procedure /'or
ingrowth, ancl a maximum number of live trees. In ]u_@ing the co.,nposition of a plot containing tu,:o
accommodating these constraints, the three-inca- s_,cies. In this example d_ is _ess than d _., hence
surement interval _end_yd to be as short as possi- the pZot wilt be consi&_red a pure stand o/'sl;_'cies
ble. This enabled us to use more than one interval i. Analogous rneth_x_ are used in 3 and 4 dimen-

v _ ;tfrom .pk_t.swith five or more measurements. U stag sions/br 3 and 4 swcies m L_tures.
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;rcent In our work it was possible to have a maximum fl is an unknown numerical constant (with units
_d the of four species categories. Since the species are put of basal area),

e spe- in descending order by percent basal area, the k,,k_,k_ are the boundary conditions, and
nto a reference points for determining species fits are AY Y(t+l) - Y(t)- (first forward difference).

(1,0,0,0) 1 : t pure species 1 At (t+l)-t

_ecies (1/2,1/2,0,0) corres ndin two-species mixture Other algebraic forms for the modifier were tested,
his, a this one most thoroughly

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

S fol- (1/4,1/4,1/4,1/4) four-species mixture o_ , (3)

lot is 1 + 3' BA

:_,xo.), The distance from the point (x_,x,_,,x_,x4)to each of but were found to be less desirable based on their
ties i the four points was calculated and the species com-
es 1, bination selected that had a minimum distance, pattern of residuals.
; if it

There was still a need to handle minor species

:ated dropped by the fitting rule. That is, something hadd be
to be done to species 4 if the fitting rule showed Calculation of the potential diameter growth

(0,1) part of equation (1) requires use of mean stand
cal- that the point (x_,x_,x_,x4) was closer to

(1/3,1/3,1/3,0) than it was to (1/4,1/4,1/4,1/4). crown ratio (Hahn and Leary 1979). Individualints,
that These species were added- to a similar species tree crown ratios on each plot had been recorded at
_cies based on a priority joining rule. Finally, for each the last measurement, but frequently the last
:e is plot we recorded the transformation that indicated measurement was not one of the times used to form

the predominant species and what to do with all the measurement set. Although most cases
other species. For the purposes of this study only showed little difference between the fl values re-
plots fit with one or two species were used and the sulting from observed or predicted crown ratios,
others were skipped, 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

ANAI YSIS METHODS measurements, but only 241 included the last

AND RESULTS measurement and an observed crown ratio. Be-
cause we felt the observed crown ratio information

Pure Stands was more precise, we used it unless doing so would
have resulted in little or no information for a spe-

Once the plot information was summarized and ties.
stored in a retrievable manner, the pure stand The fl values estimated for each measurement
analysis proceeded as follows: for a particular spe-
cies, e.g., jack pine, the summarized data were set judged to be pure were plotted against the
used as boundary conditions in the nonlinear mul- mean stand diameter and their variation was
tipoint boundary value problem (Leary 1970, studied. Based on these results, all measurement

sets with 40 square feet or less of basal area stock-
Leary and Skog 1972). Solve ing and with 50 percent (by number of trees) or

A Y_ [Potential diameter growth/tree] [NT] _l:e'fl/BA1 (2) more mortality and/or cutting between the begin-
*- At _ a ning and final measurement were removed. Anal-

subject to the boundary conditions ysis showed the fl values were independent of the
number of trees, the site index, the interval length

br Y(t0 = k_, Y(t_) = k_, Y(t_) = k_, where (5 to 29 years), and stand age to midpoint of the

';o Y is the sum of tree diameters, interval. There appeared to be a possible slight
_e relationship between fl and average summer tem-NT is the number of trees,

_s (YNJT_) perature over the interval, but data were insuffi-
_" BA is the stand basal area (BA = .005454 cient to warrant further study. The same held true

' for the effect of average summer rainfall on ft.
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Some species showed a location {Minnesota, Wis- Table 1 contains the coefficients b_ and b2(equa-
consin, M_cn_gan! effect, but the limited range of tion 4) for various species and the number ofthree-
mear_ stand diameters fbr many species made its measurement sets on which each is based. Only
study inconclusive. Some investigations were 490 measurement sets were usable aRer under-

made on various weighting approaches, but the stocked plots, or those with high mortality or cut,
only one that of!bred any benefit was to weight were removed. Measurement sets were also lost
propor#Aonal to plot s _'_. lz_. because observed crown ratios were used, instead

of predicted, whenever possible.[_ff pine, with 241 measurement sets, had the
rnost data available to study any differences be-
tween natural stands and plantations. The planta- Mixed Stands
tions tended to have smaller ave:rage diameters The mixed stand analysis proceeded similar to
with t.he same basic pattern as the natural sets the pure stand analysis, but the model was ex-
except f%r a scattering of higher values at about 8 panded as follows:
inches A carefhl study was (lone to see if the cause
of these higher values could be fbund, but it was solve

unsuccessful Asaresult, no separation as to m(×ie I (_-BA/!_:=fI(AD_b_-D_)I'_BA2

ofs tand or igi n (p Ia n tatio n or na tura 1)was mad e in ---- ...........o----

the final analysis. AY1 = [PG,] INTo] -e
In determining a function t,) fit to the f_'s, we At

looked at those species with a fairly complete di- (5)
¢° iameter range. Computing the average fi for 2-7nch

averagediameterciasses indicated a nearlycon. I ._3:=fdAD_) 1

stant f'unction that decreases somewhat at the ............................................................................................................

lower diameter values. From this relation the &Y2. (BA_ + a)_ BA_ ADJADz)%notion .... [PGd [NTd -e
At

fi ......b, (I o.-e ba DBH)
(4) with boundaw conditions

was chosen. A few representative graphs are given Yl(t_ .....k_ Yl(t.:i =::k_, Yl(t:_) = kn

in figure ;k Y2(t_l = k:,_ Y2(t,p = kr: Y2(ta) = k:,_

i

. _gure 3. _. Sam.pie monomeolecuiar functions relating fi uaiues
to mean. stand diameter. C?oni/[,r t,alues tend to be considerably

larger than hardwood values. Tke mathematical fiznction is
gicea in equation (4) and the _umerical values are giuen intable I.
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ua- Table 1.--Parameter values for equation (4) 1

ee- Setsof
aly
er- b, b2 measurement Comments
ut, Species intervals ............
ost Jackpine 112 -.4638 46 Predictedcrownratio used
;ad Redpine 121 -.4462 241 Observedcrownratio used

White pine 117 -.1261 77 Predictedcrownratio used
Whitespruce 125 -.3652 11 Predictedcrownratio used
Balsamfir 86 -.4923 15 Predictedcrownratio used
Blackspruce 9 dataonlyfor DBH2"-4" (use

to whitesprucecoefficients)
,,x- Tamarack 1 Limiteddata(usejackpine

coefficients)
Northernwhite-cedar 155 -.2230 18 Observedcrownratioused

Hemlock 2 Limiteddata(usewhitepine

coefficients)

Blackash 0 Assignedsugarmaple
coefficients

Cottonwood
(5) Silvermaple 69 -.1434 7 Predictedcrownratioused

Redmaple

Elm 0 Assignedsugarmaple

coefficients
)_ Yellowbirch 1 Limiteddata(usecoefficients

for selectred oaks)
Basswood 2 Limiteddata(usecoefficients

for selectred oaks)
Sugarmaple 74 -.1902 25 Observedcrownratioused
Whiteash 0 Assignedsugarmaple

coefficients
Whiteoaks 4 Limiteddata(usecoefficients

for redoaks)
Selectred oaks 73 -.1303 10 Observedcrown ratioused
Otherred oaks 0 Assignedcoefficientsof
Hickory 0 selectred oaks

Assignedcoefficientsof
selectred oaks

Bigtoothaspen 0 Assignedcoefficientsof
quakingaspen

Quakingaspen 117 -.1366 21 Predictedcrownratioused
Paperbirch 0 Assignedcoefficientsof

quakingaspen
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 tbr quaking aspen.
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' } • In reiationst_ip _Ill there i_ no i]xed rei _'_ i_

....._........... ',"' pr¢_:(luct of" c,_ and _,_, is ':2.
:_'?_ __'_[ are _x:>tent ia} (_ia/,meter yrowth rune- "

b_T_)q'_[b _re _umb<rs oI _rees_ in equation t6} showed t__:_t [!_ :i is _ % •
bec_ t.1se (:o_ n d _,_.,cot._id v ;xrv ,_vid etv w i th __t t i e !

-) .... ,............Te

f_,f':,are th_:__norH:_r_ol_._cuhr R_nd:ions of ave:ra_,e eqt_,_ (H_ i5 } to t}_e observe4.ior_s_ ] ,_ -.:_H:nv I_a,/e

_:_:_<_{:H,_s_ arHi _;__:'_and _ 4, based on only six obse,rv_tions of the _vstem
o.,_.,;_:_e_r_:t _Ae u__k__owr, ir_teractior_ term.s that state. } i_£el_tionship I'2 ] between o**_:tnd ._,,,_:ave very

[............. ;lfTk,cts species 1 and how poor results as jud£'ed b_ resklt._,:_i "__' ....... _.4 re_.

():rt_]y t}_e plot._ }tad_zed to be two_.species plots and more lo_,ic;_].. Thus. 0:>r_>_tchtwoospectes n_tx.

plot o£ {br (xampl ......._ac_<.pir_e_red p_ne, we h_::_d._n
........................... _ .> est,:im_ted vMue of _,,; _ind _> The nHta_ vaiut:_s for

.............'_._ each twoospecies mixture is _pcer,_in tr£bie "_al_...._.

cpow__ r _st _c_a__i th e 9r e_,ii,c t,ed cr ow_'_ r a t,i o,. f h e w i t h t h e n urn ber of p l ot,s. __ec ;_,,_nse w e a :re dea] Ht :_
,_:::_,,_,_._wer_:i si_::_ihr _id,,_t:_t_v sii£h_y better Ibr with the ,nw,duct of two "' ............._ and the

__w>ret w_a_;_R_._cies!:_{:_ vaik_bte, we used the preo

anai v'si.t__. i 5)......

.... ............ Redpi__e_qua_w,9aspe_'t 4f:-5 2 251 2

pHis_s i_ss_;e_(:_of 4() sqtHire l_}e{: to pme..seilec_red oaks :[.}'it 285 3
.... Whi_e_p_s_-quak_n9 assets _ 783 662 c,

_:_. The ct:_tof'[ criterion Balsamh,,_quak_r_gasP¢'_ _.81 2 327 !6
!"-_ _s_.,._._,_i ; _ _ _t.o£_.,.a_ 363 3 £,66 2

_ni_l or sur'_,,ivi,%[ tr'e.e._,_\cry _%wpN:'_t.shad to be Hemiock_su_a_map_ 1 s98 977 s

__ i_ can be .... R,edmaflle-se!edredoa_s 2 32_ 'i?J._ 5

, __......._ ___xff'bcts species [ _im.s,ug0:,Jm_ie I 43._ ::K:4 i

.... _[_n-se]ec_fed oaks 20{k:} i;,)4 "*

Sugarmap_e-s(ded,H._doaks 2:357 648 /.H'
h_ 42_ '>3_6_¢¢:_,_eash,.seiectred oaks g 2

...... 409 :_:324 ?!4 i '_,-_ ;4_>_ Se_ec_red oak:s_ts_akingasp_ _

i



_ '_i_' !"_'_?_ _?_; _'_ .... ...... _ .... .............. i_ _.__._: _ _ _'/ _'' _:_"

)n be- DISCUSSION example, if we observe species 1 and 2 growing
equal together and estimate (o_.;and w2_for their interac-

4] the The unit associated with _ (equation 2) is square tion, if we observe species 2 and 3 growing together
feet of basal area. Thus, the unit of b_ in equation and estimate w,._and (o:_.2for their interaction, and
(4) is also square feet of basal area. The combina- likewise o_:_and (,_ for 1 and 3 growing together,

nship tion of equations (2) and (4) makes this clear then a three-species model is formed as fbllows:

irable [ b2 DBH) ]

little :ba_(1-e

ion of BA (7)
have 1 - e [- -fl,=f,(ADt) "

r un- i tBA-, -;_,,.i BA.. ADo ,AD, + _o,a BAa ADa/AD,t and From this relation we interpret the fl function to 2Y1 i

stem give the basal area at which a stand with mean --zt--=[Pa,] [NT,][1-e

._very diameter, DBH, is growing at 63 percent of
d re- its potential. That is, when the exponent ofe is - 1, [ ...... -Bo_=f,:(AD2) -
both _-1-_-- 0.63. On this basis, one would expect toler- _BA,- ..,o-,BA,AD: ADo.+ conBA:_ADa/AD

etter ant species to have higher function values than AY2 =(PG:I[XT=_].-e
At

mix- intolerant species. The softwoods in table 1 gener- (s)

each ally follow this pattern although one would expect -_ =_,_,AD:0

dan jack pine to have a lower b_ value than balsam fir. It BA._¢or.BA_AD.,AD:_,o_BA, AD_/AD:1
for The hardwood estimates deviate more from the _Y3 ....

long theoretical ordering. One would expect quaking ............At =[PG:_][NT:_]I_-e

ling aspen to have the lowest b, value. Instead, it has
the the highest.

ally Because of the way the model in equation I is
assembled and the unknown numerical constants The explicit assumption here, for example, is that

lion estimated, each subsequent step provides a check species 2 affects species 3 the same whether or not
on previous steps. For example, the fl value esti- species I is present.
mates provide a check on the potential function in

_ent the following ways: (1) if the fl values are ex- For species mixtures where no information, or
!e tremely large (recall the fl unit is basal area) this insufficient information, is available, a default

means the potential function is predicting growth value of 1 is given to the _)values, pending acquir-
ing additional infmTnation.rates too low, and (2) if the /3 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
co,and _o.2,a check of the fl functions for species 1
and 2, respectively, is made. For example, if two CONCLUSION
similar species have been observed growing to-
gether and the observations are used to estimate When the potential growth of a plot or stand of
_ and _o,,in the relation trees of a single species is characterized by the

_o,co.,= 1, product of a potential function, number of trees,
one would expect o_,to be very close to 1. A value and a moditier of the potential, the function
significantly different from 1 would indicate that
one of the fl functions is not adequately character- [[ -e -fl/BA]

satisfactorily reduces the potential growth to that
izing pure stand growth of the species, actually observed. The values of/3 are species-

Only pure stands and two-species mixtures were specific, being higher for conifers than for
treated because the observational data simply will hardwoods, and higher for tolerant species than
not support a thorough examination of three-spe- for intolerant species. For stands containing two-
cies mixtures. Models for three- and four-species species mixtures, variation in the growth was sat-
mixtures are built up from two-species models. For isfactorily estimated by using two equations:
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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 able---i.e., of allocating change by a group of trees
to the individual trees in the group. The following

Forest growth models may be categorized in discussion assumes that the basic input informa-
many ways. An often-used dicho .tpmy is stand tion is in the form of a tree list containing tree
model vs. tree model. Munro (1974) presented a species and d.b.h., and that this information has
classification based on the use of inter-tree dis- been aggregated into a single class for projection

tances and primary input parameters (variables). purposes.
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 APPROACH AND
information at the level of detail potentially avail- HYPOTHESIS
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, o'ne may Two fundamentally different ways to approach
choose to project the attributes of a class oftrees. If, the allocation (disaggregation) problem may be
in going from the input form to the projection form, termed absolute and relative. An example will
one aggregates tree attributes into class attri- show the nature of their differences. Assume we
butes, information is irretrievably lost unless a have a 12-inch d.b.h, sugar maple on our tree list.
way can be found to disaggregate change in the It is one of a group of sugar maple trees whose

collective attribute (e.g., the sum of their diame-
projected variables, ters) is projected for 10 years. From values of the

There are advantages to maintaining and up- collective attributes at the initial and final time
dating a tree list through time. It allows more we calculate change.
useful output because individual trees can be ag-
gregated according to a criterion of interest for Implementing an absolute allocation rule to es-
output. This is especially important when the out- timate the diameter growth on the tree would nor-
put criterion is not the criterion used to aggregate mally involve either consulting a table of mean

diameter growth rates for sugar maple by size orinput to the projected variables. For example, out-
put information is often desired according to vari- size class, or solving a 10-year diameter growth
ous merchantability standards, such as 4.5-inch equation for a 12-inch sugar maple tree. By apply-
d.b.h. (pulpwood) or ll.0-inch d.b.h. (saw log). ing the same procedure to all other trees on the
There is, however, ample evidence that these size tree list and summing the projected growths, the
criteria have no biological significance useful for sum could be compared with the amount of change
projection purposes, to be allocated. If, for example, the predicted sum

exceeds the amount to be allocated, one could use a
On the other hand, there are advantages to any reduction constant for all trees.

approach that aggregates input information into a Implementing a relative allocation rule would,
few classes for projection. Such approaches are
more simple and economical, lending greater op- on the other hand, consider the number of trees

larger and smaller than the subject tree. Accord-
erational usefulness to the projection system, ing to these numbers, the subject tree is allocated

The purposeof this paper is to present a simple an amount of diameter growth. Because the social
rule for disaggregating change in a projected vari- environment of a tree is an important determinant
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of _s,o._g_:_'th_ we have ohm)sen-._ _ the relative alh)ea- where k_ is the number of trees in the ith (:e]l_and
:_,ionr_ale. Adbh_ is the periodic d.b.h_ growth fbr the]th tree

in the ith cell.
he hv_::_thesiz,ed relatR, e albeadon mile test_t

s_oc_ in the ith ceil washere 'i_:growth of'an individuaI tree in a stand is to Proportion of growing ' '
_he :_tand growth as growing stock of the individu- computed as follows:
al tre-e, i.s,¢.othe growing stock in the stand, or k

Ad ._ GS_ where the known quantities are

5d,, GS,_, c'%.,.,_T istand _...ha,4:_...__n ,,:_given by. the pro-

.feet,ion equation, g_)wing stock k'_,'_!...............
in t,ihe s_b,.lect tree, [flowing st,)ck ............ } ...................... X _ ' '2 }
t,o_, respect._',ei: < and the uno

q...t,t,, ,01.>...... tr(.: ,o3d, idiarneter change of the subject ' _e} dbh u

"......" L:...................iM E FH OD S ....'{

{}n_<';calibration data base sample pbts judged where k_ is the number of trees in the ith cett_ and
_:.o be" pu re" {[.,_a ry an d }!otdawa ,.v __q,:.-7,_.:_j t were used d b }b is t h e d {amete r b:reast h e ig ht of t h e j t h tr ee i n
f%r th> analym::,,. The trees on each sample plot the ith cell.

were _<_rt.edm _me:endi_g..order by.,d.b,h, and then These analyses. .gave two :set.s of 10 valu_:_-,a ,%r
groYa_×x.1in_:o 10 ce_ts of nearly equa_ f?equency, each plot having 10 or more t,rees:
¢,orrespondi_g te the l_10th -_perc_.nti_,h;,the I1o
__"}..... the proportion of t.otai ¢:rovvin :. stock in;:{.__h percentile, ere..o.up, to the 91o_100th percentile., x_ _ g
When the total :num_u:or_:)ftre"*es_'_ N, was net exactly, the i th i 0-pc rcen tile cot I, and
d_v_.a_b_eby 10, the extra trees w'ere added, one per y_ = the proportion or tot.aI growth due to "_"
cell _ta.r'ting with the 1ol0th p{rrcentile e:elt_ I bus, in the ith l(-perc<:ntfle cell

each _, 1[ ¢on _:_m:!t appro×imatet y 10 percent, of Propo_ion of Kro,a_th and propo:rt ion of grow'ingthe ......e
t.n'>;_:_o_':_a pto_ with _.he smallest I0 percent in stock were computed :for 10opereentile ' ,c_,asseson

_ f].r,_tce_ a_"_dthe ba,rgest 10 percemt in the last each plot with 10 or more s._'_,-,'_v_a_,,. trees.., in the
ee___ tim e inte rva I se 1ected. Two in t err a ls we re se :tected

The o::)n_ents of each co{1 were analyzed tbr two on each plot: from the final measurement back
attribute_< _,1} the growth of the trees in each (:ell approximately I0 years, and fYom the first mea-
eel:at fro h) _he _;ot.a_growth oral| tr,..ese',- on the plot surement %rward approximately 10 .),ears. tf'over-
,_nd i'::'_._,.,*_.b.,_:egrowing stock represent_i by the trees ,lap resulted, the plot. was not used. A total of 1,599
in e_<:.}'_ee;l_ r-e_a.tive to the total gr.owmg stock on plot observations were available for ana[ysis.
the pbt., I)iame_er growth per tree and sum of tree Each of the t,599 observations consisted of two
diame{er_ were :us_:_ias the respective armbles, sets of t0 iDroportions: growth and g_-owing stock.,

Pn:_portio_ of st.and growth due the .f_ cell was as wel_ as ackiitional plot descriptors {me;an piot
corn pu _ed _._.:s bw.s: basal area at mid po int of t he inte rv a I, me a n stand

k_ diameter, site index, property and plot number).

Informs'ration on the 1,5{)9 plots was sorted in
Adbh.,,.,_ ¢..)rd_,,:_r by spe.cies a nd mea n s tan d basa 1 a re,a. Pro ,-

....._,:::._........,........... U:ninary eva tuat ions based on red pine plantation
k._ data showed a surprisingly linear relationship b,e_

.................................................................................... y_ (I) t,ween proportion of growth and proportion of
growing stock. The same linear ...._.... ,

c:_10 __ Adblbl' dent in the other plantation data available (jack
1_ pine and white spruce). (]raphs of gw-owth protmr-

! I i [1 _Jrnaturat
I: tion against growing :stock prep.)rtion q

L k, j smnds showed a marked dii]'i_rence fYom those fbr !
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t plantations. This was especially evident for plots Several approaches were used to develop mathe-
-_ with greater mean d.b.h, values and/or lower matical equations to characterize the types of

stand basal areas. Figures la and lb show the changing relationships between proportion of
differences in trends as plot basal area changes, growth and proportion of growing stock. The at-
Figure lb is for red pine plantations and figure la tempt was basically to estimate parameters for a
is for red pine natural stands, general equation fit to each set of observations

In both figures, there is a tendency for the rela- based on basal area classes. For example, a four-
tion to rotate around or near the point with coordi- parameter model fit to observations for each basal
nates .10,.10. This, ofcourse, is to be expected since area class would yield one set of parameters
the_lot data were divided into 10-percentile (a,b,c,d):

Gl_op = f(GSp_op,a,b,c,d). (3)
classes. As basal area stocking decreases the fig- Given a set of parameters (a,b,c,d) for each basal
ures show three trends: the range in proportion of
growing stock decrease, the range in proportion of area class, the attempt was to develop an expres-sion as follows:
growth decreases, and the slope of the relation
changes from a very steep positive one at 179 a = f(BA), where
square feet in figure la to slightly negative at 66 a is a parameter in equation 3,

BA is mean stand basal area in square feet, and
square feet in the same figure. Comparing these f is an unknown function.
trends with those in figure lb shows that the
ranges also decrease, but the slope of the relation The general function, then, would be
is still positive at 50 square feet. GRpr°P=f(GSp_°P'a=f_(BA)'b=f2(BA)'

c=f3(BA),d=f4(BA)) (4)

0.16

a b
/.%

0.14 - - _/_

0.12

0.10

;_ 0.08

_, 0.06 -

/
0.04 mean plot bawl area per acre -- J mean plot basal area per acre

O 66 square feet O 50 square feet

l-I 101 square feet r'l 99 squarefeet
A 138 square feet A 138 square feet

0.02 - O 179 square feet - C ) 180 square feet

o I ! I ! I _ 1 I I

0.04 0.06 0.08 0.10 0.12 0.14 0.04 0.06 0.08 0.10 0.12 0.14

PROPORTION OF GROWING STOCK

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 _ (i = 1,2,3,4) are functions relating basal Observations of the £K_v,th proport ions arid
area (BA) to parameters a,b,c, and d. growing stock proportions:<, %r basal area classes.

This approach resulted in sets of parameter val- such as shown in fi_re I_ were used tode_ermine
ues--for example, a set of six b values that varied values of k_ and k_ [%r {acn basal area c._._._
so widely that no relation between the b values each species. TaMe 1 shows k_ and k: values %r
and basal area could be established. As a result, eight red pine basal area classes ff)r natural
this approach had to be discarded, stands. The equation used to _har,:,cter_z< _he rela-

tion between k_ and meas basai area is a simple
The approach finally used was to take the vari-

ous graphic forms of relations between growth pro- parabola:k _: a _+ a_BA + a :_B A: 7 't
portion and growing stock proportion shown in where

figure 1 and align a series of them on a light table a_,a>aa are unknown numerical con:stant:_,, and
so that they produced, as nearly as possible, a the function for k_ is

single smooth graph. To this single graph was fldb,_ ......}i_A_b_ _:_)added a new set of axes. The new coordinates of 17 k,, = b_(1- _, _...... "

points were read for segrnents of the composite where
graph and used as observations to estimate the b_,b2,ba and h_ are u_aknown numerical cor_°
parameters in an equation to characterize the stants.
composite graph. The function used was: Constants a_, i = 1,2,3 and b_.i ....1.....4 were _mter_
log(GRn,_,,,) = a,, + b(log GS_o,) + mined by linear and nonlinear re<ression meth-

c (log GS,m_F- + d(log GS_m_)a (5) ods, respectively, to give the {c.,l_ow_r:ggeneralized

where form to the giant function _

log is logarithm to the base 10, GR=k_ + 10 (a,_,...b_iog !(;S +k: }+
GR_,_,_is growth proportion, c (log(GS + k_)i_+di h:<_GS + k., )}'_) _":)_

GSp_o_,is growing stock proportion, and where ao,b,c,d are known cor_star_ts i%r the _;iant
ao,b,c,d are unknown numerical constants, function, and k_ and k:_are com,pu_ed from plot,

Estimated values of the numerical constants are basal area using equa_Rms i7) ;_nd {8),
ao = -2.379 In most cases it was nec__v_ar,_ u::_exami_e '_.....v __e

b = -5.077 observations and assi_:,u numerical values to b_
c = -3.972 and ba in equation {8). Tab!e 2 gives the coei]icier:_s
d -.2964 of equations {7) and {8t <:.... _= _._,_;{_ species with suf']l-

(R_ = 0.986, Standard error = 0.0204). A graph of cient data.
this function is shown in figure 2.

The strat,egy in putting together a composite
relation is to have a mathematical function that Table 1._Vertica! (h,)a__</k,,_r_zoata_ (£':)t;'x_,'_,:_/<_:.o

possesses all the required types of shapes. The tion vah_es/b_ ......,.-,_-_'/%_H:tio,,_to a,:'_.."_:_:_t
desired shape for a particular situation can be for variatio_ in rNaeio_ betecee_ g,xxcth

.... _ , "_ ...... ,_obtained simply by translating the axes so that the proportior_, aria ggx._t,_,W stc<_' progx)rtmr_
observed data coincide with a segment of the com- for red pine rH:__r<.:i_ stands (groups are
posite limction graph. Because of the analogy with by basal area c£:_:.;:_:_i
the giant tree concept (Grosenbaugh 1954), equa ..............................................................................
tion (6) is calk4 the "giant function". Basal area k, k_ a:' Ro. el

Mean Range plo_s

GR=k_+10 (a_,+b(log(GS+kj)+ 65.6 (20-69) -.1060 .I346 ..42 8
c(log(GS+kj) _+ (6) 79.5 (70-88) -. t 111 _1174 _44 21
d(log(GS+k_.)) a) 101.5 (90-109) -.1099 095_ 53 52

119.1 (110-129) -. 1043 ,0825 ,93 151
137.9 (130-149) -.1009 .0734 ,97 86

where ao,b,c,d have the numerical values given .....
above, 156.0 (150-166) -.0985 0573 96 ,_9
k_ is the vertical translation of the axes, and 178.9 (170-189) -.0565 0315 099 19
ka is the horizontal translation ofthe axes. 197.6 (191-207) -.0589 _8395 71 5
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PROPORTION OF GROWING STOCK

Figure 2.--Graph of composite function in equation 5 showing location of 17
observations from separate graphs.

RESULTS AND DISCUSSION tion between growth proportion and growing stock
proportion. For example, the k, and k2 values for

The functions to predict translation values, k, red pine natural stands and plantations (figs. 3g
and k2, show a considerable difference in the pat- and 3h, respectively) are very similar, yet the pat-
tern of translations as basal area increases. Figure tern for 3g produces the relations in figure la and
3 shows the patterns for Lake States species with that for 3h produces the relations in figure lb.
sufficient plots judged to be pure. Species differ-
ences relate primarily to the magnitude of k, and

The total sequence of operations in predictingk2, and the rate at which kLand k2 approach zero.
In general, tolerant species' values approach zero growth proportion is given schematically in figure
very slowly while intolerants rapidly approach 4. Four input quantities are required for a given
zero. Quaking aspen appears to be an exception to tree and stand to determine the tree's d.b.h.
this statement, growth: total stand growth (from the stand compo-

nent projection equation), d.b.h, of the ith tree,
Small differences between species' k, and k_ sum of tree diameters on the plot, and the total

values can make a sizable difference in the rela- 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) k2 (horizontal)

Species al a2 a3 bl b2 b3 b,

Jack pine (plantation) -.630 E-01 -.730 E-03 .770 E-05 10E 00 -.4000 E-02 .150 E+03 .7400 E 00
Red pine (plantation) -.844 E-01 -.540 E-03 .380 E-05 15 E 00 -.5585 E-02 .300 E+03 .2139 E+01

(natural) -.643 E-01 -.968 E-03 .500 E-05 20 E 00 -.9400 E-02 .300 E �•E+01
White pine (natural) -.736 E-01 -.350 E-03 .140 E-05 10 E 00 -.7300 E-03 .250 E+03 .1759 E 00
White spruce (plantation) -.111 E 00 -.100 E-03 .339 E-05 10 E 00 -.1799 E-01 .250 E+03 .8264 E+01
Balsam fir (natural) -.871 E-01 -.242 E-03 .283 E-05 10 E 00 -.1720 E-02 .250 E+03 .3479 E 00 I

Black spruce (natural) -.100 E 00 .620 E-04 .800 E-07 10 E 00 -.3190 E-02 .250 E+03 .3724 E 00 I
No. white-cedar (natural) -.154 E 00 .583 E-03 -.120 E-05 10 E 00 -.2018 E-02 .400 E �‡E 00
Sugar maple (natural) -.840 E-01 -.240 E-03 .240 E-05 10 E 00 -.6200 E-02 .250 E+03 .8322 E 00
Quaking aspen (natural) -.819 E-01 -.247 E-03 .248 E-05 10 E 00 -.3470 E-02 .250 E+03 .7540 E 00
Other hardwoods (natural)1 -.394 E-01 -.196 E-02 .150 E-04 10 E 00 -.2297 E-01 .200 E+03 .6384 E+01
'Redmaple,elm,basswood,yellowbirch,whiteoak,selectredoak.

f
(TOTAL GROWTH) (PROPORTION GROWTH) =AD.b.h.

k 2,,.

o

oo° _- b

PROPORTION GROWING STOCK (G$) 0 " Ij

INDIVIDUAL TREE DIAMETER kl

SUM OF TREE / TOTAL STAND BASAL AREA

DIAMETERS 8

Figure 4.--Sequence of steps in the estimation of diameter growth for an individ-
ual 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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it, the pruj{ct, Hm _roeedure each tree is treated with the obs. rv_:d fsro_ {h proportion It aoof:u:_red
ind;ividuafly rather than being grouped into 10,o that. no ,.,'_ste.matlc bias had been introduced into

p{....._.n,_ ciasses (2onsidering a single tree on a our procedures because the deviations of predicted
piot of N trees is equivalent to dividing the pk_t from observed were as a n,,_lenormally distributed
into _; lO0.,percentilecla_,.s_;s,, in this case re-' .....s" _' the .about zero i%r both the percentiie.............. class and stand
ladon bet.ween proportion of growth and propor- basal area. This test does not, of course, constitute
tion of growir_g :<.,,o<kshould have the same shape an independent test; rather, it simply checks for
as the 10.,,percentile graph but should be centered bias introduced by our procedures. ; !
at _ _mstead of_ _0,,i01. This can be aeeom-

p!ished by transf%rming the per-tree growing [
stock va:lue to a ]( ........, ".... )-per<eat_l_:, class value. The lat-

ter value can 1:_:used as in figure 4, st,::p e, and then C ON CLU SION
be transf}_r=med from a I0opercentile growth pro-

p_rtion v_:,_iueto a ({ :} )100) _:,_<vntile grow,@_pro- The growth of an individual tree in a stand is a

p-<_raionvaiue, The conversion relations are based ffmction of its position in the stand and of the stand i
on t,he f%iI_:vwingproport ion:s: growth. The :initial hypothesis

tree growth .. tree growing stock
1 Kiil_nai_o;&i};" ";iT{E_oT;Hg7[&_ :

N X ........ is oveN,,, simplistic. The growth :_roportion is re- *:_" :: or :: X. { I(}iN '....... '
X ,10 lated to growing stock proportion in a n.m_mear

mariner that changes with basal area stocking lev,-

v,here els, Furthermore, the :nonlinear retatior_ differs
between natural and fAa,ntation stands of the samex. i:,_ the per ..... )_ree growing st/>ck proportion,

N i_ the number of trees, and species°
X is the 10_percentiie growing

:_t.ock proN>rt ion_
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MORTALITY FUNCTIONS

Roland G. Buchman, Principal Biometrician

Knowing an individual tree's likelihood of dy- The time between measurements ranged from 1
ing within the next year is essential to a tree- year to more than 10, with the most frequent inter-
model forest growth simulator. A mechanism for val being 5 years.

i selecting trees to be removed from a stand as a
Intervals of at least 2 years but no more than 6

consequence of mortality is an integral feature of
i the North Central Forest Experiment Station's were chosen to establish a reliable measure of di-

generalized forest growth projection system ametergrowth rate. A comparable time interval (2
to 6 years) following growth rate determination

I (Leary 1979). was chosen for recording tree status.
A tree's probability of dying depends upon its

ability to cope with its environment. The tree it- These criteria reduced the size of the data base
:_ self, its neighboring trees, and numerous ad- eligible for use in developing the mortality func-

tion. Even so, more than 47,000 trees (table 1) hadditional influences including light, moisture,
_ nutrients, insects, and fungi combine to form the the required three measurements. The tree count

ranged from 18,208 for red pine and 7,350 for sug-_ unique niche for the individual tree.
ar maple down to about 100 for white spruce, tam-

How might we assess the tree's response to the arack, and bigtooth aspen.
, i conditions of its neighborhood? One of the simplest
• indicators is the tree's vigor as reflected in its Furthermore, many of the trees had more than

three measurements that met the time require-
:! growth. Diameter growth rate is a readily obtain-

able, direct measure of the tree's ability to with- ments. However, only one set of measurement da-

! stand the stresses of life. ta---one diameter growth rate followed by a statusobservation--was used from each tree when deriv-

Diameter growth rate is the key tree character- ing the mortality function. This set was chosen at
i istic in the species-specific mortality functions random for each tree where two or more sets were

presented in this paper. We attempted to select a available.

_!!. common functional form for all species, with
unique parameters for each species. 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).DATA ORIGIN

Permanent growth plot data were available for MORTALITY RATE
the major forest tree species in Minnesota, Wiscon-

_ sin, and Michigan (Christensen et al. 1979). Most
_, Individual trees either lived, (mortality zero), or
_i individual tree records contained measurements

_ for at least three points in time, permitting calcu- died, (mortality 1.0). Diameter growth class mor-
:i: lation of an annual mortality rate for a given tality rates, however, depended upon the compos-

_::_ growth rate. Determining diameter growth rate ite of the individual rates of those trees forming
_' required two diameter measurements; determin- the class.

i:i ing the tree's status (live or dead)and subsequently, Growth class limits chosen were 0.0 inch (no

:_i:.i the mortality rate, required a third measurement, growth), 0.02 inch, (J.04 inch, and so on up to 0.30
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i Table 1.--Number of trees used in estimating mortality rates and parameters, by 5-year diameter growth
i classes

_f Five-yeardiametergrowthclass_(inches)__

i .00- .10- .20- .30- .50- .70- .90- Over '

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

Jackpine 104 165 178 492 833 763 718 528 3,781
Redpine 528 605 1,033 3,987 4,571 3,663 2,040 1,781 18,208
Whitepine 49 44 55 130 139 189 170 407 1,183 '
Whitespruce 3 2 6 10 12 25 9 39 106 :
Balsamfir 118 207 234 562 648 431 271 331 2,802

Blackspruce 12 34 59 123 96 43 21 11 399
Tamarack 1 5 6 16 19 8 3 3 61

ii
N. white-cedar 0 4 11 42 53 30 5 5 150 _
Hemlock 17 23 34 92 68 61 39 22 356 -_
Blackash 8 10 21 45 42 23 10 5 164
Redmaple 36 35 52 193 246 221 166 185 1,134
Elm 168 65 141 258 241 204 234 374 1,685
Yellowbirch 38 32 51 143 129 100 51 53 597 _
Basswood 103 59 110 227 262 286 328 348 1,723
Sugarmaple 402 216 538 1,145 1,447 1,347 1,214 1,041 7,350
Whiteash 20 22 60 129 131 182 237 319 1,100
Whiteoak 33 • 29 50 117 103 66 30 18 446 ._:
Selectredoaks 19 37 50 216 323 263 250 235 1,393 i
Otherred oaks 11 4 21 28 32 20 13 11 140 i_
Hickonj 22 24 60 114 67 29 13 7 336
Bigtoothaspen 0 1 4 20 20 27 20 16 108
Quakingaspen 105 213 198 398 382 389 443 791 2,919
Paperbirch 64 86 91 165 167 99 78 55 805 :_
Otherhardwoods 16 20 48 54 29 36 20 26 249 _

Noncommercial 101 22 70 77 24 10 3 2 309Total 47,504 _

inch per year. These limits correspond to 5-year interval, and N_ is.the number of live trees at the
growth remeasurements (as mentioned earlier, 5- beginning of the ith interval.

!

year remeasurements prevailed in the data base)

of zero diameter growth, 0.1 inch, 0.2 inch, etc. These terms become more meaningful if we
The mortality rate (R), the annual mortality for examine real status data, for example, the status _i_

a growth class, was calculated from the more read- of 528 "no growth" red pine trees:
ily determined annual survival rate (SR), with

R= 1-SR. Numberof Numberof Numberof
If we assumethe SR for a speciesto bethe same live trees years(i) to live trees

eachyear of the 2- to 6-year status measurement (N_) at second thirdmeasurement (S_) at status
interval, while allowing a tree to die but once with measurement (status) measurement
its demise being independent of others of the spe-
cies, we have 0 2 0

16 3 13
F.S_ = _N_SR _. (1) 31 4 29

In (1) i is the length of the status observation 417 5 347
interval, S_is the number of trees surviving the ith 64 6 44
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Table 2.m Number of trees used in estimating mortality rates and parameters, by d.b.h, class

_: D.l_h,inincheuL,_e_Ggndmeasurement(priorto._!atusobservatioo)
Species to 1.6-2.6- 3.6- 4.6- 5.6- 6.6- 7.6- 8.6- 9.6- 10.6- 11.6- 12.6- 13.6- 14.6. 15.6. 16.6&

: 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 13.5 14.5 15.5 16.5 larger Total
Jackpine 62 426 851 482 477 509 362 199 159 103 51 42 20 16 14 4 4 3,781
Redpine 12 91 234 928 1,9372,889 2,8512,221 1,811 1,4911,124 853 628 432 320 183 20318,208

Whi_tepine 23 72 64 70 70 76 75 81 81 78 82 79 71 261 1,183Whitespruce 2 11 12 10 7 9 19 12 10 5 3 1 1 2 1 1 108
:_ . Balsamfir. 92 596 631 463 298 303 207 107 61 22 12 5 4 1 2,802

Blackspruce 3 12 35 44 68 132 80 16 6 3 399
Tamarack 3 1 9 20 11 10 3 2 2 61
N. white-cedar 1 1 3 36 34 21 27 15 6 4 1 1 150
Hemlock 30 36 44 33 35 30 33 24 23 26 16 12 14 356
Blackash 9 17 47 33 20 7 14 8 5 1 1 2 164
Redmaple 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
Yellowbirch 1 6 62 140 114 61 56 54 28 12 22 15 7 8 11 597

i! Basswood 20 33 68 148 225 220 195 191 170 134 72 54 33 32 27 101 1,723
Sugarmaple 23 252 269 743 1,1231,324 1,028 705 486 336 234 187 135 113 101 86 205 7,350
Whiteash 10 20 51 86 150 139 154 142 121 94 61 29 16 11 5 11 1,100
Whiteoak 2 10 5 28 39 49 60 45 49 26 29 29 17 58 446
S. redoak 1 26 72 87 90 85 109 134 120 118 119 79 83 270 1,393

_ Otherredoaks 3 7 10 13 12 6 6 3 6 12 17 9 6 9 6 3 12 140
i_ Hickory 2 4 7 11 14 50 82 70 34 29 17 6 5 3 2 336
._ Bigtoothaspen 3 20 18 15 6 12 19 11 3 1 108
._= Quakingaspen 21 98 313 304 439 513 448 300 234 147 57 29 7 4 4 1 2,919
._ Paperbirch 169 128_ 72 77 132 113 55 29 14 6 4 2 1 2 1 805

Otherhardwoods 10 3 11 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 S_ N=SR_
_ ameter measurement by 2 or more years and the

status interval is of common length for all trees 0 2 0 0.00
(i.e., one level of i), then (1) reduces to S = N SR ¥_, 16 3 13 14.20
where YR corresponds to the length, in years, of 31 4 29 26.45

:_ the observation interval. This yields SR = 417 5 347 341.96
(S/N) vYRand can be solved by substituting the ob- 64 6 44 50.44

_ served N, S, and YR in the function. Based on the

second line in the tabulation (i = 3), the annual Inspection of each species' mortality data re-
survival rate, SR, is (13/16) ,/3 or 0.933. Calculat- vealed that decreasing mortality was associated

:_ ing further, SR = 0.983 for i = 4, 0.964 for i = 5, with increasing diameter growth. When diameter
and 0.939 for i = 6. growth exceeded 0.5 inch in 5 years, the mortality

When several different status interval lengths rate essentially leveled off without reaching zero.

_ are encountered, as with i = 3, 4, 5, and 6, applica- Tamarack and northern white-cedar were excep-
:,_:_ tion of equation (1) will yield a composite SR for all tions; these species had consistently low mortality
!? intervals. Substituting observed values in _S_ = at all growth levels.
%; _N,SR iyields 433 = 16 SR 3 + 31 SR 4 + 417 SR s +

_ 64 SR 6 . Solving, we find SR to be 0.9611 and R to There are four critical points where reliable
be 0.0389. mortality data are needed. Foremost is the mortal-

We then have _.S_ = 433 and _N_SR _= 433.05 ity rate for "no growth" trees. If the data at this

_ with the red pine data, both a check on our calcula- point need to be bolstered by including trees show-
=? tions and the completion of the demonstration. In ing slight growth,, then the estimate of mortality
_:i summary, we have: at no growth loses some reliability.
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!
A second critical data point is the mortality rate Three variations from this basic function (2)

for the fast-growing trees. For each species the were also evaluated for usefulness in estimating
, most ample data appeared here. mortality:

,_ At least two reliable data points between the R = [I+EXP (a+fl:DGR)] 1 + _, (3)

i_ nongrowers and the fast-growers are needed to R = [I+EXP (_+floDGR_)] 1, and (4)
;i establish the form of the mortality curve as mor- R = [I+EXP (a+fl.DGR_)] 1 + 8. (5)
:::_ tality declines. Still another model was considered,

_i:!!: Mortality rates for at least the four critical R = [I+EXP (a+_.DGR_+oJ.DBH)] 1 + 8.(6)
:__' diameter growth rates were established for all spe- to accommodate those species in which the effect of
! cies except other red oaks, tamarack and northern DGR depended upon tree size.
i white-cedar. With tamarack and northern white-
,_ In these models, the parameter, a, establishes
:_ cedar the relationship of mortality to diameter mortality at the no-diameter growth level with the_: growth was not established because too few trees
_ very minor contribution of 8. DBH and its multi-

were available, especially too few slow or no
growth trees. Therefore, a uniform mortality rate plier, _, provide an adjustment based on tree size
was assigned to all tamarack and another to north- especially for trees having little or no growth. In-

clusion of a background death rate, 8, provides for
::_ ern white-cedar, 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

MODEL SELECTION fland 7. Adding the exponent, 7, greatly increases
the function's flexibility.

A mathematical expression for relating mortal- Model (6) was selected for seven of the species
ity to growth rate was sought for each species. The (table 3) and model (5) for the remainder. Esti-
logistic function Y = [1+EXP(a+ _X)] "_has been mates of the parameters under (5) are given for all
used effectively for modeling tree mortality (for species (table 4) to facilitate parameter compari-
example, Hamilton and Edwards (1976) and Mon- son, even though (6) is the recommended model for
serud (1976) and for modeling human health risk seven species.

(for example, Truett et al. (1967)). A preliminary screening of models (2)through
Writing the logistic in terms of our application (5), the first step in the selection process, was

we have based on the ability of each to reproduce the mor-

R = [1 +EXP(a+/_.DGR)] _, (2) tality observed for each diameter-growth class_ In-
clusion of the background death rate (8), models (3)

with DGR being the annual diameter growth rate. and (5), greatly improved the estimates for annual
Equivalent forms are R' =a' EXP (fl.DGR) and growth rates in excess of 0.1 inch where a low, but

R' = EXP (a+floDGR), with R' = (1 - R)/R. 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 a fl 7 o_ 8

Jackpine 0.3678 60.178 1.0727 0.12220 0.00502 _

Redpine 1.0843 11.012 .5887 .48500 .00020 =_

I Balsamfir 2.6976 30.550 .8996 -.23069 .00400 _iBasswood -.5861 101.870 1.6493 .68398 .00489Sugarmaple .8150 66.937 1.5934 .75000 .00435

} Otherred oaks -1.1492 9.109 2.4552 .35000 .00000 _i
Quakingaspen -,0786 213,630 1.7126 .25812 .02276 '_

, IEstirnatedannualprobabilityofatreedyingis{1/[1 + EXP(a+ fl -DGR_'+m.DBH)] } + 8withDGR= diametergrowthrate(inchesperyear)andDBH
= diameterbreasthigh.
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) The variable exponent for diameter growth rate estimated tree deaths along with total trees were
; (_) yielded exponents less than 0.75 for three spe- calculated for each cell as well as for each diameter

, cies, and more than 1.25 for 10 species (table 4)--a class and each diameter growth class.

substantial departure from 1. In these instances Disagreement between observed and estimated
model (5) more realistically portrayed the decline tree deaths could be accepted, and was expected,

_ in mortality for trees with no growth to trees with within a diameter class. However, if these discrep-
0.1-inch annual growth than did model (3). ancies formed a pattern whereby the estimated

Finally, model (5) could well be superior to the deaths were consistently too low for small trees
others eliminated at this point, yet still be deft- and too high for large trees, or if the reverse pat-
cient. Numerous questions come to mind. Is it tern were true, then model (5) was deemed inade-
applicable for all sites? Is it applicable over the quate.

geographic range of the species, for all stand densi- For six species, including red pine, balsam fir,
ties, and for all diameters? And more. basswood, sugar maple, other red oaks, and quak-

One major evaluation was completed; estimated ing aspen, model (5) overestimated mortality on
tree mortality was compared to mortality observed the small trees and underestimated on the large.
within each diameter class. To accomplish this, a Jack pine revealed a modest reversal from this
two-way table was constructed having 1.0-inch di- pattern. Model (6) adequately adjusted the esti-
ameter classes as one dimension and 0.02-inch mated diameter class mortality patterns. Hence

annual growth classes as the other. Observed and we used model (6) for these species.
Table 4.-- Mortality functions 1 for Lake States tr ee species (estimates based on diameter growth rate)

_* Parameters

!! Species o_ fl _

I Jackpine 1.2178 149.3669 1.3699 0.00856

Redpine 3.2185 17.3086 .6165 .00042
Whitepine 2.3507 33.6094 1.0088 .00201

_:. Whitespruce 2.8806 30.7737 1.2309 .00396
Balsamfir 2.0754 29.5772 .9541 .00265

,, Blackspruce 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

i Hemlock 2.8233 89.5603 1.0966 .00320
Blackash 1.4875 13.3384 .5429 .00018
Redmaple 2.2405 53.5938 1.0392 .00494
Elm 1.9889 44.5414 1.0965 .00899

,i_ Yellowbirch 2.6705 63.1477 1.3819 .00382
:_ Basswood 2.2779 25.3602 .9027 .00317

_; Sugarmaple 3.1831 82.5642 1.3605 .00405
Whiteash 1.7821 232.3075 1.7267 .00222
White oak _jz 3.6946 95.6369 1.4517 .00188

._! S. red oak - 2.3092 6,999.8220 2.6615 .00468
_:.: Otherredoaks 1.0044 69.2301 1.8048 .00000

ii_ Hickory 3.0626 63.4946 1.0498 .00134
_; Bigtoothaspen .8805 56.5925 1.2154 .01288

Quakingaspen 1.2199 693.5903 2.0753 .02384
:_ Paperbirch 2.1808 11.6263 .4750 .00029

Otherhardwoods 2.2339 29.6290 1.3427 .00748
•:_i Noncommercial 2.3581 113.0644 .9993 .01923

_Estimated annual probability of a tree dying is {1/[1 +EXP(a+fl.DGR _') ] } + a with DGR = diameter growth rate (inches per year).

_ 2Mortality is constant for all growth rates, relation to DGR not established, no slow-growing trees in sample
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V A L I I}A T I 0 N o n_,,alidatio_;cons;s_e_orc,-_mp:_ri_;,_2:the _;,,;tu-
ber of t.rees, by species, ex_xt._.d ,,todie dur;n_:_ _.......

_;ev_d _;£t_.em:{Xie] ;er_vma'_;c_ _he mortat ity status ob2_,rv8 tion wi th th ©H,_H::[ua _]v d y _,
..... _n; < pro b ab iIi tv o__,_.........t_,_ apptH_d :to _,woda_ sets that were not ing in the interval With the

_,._hi_;_dm m;c,de{ devebpmeBt One s._:_teonsisu_1 death was dete_nined for each force,of the ._.k_.'_,,:_°;e:_,

of _:_,_,_.__2:gN:_r,rBaner_g,P._o{sfr_m the Cbg_uet. Experi._ using, glhats_cies' mo_a!itv., model. As in the mc_t-
m_::_{sfl FoR_s< (;artU::m (3oun_y, M ip,ne.,_ota;the e! derivat.ion process, diame_ter growth rate was
Fo:res__srn_,naged by the Col...........'_e_e_.....of '[;2)rest rv,,,U ni- bas._l o:n the first two d _a......:.,.e, 0n_:a._ur_.,_,_:_,.t,._fbr
v<,_r%_yof Minr;e_:)La, The:se plots prov_&_t tes_ a tree, and the status was observed a_.tee third
d;:_£a _'__ '_2_for 8sf._:_n,bi reh, and nort hem toni- me.aea._n_m :n L. The co_mt of trees observrd _:od;.e
HTrs_.,ab_e 5 A__ initiat mesaurement and three was compared to e×pect_M _ ......_...... . , the
r_me_ _'_r_:_m_:nt< _pan.ning a Reriod of 17.2.....,. :_ m_xJet(table 5L

I _ 'were _va _ab!_.

The:!._<x;_;d_et COBSiS{._!_tof 38 }:_r_,.,a._._t plots The Iarges_ discrepanev b..t,__.en actsal tree
_: _,u_es F x _':_,,riment8t_[, ,., ..............For'es< , 1arque_t .: deaths and m(xtel _z,*st._ma.......t_:.,,_was for {iack p:lne. Ex-
_. , i_e.h_gan The Dukes Forest i_ ces_.,_,_:,death,s were viek{_ixtby _.hemodei, {rspeciaI_

:r_s.<m;s£__by _.heNorth Central Fore:_{_}!;xperuT_e,nt. ]y R)r _:ree8g......rc.._'_...._ng,-1ess°_han 0..08 inch _mr .reair,
,,_
:>ta_;:_r_'The_:_ph)_.__:_r"_v_d<K1a _matl _:t of test and for trees tess than 8.6 inches _ndiameter "['he

r_<_ru'_ern hard w{>_:1_:._{'t_:,_b le 5_.A.n in i'.t.ia_ tam ara ck and quak ing aspen m (xieIs a_s,oove st i
r<._r_,._,.{._r_.:__<..0_L< span n:ing m at_:xt mort ati t v t houF,h t he a_pen d i ff%rences

a g:_or_(_:Jof 10 year_.<we:re av a{tiabb _ we re not. large._

' '" ............... .............. ......... ..... 2, _ ................... ....... ....i :_...... .... " ................................
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_._<'b,_,',_.,,i:_;d.... ........"'_'_':_'_"_G,_e 400 5'" @ ......... -Z ...............................................................................'
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Numerous species, including white spruce, of death. If the random number did not exceed this
northern white-cedar, bigtooth aspen, elm, bass- likelihood, the tree was assigned a status of 1,

' wood, and sugar maple, showed good agreement death. Otherwise the tree was scored 0, a survivor
• between actual and estimated mortality. With the tree.

exception of 10 predicted deaths among the 148 The first scores were added for all trees on the

1-inch trees (none were found), the red pine esti- plot to arrive at one mortality count for the plot.
m_t_ were g_nezt.Ash and red maple showec_varia- ....
tidnWh-resuI-t-_etween observation peri0ds(but on This process was repeated for each of the 99 re-
balance yielded good results, maining scores. A distribution of these 100 countswas made for each plot, providing a relative fre-

Mortality was underestimated for white pine, quency or probability for each mortality count.
primarily with the 6-inch trees; for balsam fir and Consider the results from Cloquet plot 82 (table
black spruce, primarily with the 5-, 6-, and 7-inch 6). This plot had 30 trees with two diameter mea-
trees; and for paper birch, surements. When status was recorded 5 years lat-

: er, one dead tree was found. Expected mortality

i The second validation consisted of simulating using the mortality functions for the species pres-
mortality for each plot, paralleling the use of mor- ent was 0.94. On this plot the probability of select-
tality models in stand growth simulation. Based ing exactly one tree to die in the 5-year interval
on random selection in proportion to each tree's based on 100 applications of the selection process

_ likelihood of death, each tree was assigned either a was 0.30, i.e., 30 of the 100 simulation runs pro-
:i_ mortality or a survivor status. A count of these duced exactly one dead tree. The probability of

mortality trees provided an estimate of plot mor- selecting either zero, one, or two trees, a count
tality through simulation for comparison with ob- within one of the observed mortality, was 0.91.

:i served plot mortality. Ten Cloquet plots demonstrate the discrepan-
_ To arrive at the probability associated with cies that might be encountered in stand growth

each mortality count, each tree on a plot was given simulation (table 6). These plots were selected be-
_ 100 assignments of 1 (mortality tree) or 0 (survivor cause of their close agreement between observed

tree). This was done through generating 100 ran- and expected mortality. Still, the highest propor-
dora numbers between 0 and 1 for each tree and tion of hits, simulation results equal to observed
comparing each number with the tree's likelihood mortality, was the 0.47 (47 of the 100 simulation

_'!1 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)

_ Mortalitytrees Mortalitytree Counts

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

82 30 1 0.94 .43 .30 .18 .08 .01 .........
r_ 68 19 1 1"01 "36 "42 "17 "05 ..........

....:::Zi! 237 30 1 1"00 "34 "47 "16 "03 ..........
:_ 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 .01 .01 .11 .13 .21 .24 .17 .08 .02 .02 ....

:_ 285 29 5 4.65 -- .02 .11 .17 .23 .21 .13 .06 .05 .02 ....
_J_ 177 36 5 4.92 -- .01 .05 .12 .21 .23 .21 .14 .02 .01 -- -- --
!iii:i_,_, 204 45 7 7.88 -- -- .01 -- .02 .13 .18 .17 .16 .17 .10 .03 .02 .01

*_ r'_ 'Expected mortality is the sum of the tree probabilities of dying over 5 years.
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{ _o,_, dead tree e_}_c}._,_fbund fbr_plot Except fbr plots havin< IO:or, c _v
'1233",P!h,_t_7?_ w_@ _*rv_i_t mortality at five trees mortalit, y, most plots did no_.have a high probab_li.

_nd e,×N_:t_xl at 492_ _d"mwed only 23 hits in 100 ty of hitting the observed mortality throt;gh mor,-
app!h:x_>_tion:_ tali V simulation. However, most plots rne_. the

relaxed erit_rion of _x,_ingwithin one tree of the
C1ear_ y_the mortal ity coun ts _¢,m st_:_:rNgro v4 h ¢otract nu:m be r_

_muhgion wilt often dither from {he actual, even

whe_n the m{_Jet ie appropriate, However, the dem-
ensh*;_g_on ma_eMat _cable 6} indax_.e_ we can ex- Only 31 of'the 87 Ch:_uet plots with two or more

pvct [.obe mthm one tree of the _n,_ecount most of mortality trees had a probability exceeding 0,20 of
_.be t_me. pr_xtucing the correct mortality count through

simulation {table 8}. Furthermore, the criterion of

(,,_<_,.,e_a,nd Dukes plots having a_omost{me being within one tree of the correct count was not
me_,ali._y _r.ee were _umm_r}zed on the basis of met consister_tly by plots having three or more
etm%rm _.y be _,ween each ploC_ eb_+p+'ed mort_ li ty mort,ali ty trees.
ar_<:i_.he r,e:_@'U_from mor_,ati ty simula tion<ruble
7_ On fb_r plo_,s _Chx#;et plog_ having i I or more
_.ree_, one w_th no mortality and three with one Thirteen plots containing t I or more trees each
morta:h_y tn_ each} the probability of getting the had ;;,,'.,reprobability of prc_iucing _,he correct me>
eo_ect mo,rta_i_y count through gimulation was tali_y count through simulation., Of'these, 1t had
ze_:_ At, the other e_tr'eme, 26 of the Chx:B;et plots mortality count_ inexcess ofthe observed mor:t,atio
having I0 or %war and no mortality showed ty, and two were less than _he eb:_rved mortality,,
pr_abiliV of 0,91 m I 0 of getting the correct Jack pine was the prime contribu_or t,o nine of"lhe
rnortNi W through _mautationo plots having excessive counts

T_bte 7,- .......P.rc_&abi:Sfyofcoedb_n_ ity by.,P&:_4between enor_Mity tree cements deter,,n _ned b,.:,e"cancf<>rn._.;_......a:'..,c,.zo,_,.....,.,_n
p,e_V:>or;f_oe__o eaek _:r'ee%proSaSa&fv of dying Lsir:aulation _a nd observed co'_:a:;c:._:br cc_ckp&::4k<;_.,,:_",
<_imos¢ o:,_e mo_:tal_tv #_:,e :basa¢: 1(N) sets of .sirnu ration _ree cou n ts per pier)........................... ........... .> ....... ............... ..........................2,o2......................2o............................................................................................................... ........

..................... fNumbe[e!_te_s)..................................................
....................... C_oquetp_m................................................ Oukes_o_s_

No,g: t0 o_ fewer _tee_ P_oi_: tl or more _rees

m,o:_:mm,__o_m_ io}' _o:n_H_{I).......MoOamyio)....Mo_aHt_.,O)..........._o_a_!._io) _4or_a_,_!_l
Wlhi_ _hln Wihln Withln Within Wi_hir_

Hi__ t Iree Hi I tree Hit t tree HI 1 t_ee Hit 1 _ee Hit ! _ee

00 t 3 2
O_'_O 3 t3 2 5 2 t 1
t t, :m, ,..,; 2 8 5 1
1!,-3:0 2 6 5 7 2 1 2
.31.- 40 t 5 5 t I 2 2
_,,,, .;,'_; 3 2 5 5 5 4 2 ,
5'i° 80 'I :5 4 2 4

7I 80 8 i t0 5 2 5 4
._ _..._.;,,,, 15 3 t 4 t I 5 8 3

9+"I-'_....,0 ..........{5"°'"_...........................................................................................................................................................................................................................................................................................50 I'I 8 29 t3 .....2...........23 .... 5
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Table 8.-- Probability of conformity by plot between mortality tree counts determined by random selections in
proportion toeach 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)

_(Numberof plots)
Plots:10 orfewertrees Plots:11 or moretrees

! Mortality(2 or 3)1 Mortality(2) Mortality(3) Mortality(4 or more)
Probability Within Within Within Within Within Within Within Within

Hit= 1 tree 2 trees Hit 1 tree 2 trees Hit 1 tree 2 trees Hit 1 tree 2 trees

.00 2 2 4 2 1 3 1 1
.01-.10 5 1 3 2 1 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

i_ .71-.80 2 5 1 3 1
'i .81-.90 2 5 4 4

.91-1.0 1 11 19 2 2

Totalplots 11 11 11 29 29 29 19 19 19 28 28 28
1Either two or three mortality trees observed on these plots.
rrhe simulation count for the plot is the same as the observed mortality.

LITERATURE CITED Leary, Rolfe A. 1979. Design. In A generalized
forest growth projection system applied to the

Christensen, Linda, Jerold T. Hahn, and Rolfe A. Lake States region, p. 5-15. U.S. Dep. Agric.
For. Serv., Gen. Tech. Rep. NC-49, 96 p. NorthLeary. 1979. Data base. In A generalized forest

_: growth projection system applied to the Lake Cent. For. Exp. Stn., St. Paul, Minnesota.
States region, p. 16-21. U.S. Dep. Agric. For.

_ Serv., Gen. Tech. Rep. NC-49, 96 p. North Cent. Monserud, R. A. 1976. Simulation of forest tree
For. Exp. Stn., St. Paul, Minnesota. mortality. For. Sci. 22:438-444.

Hamilton, D. A., Jr., and B. M. Edwards. 1976.

Modeling the probability of individual tree mor- Truett, J., J. Cornfield, and W. Kannel. 1967. A
tality. U.S. Dep. Agric. For. Serv., Res. Pap. multivariate analysis of the risk of coronary
INT-185, 22 p. Intermt. For. and Range Exp. heart disease in Framingham. J. Chron. Dis.
Stn., Ogden, Utah. 20:511-524.
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TIMBER  NAGE NT GUIDE S AND
MARK G S'

_aG_D _d. Bra_d, Re,'searck F%rester

Rrevmtm pat.>?r_ have d_N,b_:_! a %re_.;t,growth dominant and ccdomirmn_ stems, basra] area_ basal
pr%t<_:t_on _y_em capable of "g-p<_wir_g"and "kill.o. area offdominants and c_:×:iom_nanbs_or some o_.her
mg°" [ree_ [fetau:_ it d_-_,_not sei_:t trees @r re- meth(×i The Sociew of American Foresters (1954}
mova]_ the syst,em applies only tx;}unm_aged favors using thenumber of dominant and cc<tomi-
_t_:_ds_ To acc'urately proj_:t managed stands a na._t stems, The USDA Forest Service !1974}.
p urv is _eed_'<t _ha[ wilt remove _r_?es(simu.- states that cover ty[_ shoukl be based on species
!ate cu_.tmg._ _co>ding to pre_}<r_ix_:i_u_delmes. most Rflty occupying the area_ The latter po_wt
Thi_ pap_r de.s<rd_e_ the pr_ed_e (algorithm! indicates that tree size as well as number is _mpor-
u_>_t _.o:_imulate tr_ removai_ r_i_::ommend_xt i_ rant Since cro,_m cla.;_ cannot be pr<deet_:l by the

management guide_s_ m_d ir_d_eat,e_ _a::_me[,_:_>as_ble m(×iel, a classification ha:Hxl on crown posation is
v_:'_,sfor the pm_ect, io_ _ystem wi<h the addition of impraeeicalo To incorporate size int,> the proce_
_,£e aig,:>r_thmo FORT}%\N _,_b_x}t:_t_nescatl_i by dure_ basal area rather than total stems was us(:_J
[he p:_._ee_,_on _ys_._m comput.er program {}:lahn to determine cover type. An aigor3d'wr_ used by
a,nd Bra_d 1979> lmpbment vhe tree removal North Ceatrat Forest Experm_ent Stauon i%rest

' aigori_.h_m.. Suprey a is the bas_s for determining the type,

I ESC RI }_I'ION OF ,r} E
SIL_ IC UL I URAL S E LEC ItNG ,r; I E AC I I0 N

ALGORI l ,HM

aag,,ra[,a,._ ha:_:_three ran}or <_ar_s Because In most eases° f_aide:_ _u,',eparedby North Cer_trat
d ifg?:'ren _ :_F__:}e :_prc<t_aced ifFeren ¢ p rod ucts_ ma _ Fores t E xper im erxt S ta _ion s iIvicu 1t u,r is_:_ were

..............._:_dill%rent _,,,_o_a_;__, arid grow u_(:ier dif:f%ren[ used to deveiop the algori_hms_ Each :3'_,.....iris, was
e_:_mli ¢h:__'-_:_,0d_e g_'_,,_:ide_ _i b........v f:ore_ _ r_age rs are tra_ s 1ated [o a d ia _Vam th a t svs te.....m at _ca 1_'f¢eva [u.
;_f_xtie_delf:_:_nder_,a_d are t}w_refi>vedeveio{:_d f%r ares stand characteristics t,o reach a final rec(::_rn_
_ff,_e¢:ifie¢_'_vert,_0"_,._:_,,_;_,,:I_ h(_ pr@,g_:_i(m,sv_tem_ a tre,e mendation. The sources f%r the diagrams are as
:_}s:t.ehar;;_e_eriges [he [_::_rt:ior_of the f%rest of i_1ter.. f%l]ows:

e_,__[,,_ar%;1979 i The f'%%_tp ar_ of the algor itbm (b_'er _v;;_e S_g,,,roe

_ype ............ami tiaas_,the monetappr<q>rlate guide to _!e. Red <>ine [_e _z i _:19"77b1
• _ _,,

......r _, __:.,_,,,Th e fir_,a i pa rt of t h_ a igo r it h m "_......._.:._.,....... i 195 S,,
t.h _ _:u,gge_4ed act ior_, S t_rueeo _ r [_:_,,D_ r ores t c;-erv r

i .lob _d ,'

C<p,er t!,[:._ ma} be &,.,[[,_,a_,,i by the species E[ack spruce Johns[era __97"'':_
_;r{,_{_,=_ n_,,_i,v,r of .s_ems_ mm'£:>er of Northern wh_ge<edar Johnsto,n (1(a77%_

......o,,................................................................................ g_x{,d},", _........ ,,_;_wmabeonif%rs Johnston 11977b_
°.... "_....... ix:_wiand hard w{x_is ....... "Cr<;Kir__an {per:so na

....._.................................."............... _..... corn m ur_}cat:[or_}

9
,_ •
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Northern hardwoods Tubbs (1977), Godman stand characteristics, and cover type. For exam-
(personal ple, clearcutting is prescribed in a jack pine stand
communication) if the site index is 60 and stand age is 65 years.

Oak-hickory Sander (1977) Clearcutting in an aspen stand, however, is pre-
Aspen-paper birch Perala (personal scribed if the stand age is 35 years.

c.ommunication) USDA
Decision diagrams containing these criteria"Forest Service (1967b)

were produced for each type. Stand and site char-Understocked stands of .Benzie (personal
acteristics are used to guide decisions in the dia-above cover types communication)
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-

:l Cover Typing tics: average stand diameter_5 inches; basal
r area_100 square feet/acre; site index_50 feet;
) The purpose of the typing algorithm is to deter- stand age--35 years; number of trees--500/acre;
- mine the most appropriate cover type and there- and BAMIN_55.6 square feet/acre (BAMLN is the
) fore the correct guide for evaluating the tree list. amount of basal area needed to achieve full stock-

Most tree lists will have a cover type assigned to ing.). The dashed line in figure 1 indicates how a
" them that was either determined in the field or by final recommendation would be reached. Since av-

computer analysis. In eithercase, there are advan- erage stand diameter is 5 inches, the bottom
' tages to determining cover type directly from the branch is followed. Again the bottom branch is

tree list using a computer algorithm. One is that it taken since the basal area is greater than 55.6
will ensure that identical tree lists have the same square feet per acre. The site index and age
cover type regardless of their source. It also allows indicate that the top branches are now
the cover type to change with projected composi- appropriate, leading to the final recommendation,
tion changes. "do nothing".

These guides have several advantages over A disadvantage of this approach is that it lacks
other possible guides. They enjoy rather wide- flexibility--only this decision diagram can be used
spread use in the Lake States and thus it is more for jack pine. To allow more flexibility, the critical
likely that region-wide projections will be values are read as input variables and can there-
accurate. They exist for the major timber types in fore be changed. Figure 2 shows the more general
the Lake States, so there is some consistency. And form of the decision diagram for jack pine. Now, by
finally, they do not recommend actions so selecting JP(7) as 50 years and the rest equal to
intensive that the model cannot respond to them. zero, jack pine can be managed on a 50-year rota-
For example, fertilization could not be adequately tion with no intermediate cutting. The guides can
represented by the model because coefficients are be manipulated to test the effect of different maxi-
not available to predict growth responses to mum and residual basal areas, different rotation
fertilization, ages, or less intensive management.

Since management guides are interpreted by
foresters in the field, professional judgment can

influence the choice of a final action. To use com- Marking
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, After an action has been selected according to
some simplifying assumptions had to be made in the guide, it must be carried out. The marking part

of the algorithm selects trees for removal accord-
constructing algorithms for the various types.
These assumptions were checked with silvicultur- ing to tree characteristics. In the simple case of
ists and appear to be reasonable, clearcutting, all live trees are "marked" as cut. For

more complicated actions, such as thinning, char-
Various actions are suggested by the guides acteristics must be selected that allow ranking of

such as "do nothing," "clearcut", "thin", "shelter- trees for desirability of removal. Low-preference
wood cut", and "remove overtopping trees". The trees are marked for cutting until the required
recommended actions are based on site quality, residual stand is achieved.
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The various removal procedures used to carry RELATIONSHIP TO THE REST
out specified actions are listed below: OF THE PROJECTION

SYSTEM
Removal procedure Input needed
1. rough and rotten size class to remove Because effective use of the management guide
2. small trees, size class to remove algorithm depends on the rest of the projection

unspecified species four species to leave system, it is important to present a simplified de-
3. large trees, size class to remove scription of how the pieces interrelate. A tree list

unspecified species four species to leave (representing a stand) is brought into the system
4. small trees, size class to remove and its cover type and silvicultural action are de-

specified species four species to remove termined as previously described. The action is
5. large trees, size class to remove carried out and the appropriate trees are coded as

specified species four species to remove cut. One year's growth is determined for the re-
• 6. shelterwood cut size class to remove maining trees and the mortality function applied.

four species to favor Trees are coded as dead if selected by the mortality
7. reduce number of trees number of trees function. The revised tree list is cycled through the

to leave growth and mortality functions to determine an-

8. all overtopping lowest d.b.h, of trees nual changes until the desired number of years ,
to remove between cutting cycles has occurred. Cover type,

9. all trees of a certain size class to remove silvicultural action, and trees to mark are again
size and species four species to remove determined using the current tree list. This proce- i

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 i
is brought into the system and the entire cycle is
repeated.) i

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 POSSIBLE USES
of basal area per acre and a site index greater than
60 should be thinned from below to 80 square feet Incorporation of the management algorithms
per acre. The first, second, and fourth procedures into the projection system makes possible several
will accomplish this action. Rough and rotten trees additional uses of the system. Survey information.
are removed first, and if the basal area is still too in the form of tree lists, is available on a statewide
high, the smallest tree of an undesirable species is basis. Applying the projection system to these tree
removed. When all undesirable species are re- lists would produce timber yields expected fi'om
moved and the residual stand has still not been the state if all lands were managed according to
achieved, the smallest trees of desirable species the guides. Comparison with present yields would
are removed. Marking is discontinued when the indicate the intensity of management as well as
residual basal area is achieved, opportunities for increasing timber yields.

As with action selection, it is desirable to have Another use for the system would be testing

the ability to change the marking rules. To permit various management guides and marking rules.
this flexibility, different hierarchies of removal Actual or contrived tree lists could be projected
procedures may be selected. This option permits using different guides, and the yields then corn-
up to five of the removal procedures listed above to pared. This would provide a much faster means of
be selected for each recommended action. Return- comparing alternatives and help identify those
ing to the jack pine example---by selecting the most promising for field testing. By experimenting
first, third, and fifth removal procedures the stand with marking rules, the effect on timber yields of
can be thinned in such a way that the largest trees leaving rough and rotten trees as den trees or
are removed first, favoring different species or size classes could be
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determined. Comparing these yields with those Rep. NC-35, 18 p. North Cent. For. Exp. Stn., St.
obtained from the original marking rules would be Paul, Minnesota.

a meaure of the "cost" of the new marking rule. Leafy, Rolfe A. 1979. Desi[,m. Az A generalized
forest growth projection system applied to the _
Lake States region, p. 5-15. U.S. Dep. Agric. For.
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AN IMPLEMENTATION PROGRAM
i

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

F

The various parts of the generalized forest These values are determined from calibrating the
growth projection system have been described model on a specific data base of permanent (re-
elsewhere (Buchman 1979, Christensen et al. 1979, measured) plots.

Leary, et al. 1979, Hahn and Leary 1979, Leary Projection related options that may be selected
and Holdaway 1979, Brand 1979). TRES (Timber by the user are:
Resource Evaluation System) is the computer pro-
gram that combines the parts into a package capa- (1) length of projection cycle _.years),
ble of simulating the growth of trees entered into (2) number of projection cycles, and
the system. This paper is not intended to be a (3) type of growth projection desired _valida-
detailed user's guide, but rather a general descrip- tion, projection, or update).

tion of the input needed, how the parts are put The number of years the tree list is projected is
together, and the output produced, determined by the number and length of the cy-

cles. The projection is limited to a maximum of' 100

INPUT 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 areThe input consists of a parameter deck and a

tree list. A tree list consists of tree species, d.b.h., made and the tree list examined for management
crown ratio, and quality class for a group of trees, opportunities.

Also required are site index, stand age, and plot Three types of growth projections can be se-
size. lected: validation, projection, and update. A val-

idation run uses a tree list with measurements

Parameter Deck recorded for several different years. The tree list is

projected from the initial measurement to the final
The parameter deck specifies two groups of in- measurement. Projected and actual measure-

put values: user-selected options, and numerical ments are compared to determine the accuracy of
constants needed by each portion of the growth the model. A projection run starts with initial con-

processor, ditions and grows the trees for a specified length of

Numerical constants are used for: time to estimate future conditions. Finally, an up-
date run starts with initial conditions from the

(1) assigning species group codes to individual past and grows the trees to the present. Using
trees, known product removals, the trees that produced

(2) crown ratio function coefficients, those products are removed from the tree list. This
(3) silvicultural treatment specifications, update section of the progn'am is currently being
(4) volume equation coefficients, developed. An example of an echo of the input for a
(5) mortality equation coefficients, validation run appears in Appendix A.
(6) potential growth function coefficients,

(7) growth modifier coefficients,
(8) allocation rule coefficients, and Tree List
(9) a species grouping priority matrix (used for

combining species when more than three Regardless of whether the tree list comes from

species occur on a plot), 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 tbrmat described by -J
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 +_'_ _?o'_:-
code for input and output routines. •

cA_

PROGRAM ORGANIZATION A .

Besides providing input/output capability, the _.............
program controls when the different parts of the -
system are used according to the options selected. <!__ ,
Table 1 gives a listing of all the subroutine and ._..,_\___ - .....
function names, their calling routines, and a brief _.... :-
statement of their purpose. The program has seven _':'
parts:

L

(1) the main calling program, .;,,_ . .(:,
(2) a function, VALUE, where all mathemati- _--(_: :__----Q°:_,_- _ .

cal equations are located, ,_
(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 1 shows the structure of the
main calling routine and figure 2 the structure of
the function VALUE. IV=

Figure 3 shows the set of subroutines for reading
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.

When all input (parameters and tree list) has
been read, the tree list is partitioned into species i_[!TURN

subroutine FIT (fig. 4),
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)

ProgramTRES PartFunction
Maincallingroutine.Setsupandinitializesarrays,performs | 1. Main
housekeepingfunctions,organizescallingof subroutines. _r--- Program
FunctionVALUE

CalledfromRMASTR,RSURTP,GROW,ISUM,OUTPTI,andOUTPUT2. | 2. Mathe-

Computesvaluesfor crownratio, potentialgrowth,modifier, _ maticalmortality,volume,andgrowthallocationfunctions, functions
SubroutineREAD

CalledfromTRES.
Readsuser-selectedoptionsandnumericalconstantsand
echo-printsall values.

SubroutineRMASTR
CalledfromTRES.

] Readsdatafrombinaryfilesin MASTERformat intoarraysTRSandITRS.
j Initializesarrayparameters.

SubroutineRSURTP
CalledfromTRES.

Readsdatafromfiles in forestsurveyunit recordformatinto arraysTRSandITRS. ' - 3. Input
Initializesarrayparameters.
SubroutineOPENRO

CalledfromRSURTP.

Unblocksforestsurveyunit recordfile andsuppliesonerecordat a timeto RSURTP.
HasentrypointREADIT.

SubroutineRUSER
CalledfromTRES.
Suppliedby userto readuserdatfile into arraysTRSandITRS.

SubroutineFIT
4. Aggrega-

fromTRES,SCREENandREMOVE. i
Called

tionof
Classifiestreesin arraysTRS-ITRSinto projectiongroups, j

SubroutineSCREEN _j species
CalledfromTRES. _],
Screensplotsfor possibletreatmentand/orsetsup treatmentschedule. I

SubroutineCOVPYPE t

CalledfromSCREEN. J 5. Stand
Determinescovertypeusinglive trees intree list. treatments

SubroutineTREAT
CalledfromSCREEN
Performssilviculturaltreatmentsprescribedin SCREEN.

SubroutineGROW
CalledfromTRES.

Growstrees,selectstreesformortality,allocatesgrowthtoindividualtrees,updatesTRSandITRSarray.
SubroutineREMOVE t

CalledfromGROW. L___6. Stand
Removestreesto meetspecifiedannualremovalsfor updatesor treesrecordedas havingbeen J growth

removedby remeasurements.
SubroutineISUM

CalledfromGROW,OUTPTI,TRES

Summarizestrees intoclassificationgroupsandcomputesgrouptotals. _,SubroutineOUTPTI
CalledfromTRES.
Outputssummariesfor specifiedpointsin time.

SubroutineTFILE
CalledfromTRES.

0'"" ' " _.... ""^rd '_' I!

.rlLt:. -- 7. Output
Wt_[esbiockedunit recordtape
HasentrypointsWRITITandCLOSWR.

SubroutneOUTPT2
CalledfromTRES.
Outputsfilefor validationtests.

SubroutineOUTUR
CalledfromTRES.

Suppliedby userto outputupdatedtree list to userspecifications.

t
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a b c d e

)T [ARRAYS & RARA._ SUPPL_ED
\ F_LL F_RST / CODE

CONTROL CARD _ OPENRD
FUNCTION I 1 - /

R*RA.ETE.S._,r I 1 _> /_ ;
CRITERIA, SPECIES I //

GROUPINGSANO I / < /_
SCREEN PARAMETERS V

RE,TIT J
] E:.o ]

/DETERM,N_.,D_

ENTRY 1j/ AND FINAL YEAR
INOICIES FOR POINT /

\ RECONCILIATION/ i _EA"Tl\, ,ALIOAT,ON/

I,,LLARRAYS\ / T..N..E.\
/ TRS & ITRS / NEXT iTEM TO \
(_ WITH TREE LIST _ TRANSMITIAL ARRAY)
\ FOR ENTIRE j \ FILL SECOND /

@ __ \.O,,E.,,._c/

\ .LOT/

@
Figure &---Subroutines (a) READ, (b) RMASTR, (c) RSURTP, (d) OPENRD, and (e) RUSER.

Selecting the option to manage the stand as it isbeing 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-
jection by OUTPUT2, determines the cover type;
TREAT (fig. 5c) 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 gxoups by
a recall of subroutine FIT. This allows the changes
in species composition caused by cutting to modify

]_ the numerical constants used to project the plot.
1

t l J i IYET_NCLUO_O _ ..I

ONLY ONIEOIA I|" _l| _ L_J ] Ud _=CLASSPROJECTEOt "J'- "

and ISUM (fig. tiJ._ _mt is then projected tnrougl_J

I the end of projection period; it cannot be revisited
until all plots have been processed. The crown
ratio function tI_Ioldaway et al. 1979), potential
growth function/Hahn and Leary 1979), and mod-

Figure 4.--Subroutine FIT. ifier function (Leary and Holdaway 1979) are used
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to determine total growth of each diameter/species (fig. 7a) and is available at the end of each
projection group (fig. 6a). Individual tree growth is cycle as well as at the beginning and end of
then determined from the growth allocation func- the projection period. Appendix B shows an
tion (Leary et al. 1979). Mortality trees are deter- example of this form of output.
mined using the mortality function (Buchman (2) A new Renewable Resources Evaluation
1979) and pseudo-random number generator. (forest survey) unit record file (subroutine

TFILE and OPENRD, figs. 7b and 7c respec-
tively).

OUTPUT (3) A file for validating the projection system.
This is produced by subroutine OUTPT2

Four different output types are possible: (fig. 7d) and has meaning only if two or more

!1 (1) "Yield table" output containing such varia- measurements have been made on the plot.
bles as basal area and number of mortality The file produced by OUTPT2 is ordinarily
trees, surviving trees, basal area and sum of stored on disk and analyzed by a separate
diameters on a per plot and per acre basis, user-written program.

_ and cut tree volumes on a per acre basis. (4) A user-designed output file (subroutine
This output is given by subroutine OUTPT1 OUTUR, fig. 7c).

8 b c

is * -

,a _ ,_
h

)-

e

8

L /_i ACCO_O_NOTO

; '_:_ Figure 5.---Subroutines (a) SCREEN, (b) COVTYPE, and (c) TREAT.
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a b c i

HO. TREES. NO, S_
GP_,. NO OIA. CLASSES.

NO, YEARS iN CTCLE

-- ACCUUULATE
SUMMARIES OF THE

[ t ...............AO0 _Es _G TO STATUS
OSSEI O AS

INGtq VTH

CALL

t ,o;:,;!:o:Eo TREE LIST

MOO_FIER$ FOR EACH OF SPeCiES GROUPS CHANG D TREE ACCUI_ ULATE

DIA, CLASS OlA. CLASSES

! ] I

I
t

Figure 6.--Subroutines (a) GROW, (b) REMOVE, and (c) ISUM.
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APPENDIX B

TEST OF UPDATE CHANGES USING CLOQUET FILE
,l,_,e,o PLOT SUMMARIES_AT THE END OF _959 PLOT.IDENT, 1 eQoit_io

NU_BE@ OF MORTAEITY TREES PER ACRE
SPECIES DIAMETER CLASS
GROUP ALL TOTAL

JACK PINE 0 0
PAP.BIRCH 0 0
8LK,SPROCE 0 0
TOTAL 0 0

DIAMETER SUMS PER ACRE
SPECIES DIAMEYER CLASS
GROUP ALL TOTAL

JACK PINE 372,4 372,4
PAP.BIRCH 125,3 12So3
ELK,SPRUCE 0 O
TOTAL 497,7 497,7

BASAL AREA OF MORTALITY TREES PER ACRE
SPECIES DIAMETER CLAS_
GROUP ALL TOTAL

JACK PINE 0 0
PAP.BIRCH 0 0
BLK,SPRUCE 0 0
TOTAL O 0

.__ BASAL AREA ON PLO T
SPECIES DIAMETER CLASS
GROUP ALL TOTAL

JACK PINE 3'I .....3,I'
PAP.BIRCH ,6 ,6._

BLK.SPRUCE 0 0
TOTAL 3.7 3°7

NUMBER OF TREES PER ACRE
SPECIES ........ D'tA'MEILX _LA_
GROUP ALL TOTAL

JACK PINE 35.0 35,0
PAP,BIRCH 21,0 21,0
ELK,SPROCE 0 0
TOTAL 56,0 56.0

BASAL AREA PER ACRE
--- SPECIES DIAMETER-CLASS

GROUP ALL TOTAL
JACK PINE 22,0 22,0
PAP.BIRCH 4,1 4,1
eLK.SPRUCE 0 0

TOTAL 26.0 26,0

NUMEER OF TREES ON PLOT
SPECIES DIAMETER CLASS.
GROUP ALL TOTAL

i JACK PINE S.O S,O

PAP.BIRCH 3,0 3,0
_LK,SPRUCE 0 0
TOTAL 8.0 8,0

PRESENT STAND VOLUMES
SPP,GP.- _U_/A, COI_DS/A, BDFT/A,

JACK PINE 389.50 4,93 1860.35
PAP,BI_CH 68,91 ,87 0
TOTAL 458,41 5°80 1860,35
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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 incorrect, and
tests of the design for assembling projection sys- (c) the numerical constants obtained from cali-

tern parts, and (2) to report on tests of projection bration are not those governing the system.
system reliability in various use domains. The use
domains are many. For example, the forest type An example of error type 1 for the projection
domain covers all Lake States types; we are inter- system is when a person does not have an observed

tree list but only a dot tally of trees on the plot by,
ested in the projection system reliability for each
type. Another domain is that of stand origin mode say, 4-inch diameter classes.
--plantation or natural. A third relates to geo- An example of error _)_pe 2a is if the potential of
graphical regions within the Lake States; does the trees to grow in diameter at breast height is not

system work better in one State than in others? satisfactorily characterized by our potential func-
For which types in which State? A fourth and tion (Hahn and Leary 1979). Error type 2b is exem-
particularly important domain is time. What is plified by a finding that the realized stand growth
the time decay rate for projection system reliabili- cannot be characterized by a product of a potential
ty? Other domains include stocking levels, sites, and modifier functions. Error type 2c is obvious;
ages, species, sample plot types (fixed or variable the numerical constants in use do not characterize
radius) and mean stand diameters. Each domain the specific process under test.
or combination of domains warrants investiga-
tion. In this paper we report on item 1 above and Considerable effort has gone into developing
the domains of (1) cover type, (2) geographical theoretically sound mathematical equations for
area, (3) time, and (4) sample plot type. 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-

TESTING MODELS OF arate papers decribing each equation. We will,

SYSTEM DYNAMICS however, evaluate the projection system to assess
the magnitude of type 2b and 2c errors. We are not
concerned with assessing type I errors--this is an

Mathematicians recognize two possible sources inventory problem. We have prevented type 1 er-
of error in predicting the future state of a dynamic rors by using only permanent growth plot informa-
system, such as a forest stand: tion. To assess type 2b errors we have used the

(1) errors in estimating the initial state (initial permanent growth plot information available to
conditions) of the system, and calibrate the mathematical equations (Christen-

(2) errors in the mathematical model that char- sen et al. 1979). If the projection system performs
acterizes system dynamics, well when checked against _he calibration data

base, it may be tested against an independent data
Errors in predicted future states may be caused by base (i.e., one not used in calibration). By doing so,
either of these sources or both may act in concert, and by comparing predicted future states with ob-

Source (2) may be further broken down into: served future states (starting from a known past
(a) the mathematical equations are inappropri- condition) we are able to assess the magnitude of

ate for describing the process, type 2c errors. The validation data base for this

(b) the manner of combining the equations is comes from five sources:
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(I) Ckx:luet Experimental Forest of the College distribution of plots t:O, age cla::_s a:r_d site ip,dex
of Forest_', _ University of Minne_'_ota; class is shown in table t.

(2) Ch_:luamegon National Forest, Wisconsin.;
(3) Nicoiet Natioaat eo rest, Wisconsin;

_,,4'tA sec,ond-growth aorther:a hardwood study [ IETHODS AND
!NH°2)on ar_ experimenUl t2_rest near Mar- PROCEDURES
Guette, Mieh igan; and

_5_. Hiawat.ha __atlonal Forest_ Upper Michi- To test both the method of assembling system
gas. part."_ and the applicability of the system to other

Figure 1 shows the geographical locations of Lake States forest conditioas, the vatidatioa op-
so_rce;_. The fif_..h_:onr(-o the Hiawatha National tion was selected in the computer program that

Fore:st, has an easte:m aad a west_rn part. The implements the pr_:ljection system (Hahr_ and
Brand 1979). Selecting this option causes tee pro-
g_ram to:

_;_, e_m.r_hDieernar Rose rind the ,_ta_of the (..foquet (I) read up to four sets of observed diameter

#);'_rest_),Ce_ger})r _nakingpast me_:_.surem.entdam measurements fbr each tree on a plo_. and
_._g.:aigabgeand [br assZ;smnc'e in makin.g a measure, store them fi:_rcornpar:ison with seu of pre-
men t i_ 1976. d icted cliame te r:s,
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Table 1.--Distribution of 785permanent 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

.......Age : Site index class iTotal 'Age i" Site index class iTotal 'Ag'e: Site index class !Totalclass: 30 : 40 : 50 : 60 : 70 : 80 . class: 30 : 40 : 50 : 60 : 70 : '80 . class: 30 : 40 : 50 : 60 : 70 : 80"":90 .

0-20 1 3 4 21-30 2 l 3 31-40 l l l 3
21-30 2 l 3 31-40 l 5 9 l 16 51-60 l 2 2 5

31-40 3 3 2 8 41-50 l 5 2 l 9 61-70 l 2 3
41-50 4 3 4 5 16 51-60 3 3 2 8 71-80 l l 2
51-60 l 3 3 13 2 22 61-70 l 5 9 l 16 lO0+ l l

6]-70 2 I0 2 14 71-80 2 6 4 12 Total T
71-80 8 lO 18 81-90 1 3 2 6 NORTHERN WHITE-CEDAR
81-90 2 6 8 91-100 l l l 3
91-I00 l 1 lO0+ l 4 6 II 21'-'30 l l
I00+ I 1 Total 84 31-40 2 I 1 4
Total 95 41-50 l l 2

BLACK SPRUCE 51-60 l 3 3 7
WHITE SPRUCE-BALSAM FIR 0-'20'" 1 1 61-70 9 2 l 12

0-20 2 2 2 6 31-40 3 3 71-80 l l 2
21-30 l l 2 41-50 3 3 81-90 l l
31-40 2 2 l l 6 51-60 1 1 l 3 191-I00 3 3
41-50 2 4 7 2 15 61-70 l 4 l 6 lO0+ I0 3 l 14
51-60 3 5 2 2 12 71-80 5 l 6 Total T

61-70 l 6 6 13 81-90 2 1 3 NORTHERN HARDWOOD71-80 5 5 lO 91-100 l 4 l 6

81-90 l 3 2 6 lO0+ 7 l 8 '0'-_0 _ 2 l ' 4
91-100 l l 2 Total 39 21-30 l l l 3
100+ 1 l 2 31-40 1 7 2 I0
Total 74 LOWLAND HARDWOOD 41-50 3 II 22 ] 37

3'I:40 1 1 51-60 1 9 25 11 46
TAMARACK 61-70 l l 61-70 _ 13 105 l 123

0-20 l l 91-lO0 l l 71-80 l 3 l 5

41-50 l l 100+ l 1 191-lO0 1 1
51-60 2 2 " 4 Total T IOO+ l 3 2 1 7
61-70 1 1 Total
71-80 l l 2 QUAKING ASPEN
81-90 1 2 3 0-20 1 1 ....3 12 9 2 28 PAPER BIRCH

91-100 4 4 21-30 2 1 2 5 0-20 l 2 3

3 31-40 2 4 5 II 21-30 1 1 2100+ 3

t Total T 41-5o 1 7 12 16 4 40 31-40 l 1 1 351-60 2 9 5 7 23 41-50 1 1 5 1 8
1 OAK-HICKORY 61-70 1 3 2 6 i51-60 l 1 5 5 2 14
I '31"L40 l.........l 71-80 2 2 61-70 2 5 l 8
I 41-50 l l l 3 81-90 l l 71-80 3 2 l 6

51-60 l 2 3 91-100 1 l 91-I00 2 2
i Total 7 I00+ 1 l I00+ 1 1 1 3

i Total _ Total T

(9.)usethefirstsetofdiametermeasurements A_alysisoftheinformationproducedatstep
tostarttheprojection, proceedsintwodirections:(I)analysisforaccura-

(3)removea treefromtheprojectiontreelist cy,and (2)analysisforprecision.

when it has been observed to have been cut, The accuracy anal-s_s,_,is based all the plotson

(4) add a tree to the list of trees being projected that occur in a forest type. We compare the pre-
when it is observed to be an ingrowth tree, dicted and observed stand diameter,mean trees
and

(5) write an output file that contains observed per acre, and basal area per acre in a forest type by
and predicted diameter and status for each forming the ratio

tree present on a plot at the first measure- _u,_"re_c+e_ stand attribute for the ty_pemean
ment. This is done for up to three points in observed mean stand attribute for the typetime.

Ingrowth trees are not written on the output file Clearly, ratios consistently greater than one in-
(step 5) for comparing observations and predic- dicate overprediction (positive bias), and those
tions. They are included in the projection process, consistently less than one indicate underpredic-
however, because in some cases ingrowth trees tion (negative bias). Caution is needed in inter-
comprise a major part of the stand by the time of preting ratios where the observed attribute (the
the final observation. Ignoring them could cause denominator ofthe fraction) is very small and both
serious overestimation, observed and predicted are expressed as integers.
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The prec_sion analysis is needed u_ assess the ter than either number of trees or ba.sa.l area. This
repeatability of the estimated ratios fbr each type. is not surprising, since an e_or in pr_iicting hum-
Here we compute t?:_reach plot in a forest type the _r of tree_--_.._wen if diameter is predicted exact-
ratio ofpredieted to obs_;rved variable !mean stand ly--witt usually cause an error in pr_:<ticting total
diameter_ trees g_r acre_ basal area per acre}, the stand basal area.
mean ratio over all ploU, and a standard deviation

Even so, the three ratios for most species are
of the ratios, grati.f}'ingty close to one at most N)ints in tirae,

Conceivably the prqection system could, at t.0 Several _ints can be made based on the content:_
years_ have a p_>sitive bias of exactly 6 percent for of figure 2:
_'w_"_2, ptot in a forest ty_e_ This. would not be an
accurate pr_x:tict.or but would be precise, I..ack of (1) Predictions for Minnesota jack. pine are de_
accuracy can_ c fcours_:._be corrected_ Lack ofpreci- cidedly better than those for L_wer 51ichi-
sion ........_..... _ ..._. _ ._, _ gan when the evaluation is based on mean

_ stand diame_r and total stand basal area.
ca_,es age r_era I in abi 1ity f t he undertying mode 1
to capture _;h_._e_,_ence cd'the processes underlying However. the m_._et estimat_;s number of

" " .... trees N_tter fbr h4)wer Michigan stands_
stand dynarnics_ {2? Predictions for Minnesota and Wisconsin

To test _.hemet, hod of assembling the parts of the red pine plantations and natural stands are
system ierror typ_ 2b) we us_d selected fbrest prop_ quite good, although nearly all show ra_,ios
er_.ies from the calibration data base, and did an somewhat greater than one.

accuracy anatysis only_ To test the applicability of i3) White pine mean stand diameter is pre-
the numerical constants to other forests in the dieted fairly well. The mean d.boh, fbr the

[..sakeStates region (error type 2c} we used the five Minnesota source is underestimated., while
pro[_r_,ies in the validation data base ifig. 1), and that fbr the Wisconsin _:_urce is somewhat
did 1;x:gh an accuracy and precision analysis. In overestimated. Urenholdt trees per acre aft,
both eases_ we based our analysis on all plotaa in a ter 22 )'ears is off" some _23 percentL but
proN.'_y rega_:iless of their stocking level; plots trees per acre at the other locations are quite
having as f}:_was Oaree or fbur trees were us_xt as good.
well as fully stocked plotv_.Clearly_ fiailure to saris- (4) Only one small plantation was available to
factority pass the test on method of" combining calibrate the system Gr white spruce. Even
system parts makes the other test largely academ- after 25 years the predictions are g_>od,
ic, Finally_ it should be _oted that the ptoU are (5) Predict_:_t values fbr the balsam fir type are
typed by the projection program {Hahn and Brand less than the observed values. The average
1979?, and that trees of several species may be stand diameter prediction gets progres-
present on a plot, net just trees of the species the sively worse fbr the first 18 years_ bu_ then
type name bears, improves over the remai_ing 7 years of

observations,

(6) Both average diameter and number of trees

T:_,I_ _. . _ are underestimated fbr the black spruce and
m _ ,_ RE S UI21k.... nort he rn wh i t e.-ced a r t y pes Co rab i n ed,

AND DISCUSSION these greatly underestimate basal area, In-
terestingly, most of the prediction error

This _x:tion is broken into two parts; the first occurs in the first 10- to 13.°year period.
gives the results of testing the manner of combin. Thereafter the prediction essentially p3ral-
ing system parts, and the second tests t.he apptica- lels the observation.
bi[ity of the complete system, includi_g values of i7) Average diameter for test plots in the north-
numerical tense.ants, to other foresei_ of the Lake ern hardw(x_d type is, for the most part,
States. within :: 4 percent of the obse_ed, An e×-

Combining the S'vstem Parts eept:ion is the Dundee timber harvest fbrest,
" which overestimates average diameter by

The resu.l_s of tesu are shown in figure 2, The 12 _rcent after 27 years, Perhaps the sever..
m_:_el s_eems m predict mean stand diameter bet. est test of the projection system occurred
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| YEARS SINCE INITIAL MEASUREMENT

JACK PINE TYPE 10 15 20 25 30 35
I = , I = . . . I . = = = = _. = . I • . . . I = . . . I •

1 NC-57 (P/22) AD .98 .98 t9

TR .95 .9_} 19

BA .94 .95 )4

2 NC-40 (P/25)ADTR 1.5.9711 11"_8 11'14.00
BA 1.12 1.31

RED PINE TYPE I

1 NC-84 (N/11) AD 11"03 1.03 1.03
TR I .99 .99 .99

BA 1.06 1.05 1.06

I
2 NC-lSS (P/54) AD 1.02 1.01 1.01

TR 1.00 1.00 1.01
BA 1.04 1.02 1.03

10 15 20 25 30 35

3 STAR (P/81 AD 1 _3 1.03
LAKE TR 1 14 1.09

4 NC-431 (P/27) AD .97
i TR 1.00 1 1.01

BA .92 .iO' I

1 NC-56 (N/27)AD .96 .96 .96

TR 1.01 1.02 1.03
1 BA .91 .91 .94

_'2 3_/_ 2 (N/10)AD 1.00 1.03

_"/ / _,_ URENHOLDT TR .92 .77

3WASAUKEE (N/18)AD 1.00 1.00 1.01
TR 1.04 1.03 1.04
BA .99 .98 .99

1 NC-18 (P/12) AD .98 .99 1.00

TR 1.00 1.04 1.10
BA .93 .94 .94

I
2 NC 26 (N/20) AD .94 .92 .97

TR .99 .99 .91
BA 1.01 .98 .95

Figure 2._Test results of accuracy analysis of trees per acre for the type (TR), and mean stand

method of combining system parts. Each forest basal area (BA) per acre for the type. Maps show

property is identified by name or number, planta- approximate locatiorz of each property in Lake

tion (P) or natural (N) stand and number of plots States. Ratios are computed as

used in the comparison. Critcria for comparison P redic, t ed_!ans.!ar!dattribute for a f?rest type

are mean stand diameter for the type (AD), mean observed mean stand attrib_te for a [brest type
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with the Nettleton plots. The average stand growth to small trees. The Wisconsin aspen
diameter of the first measurement was be- comes from the same study as the balsam fir
tween 1 and 2 inches. Even though pro- test. The 25 plots under test here probably
jections were made for 36 years, the hadalarge componentofbalsam fir. Aswith
estimated mean stand diameter was within the 20 plots in the balsam fir type, mortality
4 percent of the observed, 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 Tests on Independent Data Sets

overestimate mortality on the Dundee tim- Accuracy analysisber harvest forest.

(9) The Minnesota aspen type is reasonably Five different data sets form the basis for these
well predicted for both average diameter tests (fig. 1). The 266 Cloquet plots have been
and number of trees. The fact thatbasal area measured four times. The ratios of predicted to
is underestimated so much is probably due actual stand attributes is shown in table 2 for 5, 10,
to allocating too much of the diameter and 17 years after the initial measurement. Ratios

: Table 2.---Summary of Cloquet Experimental Forest test showing ratios of"projected to actual mean plot
i diameter, trees per acre, and basal area per acre for the type totals converted to a per-acre basis
' (Cloquet plots are all _/7acre, fixed-radius)

Forest No. of Yearsafterinitialmeasurement
; type plots 5 TO---_I 7 5 10 17 5 10 17

(ratioof predicted (ratioof predicted (ratioof predicted
to actualmeanplot to actualnumberof to actualbasalarea

; diameter) treesperacre) peracre)
Jack pine 43 1.02 1,03 1.04 1.02 1.03 1.06 1 05 1.09 1.13
Redpine 53 .99 .99 ,98 1.00 .99 .99 99 .97 .96
Whitepine 6 1.00 .99 .96 1.04 1.11 1.20 1 02 1.03 1.01
W.spruce-fir 37 1.02 1.03 1.04 1.08 1.12 1.26 1 12 1.19 1.37
Blackspruce 29 1.01 1.03 1.05 1.05 1,09 1.18 1 07 1.14 1.32
N.w.-cedar 15 1.01 1.02 1.04 .99 1.01 1.03 1 01 1.06 1.12
Tamarack 15 1.02 1.03 1.06 .97 .97 .97 1 01 1.04 1.09
Lowlandhdwd. 2 1.00 1.01 1.01 1.13 1.07 1.39 1 09 1.00 1.26
N. hardwood 2 1.01 1.05 ,92 1.00 1.00 1.33 1 02 1.10 1.20
Aspen 32 1,02 1.05 1,07 ,93 .93 1.00 97 .99 1,11
Paperbirch 26 1.02 1.03 1.04 1.03 1.03 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 _/,oacre, fixed-
radius)

Number
of Yearsafterinitialmeasurement

plots 7 8 11 : 7 8 11 : 7 8 11

(ratioof predicted (ratioof predicted (ratioof predicted
to actualmeanplot to actualnumberof to actualbasalarea

diameter) treesper acre) per acre)
37 1.00 _ .99 .99 _ ,99 1,02 _ 1.00
62 _ .99 _ _ ,98 _ _ .97
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Table 4 _.-.,,4_um ma<y o/] 0.-year nat_onai /brest tes t pr(:dections (all comparison, s are ba:,;edon r_'p_:;'at_'d m _'{:_;_u.r_'-
merits {:,f_,_armb.[eradius tOq;_oint duster pgots)

.............Chequameqon.....................................Nieolet Hiawatha
No. No, No.

Fores_ of O.b.h.TreesBasal of O.b.h.Trees Basal of O.b.h_Trees Basal

Npe .......................plo_s.......................area...........plots.................................................................................area..................p_o!s...................area

Jack pine 7 1_.04 1,02 1.09 5 1_06 1.18 1,,23 20 1.09 1.03 1,16
Red pi_e 6 99 1_iI i 00 6 1,02 .85 .96 12 ,99 ,94 .92
White pme 3 .96 1_09 ,93 2 .93 °84 .87 3 _97 .99 t.00
W.spruce,-fir 15 1,05 1.09 1.10 14 103 _91 1.05 8 1.02 1.53 I i6
Biacksp_uce,, 2 t_1•3 65 1.02 3 t.04 1.15 1.26 5 1.04 1._,_4 1_16
Nw._oc&_dar 6 1,00 1.00 t,02 t2 1.02 .91 .9,6 14 t.04 .88 I_02
Tamarack 2 1_00 75 _85 1 t,,0t 95 1.01 -_
0ak,_Nckory 4 t.00 _70 ,83 I 1,05 1.24 1.18 2 .95 86 82'
Lowia_d hdwd. 2 1.00 _7I _99 ........
N. hardwood 45 1,0! 87 ,95 54 1.00 ,88 .94 ,36 t 0! .93 96
Aspe_ 23 ,98 .88 .98 44 1,02 .70 _97 I7 1.04 .94 1,03
Paperbirch 7 96 t i8 1_09 6 .96 -o 7_, ., o/_..... / 3 1.04 t 15 131

bfpes .0u , 0_,

fbr the second Krowth northe_ hardw{_:>d study that the projection systern would v _,........'...... o, t _est _ma [e ob-.

are shown in _.able3_T'hirty-seven plots had three se_ed variables. This forecast was based on per.-
raeast_rement_ and 62 had only two _.......rn,:asu_e, sonal observations of" the :fieki remeasur_,mer_t
ments.. The three national fbresLs had two men.. crew on the quantity of hr_:e shrubs and srm:_oii
sureme:nt, s only, so on.ly one ratio i.s presented for trees present on £1oquet phys. Any competir_g veg.-
them ha table 4. etation that has affected growth of the trees on,.t....a_,,,,

The CIoquet test. s;hows 8 of 11 types have plot but is not a part of the recorded obser,,ati,_:ms
overestimates of mean d,.l:>_ia.,9 of 11 have over., will result in overestimates,.

estim_te_ of _rees per acre anti 10 of 11 have The major independent test for norther'n
overesgimate_ of basal area_ Although the mean :hardwoods was based on _..herepeated rneasure_
diame _er overest ima tes are not s _ ; ..... >./_:..r_ous,they are ments of a study (NH-2)in Michigan's Upper t__.n_
no,':ab_e for their consiste_acy and :regular progres_ ninsula {.table 3). The ratios are close to one in

_don.....:fbr exam ple_ I or 2 percent after 5 yea rs, o._or 3 a Imost eve rv. ca se, and h._........n e w a r ra n t [ it tte
g:::rcen_ after t0 years, and 4, 5, or 6 [x,reent after discussion°
t 7 yea:rs for white ,._s_'_ruce,,.fir, black spruce, north-

;rn _ h_{ :-<:e{l_,_.f,tamarack, and paf_r birch types. ,_, , ' •
In fac_:, all types e×cept red pine, white pine, and tionat _ ores_ plot data cover a period of i0 Fears

O _ ] ;', r:_ .... _'table 4). These plots differ from 'h {:bque[ a,__<in,_th_:r_ hardw<:_:_dshave nea:rly t,he same pro- _ e ......
_' '_""_" c,f ,. decay in predicting mean di- NH-2 ph, ts in three ways: the plots are t(.)..point

ct usters of variable tad ius plots, the t tees arc mca._;_.r_.;:_,._:r. There is dose _g. _ _e, _t m both the type
of error {over° or underes_imat, ei and progression sured down to IX) inch diameter., and the re_.
of accuracy .decay when evai uaging the system on measu remen t occurred I0 yea rs afte r t he in it ia
number of'trees...... Ex¢'"--e._pt mm_.........appear, to be the white measurement .....Most notable of the Chequamegon
pi.ae, tamarack forest, types a:ed northern results are the relatively large overestimates of
hardwoods. The ra_Jos fbr predic_,d and ob_._._°__-, ,red mortality, in the black spruce, _amarack, oak-hicko

or),, lowiand hardwo<_i, northern hardwood, aadba;sa.l area _bllow clo_;ely t he estimates of mean
diameter and number of .:,_,, as_,n LV_'_S,. One might discount overestimates intre,<_,,

the first fbur types as chance occmmenees because
Ihe (,A_xlu(:,_ results confirm earlier forecasts of the low plot numbers. We _bet it is more likely



_- because the mean plot diameters tend to be small, Precision analysis
especially on the black spruce type, and because The precision analysis, based on the Cloquet and

- the number of trees represented by a small tree is NH-2 data sources, differs from the accuracy anal-
- larger than the number represented by a large tree ysis in two respects:

(recall these are variable-radius plots). Thus, if the
t projection should assign a mortality status to a (1) we consider only the ratio of predicted toactual mean stand diameter (ratios for num-
- very small tree, it may mean that 100 trees per

acre (its tree factor) are considered to have died. ber of trees and basal area have been com-
This points up one of the major differences in the puted but are not included here), and
way fixed- and variable-radius plots are projected. (2) we consider the ratio for each individual plot

in computing the mean and standard devia-
The Nicolet also shows low estimates of num- tion of the ratios over time for for each mea-

bers of trees for the aspen and paper birch forest surement following the first.
types. The Hiawatha shows a 53-percent overesti-
mate of trees per acre for the white spruce-fir type. Again, the analysis is organized by forest type.
Most of this difference is attributable to three of Figure 3 contains graphs for nine of the Cloquet
the eight plots. Because we are underestimating types (lowland hardwood has been omitted), and
mortality on some plots by as much as 242 trees figure 4 shows the mean and standard deviation at
per acre in only 10 years, it is apparent that some the two points in time for the northern hardwood
variable other than competition is dominating the type from NH-2.
mortality process. Our concern with this analysis is with the pat-

1.05
1.05 RED PINE 1.10 JACK PINE WHITE PINE

• "" "_ "_ _"_ • ,,,_,,,,,,,,,_,,_• o_, _ _ _'"_ •

1.00 _-.,_ / t 1.05 ._0"" """" 1.00 a... I t

•.
Lu .95 - _o 1.00 _.... f_--_..,.L__,, .95

C_ .90 - .95 .90 --

tu

q: 1.10 - 1.10 - 1.10 -oc
Lu SPRUCE--FIR BLACK SPRUCE ,_I "_• NORTHERN WHITE CEDAR

i 1.05- •_..._ •.----__" 1.05- •"'s'1"•_• 1.05- ,,--" _'_I-.
._ ._ :_-.--_ _.

I 1.00"_ 1.00 x .... _........ 1.001 j,..... j,.... _-J,.,--. _..... _.... C0
h.

U //
QUAKING ASPEN•,,/

a:tu TAMARACK /""• // 1.10 - PAPER BIRCH ,t,-"•1.10 - 1.101- / /_"
_ I_ // t to // /

_:K 1.05 - •_'''''_•/// _ 1.05- ••..j •/ 1.05 - •,..,,._0....._ •

1.00 _.._,.._ L.... "r" • 1.00 I I I 1.00 z l I

.95 - I l, J .95 - 1 I 1 .95 - [ I I...........

5 10 15 5 10 15 5 10 15

ELAPSED TIME (years)

Figure 3.---Pattern of ratios and standard devia- perimental Forest, Minnesota. Standard devia-
tion of ratios of predicted to actual mean plot tions are shown in dashed lines, means in solid
diameter for nine forest types on the Cloquet Ex- lines.
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SUMMARY 3. Variable-radius plots (10-point cluster
design of Forest Survey) can be satisfac-

Tests of the projection system were based on torily projected for 10 years, although
comparisons of predicted and actual mean diame- mortality is sometimes overestimated for
ters, number of trees per acre, and basal area per plots with many small trees.
acre for two data sets: (1) selected properties from 4. No discernible deficiencies were found in
the calibration data base, and (2) an independent projection capabilities for any species in
data base. A summary of the important findings, the independent data sets as geographi-
organized around two central questions, is given cal location changed. It should be noted
below, that we had no independent data set from

Lower Michigan.
I. Is the method of combining system parts sat- 5. The standard deviation of the ratio of

isfactory? projected to actual mean plot diameter
1. The method of combining system parts showed three types of trends when plot-

(potential, modifier, allocation rule, mor- ted over years since the original mea-
tality, etc.)is satisfactory, surement: concave, linear, and convex.

2. Many of the calibration data base proper- Northern white-cedar and tamarack for-
ties are projected very well for up to 30

est types showed the least desired (con-
years (fig. 2). vex) trend. Red pine, white pine, white

3. Properties with small trees are generally spruce-fir, and quaking aspen showed the
less well projected (e.g., NC-26, NC-32, most desired (concave) trend.
NC-18, Nettleton, NC-59, fig. 2) than
those with large trees.

4. Sizable growth rate differences for jack
and red pine appear between Lower LITERATURE CITED
Michigan and Wisconsin-Minnesota. If
validated by further checks, this indi- Hahn, Jerold T., and Rolfe A. Leary. 1979. Poten-
cates the need for separate coefficients for tial diameter growth functions. In A generalized
at least Lower Michigan. forest growth projection system applied to the

5. Projections of average diameter are bet- Lake States region, p. 22-26. U.S. Dep. Agric.
ter than numbers of trees, which are bet- For. Serv., Gen. Tech. Rep. NC-49, 96 p. North
ter than basal areas. Cent. For. Exp. Stn., St. Paul, Minnesota.

II. Is the projection system applicable to other Christensen, Linda, Jerold T. Hahn, and Rolfe AI
areas in the Lake States? Leary. 1979. Data base. In A generalized forest

1. The projection system did a reasonably growth projection system applied to the Lake
good job of projecting plots from Minneso- States region, p. 16-21. U.S. Dep. Agric. For.
ta, Wisconsin, and Upper Michigan. Serv., Gen. Tech. Rep. NC-49, 96 p. North Cent.
These plots had not been used to calibrate For. Exp. Stn., St. Paul, Minnesota.
the system. Hahn, Jerold T., and Gary J. Brand. 1979. An

2. Consistent positive bias (as much as 6 implementation program. In A generalized for-
percent in 17 years) was found in pre- est growth projection system applied to the Lake
dictions of mean d.b.h, for several cover States region, p. 61-78. U.S. Dep. Agric. For.
types on the Cloquet Forest in Serv.,Gen. Tech. Rep. NC-49, 96p. North Cent.
Minnesota. For. Exp. Stn., St. Paul, Minnesota.
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Lake (1906) I Virginia (1908)
O

l

Leech Lake (1887)

Cloquet 11911)

Long Lake (1908) •

Grayling (1909)

Falls (19181 East Tawas (18971

Cadillac (1909) _

Waukesha (18921

Allegan 119091 t

i '

Figure 1.--Location and date of establishment of meteorological stations.
Monthly (April to September) precipitation and temperature in for-
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 DATA ANALYSIS METHODS
the growing season as the "freeze-free" period, AND RESULTS
when minimum temperatures are greater than

32°F. (0°C.). Another measure employs a 28°F. To prepare the information for analysis, several
(-2°C.) free period, which accommodates for local steps were taken. The monthly precipitation data
temperature variations, were added to obtain growing season rainfall to-

tals. Average temperatures for each growing sea-In the Lake States the frost-free period gener-
ally extends from April through September. son were also calculated.
Moran and Morgan (1976) cite the three Wisconsin Five-year averages for both precipitation and
stations used in this study as having 28°F. free temperature were calculated for each station from
periods that range from 110 to 195 days. The Min- its date of establishment through 1976 (figs. 2 and
nesota stations, Virginia, Cloquet, and Leech 3). "Even" 5-year intervals were used for ease of
Lake, have 28°F. free seasons that extend from 104 manipulation (i.e., 1901-1905, 1906-1910, etc.).
to 159 days (Baker and Strub 1963). While most The first average for a station may include more
tree growth occurs in June and July, it does begin than five yearly measurements to accommodate
as early as April and can continue until Septem- this scheme. For example, Allegan, Michigan pre-
ber. Therefore, in this study we have defined the cipitation data began in 1909, but the first "even"
growing season as the 180-day period from April interval is 1911-1915; consequently, the first in-
through September, to include all tree growth oc- terval is 7 years, from 1909-1915. All subsequent
curring in any year. averages are 5 years, except for the last interval,
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Figure 3.--April-to-September temperature trends in the Lake States. Five )'ear
averages from selected weather stations were plotted at the endpoint
of each interval. Dashed lines indicate the average for periods when
monthly or yearly averages were missing.

1971-1976. The average for an interval is plotted Yearly fluctuations in precipitation for the vari-
at the endpoint of that interval, ous weather stations are large, yet there are some

notable trends. For example, in Minnesota from
Trends in precipitation and temperature were

1911 through 1976, growing season precipitation
analyzed for three periods: (1) station establish-

at the Leech Lake, Cass Lake, and Cloquet sta-ment through 1976; (2) station establishment
tions increased slightly overall, as sho_z_ by linear

through 1935; and (3) 1936-1976. The period 1936- regression analysis. Until 1940 a decrease in rain-
1976 encompasses the interval when field mea- fall was recorded for all three stations. Cass Lake
surements for the forest growth projection study showed a marked increase in precipitation fromwere taken, and is referred to as the calibration
period (Christensen et al. 1979). In addition, the 1941 to 1976 (fig. 2a). Leech Lake showed an in-

crease in rainfall from 1940 to 1945, but a gradual
months ofJune and July were analyzed separately decline from 1946 to 1976.
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 Cloquet showed.a decrease in precipitation from
the time when most growth occurs (Fraser 1962). 1940 to 1976. From 1936 to 1976 for June-July
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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)

PRECIPITATIONTRENDS

Minnesota Wisconsin Michigan
Cass Leech Long River East
Lake Cloquet Lake Lake Falls WaukeshaAllegan Cadillac Grayling Tawas

Stationestabl.- ....

1976
April-Sept. increase increase decreaseincrease increase decrease decreasedecrease increase increase

1936-1976
April-Sept. increase decreasedecreasedecreasedecrease decreasedecreasedecrease decrease increase
June-July increase increase increase decreasedecrease increase increase increase decrease increase

TEMPERATURETRENDS_

Stationestabl.-
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 _lecreasedecrease

_Michigantemperaturetrendsfrom1941-1976atCadillac,andfrom1951-1976atotherstations.
_Virginiarecordingstation.

growth is minimal. These fluctuations are re- Christensen, Linda, Jerold T. Hahn, and Rolfe A.
flected in seasonal growth variation. During years Leafy. 1979. Data base. In A generalized forest
of abundant rainfall and warm temperatures, in- growth projection system applied to the Lake
dividual trees or stands of trees put on more States region, p. 16-21. U.S. Dep. Agric. For.
growth. Conversely, sparse rainfall and cold or Serv., Gen. Tech. Rep. NC-49, 96 p. North Cent.
extremely hot temperatures inhibit growth (Diller For. Exp. Stn., St. Paul, Minnesota.

1935). If these periods of highs or lows are pro- Diller, O. 1935. The relation of temperature and
longed, a marked difference in growth rates would precipitation to the growth of beech in northern
be expected to follow. Indiana. Ecology XVI¢1):72-81.

Since the projection system is calibrated on Dils, R., and M. Day. 1952. The effect ofprecipita-
measurements taken between 1938 and 1976, a tion and temperature upon the radial _owth of
very favorable period for tree growth in the Lake red pine. Am. Midl. Nat. 48(3):730-734.

States, its use for projections into periods of un- Fraser, D. A. 1962. Tree growth in relation to soil
known precipitation and temperature must be moisture, p. 183-204. In Tree Growth. 442 p.,
made withcaution. Ifrainfall and temperature are T.T. Kozlowski, ed. Ronald Press Co., New
higher in the future than during the calibration York.
period, the probable result would be underestima- Kozlowski, T. T., and T. A. Peterson. 1962. Season-

tion of tree growth by the models. If, on the other al growth of dominant, intermediate, and sup-
hand, the period following calibration is dry and pressed red pine trees. Bot. Gaz. 124(2): 146-154.
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