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Preface

This publication documents the proceedings of the Forest Growth Modelling and Prediction
Conference sponsored by the International Union of Forestry Research Organizations
(IUFRO) in Minneapolis, Minnesota, USA, August 23-27, 1987. The conference
provided a forum for exchange of ideas, modelling techniques, and analysis results among
more than 300 scientists and practitioners from 19 countries.

During the conference, 130 papers and 27 poster-papers were presented. They covered all
types of tree and forest growth modelling methodology, including theory, parameter
estimation, and evaluation of models; incorporation of silvicultural treatments, weather, and
other environmental perturbations; regeneration; design of growth studies; and application
of growth models in research and management. Presentations covered tropical, temperate,
and boreal forest regions.

Most of the papers presented at the conference are included in this proceedings. The
contents are organized by subject matter, and papers are ordered alphabetically by author
within each subject category. Several papers conclude with a 1-page summary of
information about modelling software described in the paper. Abstracts of papers
presented but not available for the proceedings are listed in a separate section. An author
index can be found at the end of each volume.

Papers in the proceedings were screened by the editors, first as abstracts and later as
completed manuscripts. Most papers were received and printed as camera ready copy;
some were revised according to review comments provided by the editors, and a few were
redrafted due to length and format considerations.

We feel that the meeting was an enormous success and that these proceedings will have
great value to scientists and practitioners. For that we thank the planning committee, the
sponsors and cosponsors, the moderators, the well-prepared presenters, the many active
participants, and the staff of the North Central Forest Experiment Station and the
University of Minnesota College of Forestry who assisted with the arrangements. Special
thanks are due Dr. Harold Burkhart, Leader, IUFRO Subject Group $4.01, for his
leadership in sponsoring the conference.

This conference demonstrated that there has been much progress and increasing interest in
forest growth modelling in the last decade. We are pleased to have been a part of this
conference and to be able to document the conference in this proceedings.

The Editors:

Alan R. Ek
Stephen R. Shifley
Thomas E. Burk

i
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MODELLING FOREST GROWTH: APPROACHES, DEFINITIONS, AND PROBLEMS
David Bruce and Lee C. WQnsell

ABSTRACT. The greatest difference among growth models is in regularity
of stand. Irregular stands require detailed descriptiocn of individual
trees and are seldom successfully simulated by simple models developed
for regular stands. Irregular-stand models can be used for regular
stands with increased computation cost and possible loss in precision.
We suggest some consistent definitions of terms used to describe
development of growth models. High correlations among variables in
growth studies, incomplete assessment of factors affecting growth, and
other problems are hard to deal with when analyzing forest growth and
constructing growth simulators.

INTRODUCTION

Fourteen years ago, IUFRO meetings in Canada and France considered
computer simulation of forest growth. Those meetings were timely
because by 1973 expanded use of computers permitted detailed analyses
not previously possible of the relations among growing trees. The year
1973 also is important to the authors of this paper because it is close
to the time we started work on growth simulators. DFIT by Bruce {Bruce
et al. 1978) and CRYPTOS and CACTOS by Wensel (Wensel et al. 1986,
Wensel et al. 1987) were entirely different in philosophy, structure,
and purpose. Perhaps by combining our experiences, we will produce a
proad perspective on forest growth simulation.

Munro's (1974) paper on forest growth models is a starting point for a
fresh look at growth simulation. His discussion of modelling philosophy
set the stage for much recent progress, but seems best remembered for
its classification of growth models which singles out one of several
differences among models--whether it is a single-tree or a whole-stand
nodel .

In this paper, we suggest emphasis on the forest condition being
modelled and on the purpose of the model. We also examine some terms
that are frequently used in forest growth and yield modelling. Finally,
we look at some problems often encountered in developing computer
gimulations.

1Volunteer and Consulting Mensurationist, USDA Forest Service, Box
3890, Portland, OR 97208; and Associate Professor, Department of
Forestry and Resource Management, University of California, 145 Mulford
Hall, Berkeley, CA 94720.

Presented at the IUFRO Forest Growth Modelling and Prediction
Conference, Minneapolis, MN, August 24-28, 1987.



APPROACHES TC GROWTH MODELLING

The greatest difference in models of forest conditions results from the
regularity of the forest stand to be simulated. Stands with uniform
progressions of frequencies in size-classes allow use of different
models than stands without them. Many even-aged stands have unimodal
diameter distributions easily described by a great variety of frequency
functions: recently, the Weibull distribution has been popular (Bailey
and Dell 1973). The classical J-shaped distributions of all-aged stands
can be approximated by the negative exponential function (Leak 1965).
More complex arrays of sizes can be represented by combinations of two
or more regular distributions (Depta 1974). Munro mentioned only the
potential use of diameter distribution models, possibly because two of
the earliest were described at the meeting at which he gave his paper
(Burkhart and Strub 1974, Clutter and Allison 1974).

In regular stands, density and hence competition can be evaluated on a
stand basis in terms of stem volume, basal area, number of trees, or
crown volume. In these stands, each tree's share of competition depends
mostly on its size, and typically a single measure of size characterizes
the tree gquite well. To model most stands that are irregular, the
growth of each tree must be estimated individually. No single tree
characteristic will adequately express a tree's growth potential or its
response to competition; information about surrounding trees is often
required as well. The common solution is to list for each tree the
elements that determine its future growth; such as species, tree size,
crown size, and even previous growth rate. These characteristics are
then used in growth predictions. This technique can be used for regular
stands, but models suitable for regular stands seldom can be used
successfully for irregular stands. Using a more complicated model than
necessary often has at least two costs: greater computational expense
and a loss in precision of estimates.

In stands that are quite irregular, no single measure of stand density
will serve to represent the competition affecting individual trees.

This problem can be resolved by subdividing the stand and measuring
local density. Theoretically, the best solution may be to use a
distance-dependent single-tree model of growth where the size, vigor,
and proximity of neighboring trees are evaluated. These-models are
still being studied and, despite the high cost of developing and running
them, they have the potential for reasonable statistical accuracy, which
may or may not be realized ultimately.

Relationships among trees are not so simple that they can be completely
defined by description of neighboring trees and distances to them.
Because of localized genetic similarity, stand histories, and
root-grafts, not all trees grow independently. Also, roots capture
unoccupied space faster than do branches {Smith 1986). Sometimes
competition from low vegetation--in young stands, in stands on soils
with low water-holding capacity, and in areas with low rainfall--is as
important as crown competition in limiting tree growth. Consequently,
there are places where stem size and stocking level are more effective
than complicated measures of crown extent in assessing competition for
empirical growth models.



In studies where measures of stand density and competition have been
compared, expensive point measures often have added no useful
information to the easily derived stand measures. Some studies ignored
stand measures and compared only point measures; others merely compared
the two kinds of measures without testing how much information point
measures might add to that provided by stand measures {Alemdag 1978).
bBven the latest comparisons should not be accepted as definitive for all
stands, because most of them were made in plantations or even-aged
stands where competition usually is reasonably uniform (Daniels et al.
1986). More critical tests eventually will be made in stands with mixed
ages and several species.

Prospective uses influence choice of models. If only an estimate of
total volume of wood at some early date is needed, all that may be
required is a projection of past trends in total volume or a simple
survey of changes in average stand volume, with little attention paid to
stand regularity. If only a prediction of change in inventory by size
class of material is needed, anything more complicated than a size-class
model is unnecessary. 1If, however, some estimate of change in gquality
is needed, each tree may have to be treated individually in the computer
model, even in a uniform, even-aged stand, particularly if forest stand
structure changes during the simulation period. Comparisons of
alternative treatments, especially those not previously applied and
observed, put heavy pressure on any model, no matter how it was
developed,

SOME QUESTIONS OF DEFINITION

Munro (1974) suggested a major difference among forest-growth modellers
is that some use "analytic” and some "empirical™ models. Today, the
major distinction is between "process" and "empirical” models. In their
text on regression analysis, Draper and Smith (1981) call them
"functional” and "predictive" models. The term "analytic" is commonly
used to certify the virtue of either a model or its author.

Process models simulate the biological processes that convert carbon
dioxide, nutrients, and moisture into biomass through photosynthesis.
These estimators have apparently not been developed yet to the stage
where biomass and biomass growth can be identified as individual cells
and cell-wall thickening and aggregated into trees with detailed
dimensions of interest to forest managers (Ford 1981). "Empirical" is
not used here to describe a model resulting from a fishing expedition by
a neophyte wearing a blindfold; many models that estimate tree sizes use
mathematical functions well suited for describing biological processes.
They are "empirical” because they are based on periodic tree
measurements, and make no attempt to measure every factor that may
affect tree growth,

The link between process and tree-growth models will be made, but not
soon. Meanwhile, parallel use of such models can check congistency of
two independent estimates of total wood production. Such compatibility
also should be sought among empirical models with various levels of
detail--simply because stand growth is the sum of growth of its
individual members.



The driving elements of process models and empirical models are quite
different. The process model may use direct measurements of growing-
season precipitation, hours of sunlight, and other details. An
empirical model also uses these variables, but indirectly because it
assumes that the average of these conditions will prevail in the
future. If a measure of fertilizer application is added to each of
these models, they should agree on the estimated response for the
observed period. The process model also may be able to estimate the
response with a different amount of precipitation or other climatic
change. This is an example of what we consider to be use of a "black
box" in the simpler model. Black boxes fall short of complete
explanation but may provide unique and less expensive approximations
(Leary 1975). OCther examples of black boxes are substituting the path
of the stand average for tracks of individuals, the use of empirically
established asymptotic limits, substitution of direct estimates for more
complicated algorithms, and even some kinds of stratification.

The concurrent development of many kinds of growth models in various
parts of the world has created inconsistencies in definitions that lead
to some difficulty in understanding unfamiliar growth models. Also,
between forest managers (many with little formal statistical training)
and biometricians (many with little formal forestry training), a gap in
understanding often occurs when it comes to describing models or the
modelling process. Likewise, gaps in understanding may exist between
those dealing with even-aged forest stands and those dealing with
all-aged or many-aged stands. The gaps between models and the real
world cannot be cured by definitions, but only by a better appreciation
of the modelling process. Developing such understanding among
prospective users is one of the modeller's critical responsibilities.

Standard definitions should reduce some of the confusion that exists in
the terms used to describe the process of developing, adjusting, and
testing empirical forest growth models. Here are our suggestions:

A model is a mathematical function, or system of functions, used to
relate actual growth rates to measured tree, stand, and site variables.

Estimation is the statistical process of deriving coefficients for
models to define the growth rates as a function of measured tree, site,
and stand variables.

Verification is testing a model with the data on which it was based to
eliminate lapses in programming logic, flaws in algorithms, and bias in
computations.

Calibration is adjusting a model to local conditions that may differ
from those on which the model was based.

Validation is testing a model to see how well it predicts. Whenever
possible, it is tested against independent data sets.

Monitoring is the continuing check of output of the system to detect
shortcomings of the model.



Evaluation is considering how, where, and by whom the model should be

used, how the model and its components operate, and the quality of the
system design and its biological realism.

through time under alternative conditions or cutting practices.

Models should be verified as a step in the statistical analysis used to
produce the models' estimates. Often, calibration is done to sharpen
predictions, either for a subset of the original data or for an
independent data set. Calibration, however, can be dangerous when it is
based on tenuous assumptions not supported by as profound cbservation
and analysis as the coriginal estimate. Some validation can be done as
part of the fitting process, using covariance to isolate distinct data
gets, but it may be done by a third party with an independent data set
to decide whether to use the model (Reynolds et al. 1981). Validation
is usually limited to small data sets because large data sets could be
the basis for new models. Monitoring is done by responsible managers,
even with the most sophisticated and best tuned simulators. Although
verification, calibration, and validation are usually done by the
modeller, model evaluation should be done by the user--who is
responsible for accuracy of the prediction (Buchman and Shifley 1983).

The sequence of steps inherent in these definitions exemplifies the
modelling process, with many of the steps repeated as users gain
experience with the models. Discussion and refinement of these
definitions should lead to less ambiguous descriptions of the model
development process.

PROBLEMS IN CONSTRUCTING GROWTH MODELS

Although empirical growth models differ widely, common basic elements
appear in most of them. Estimates are made of the changes with time of
tree diameter, height, form, volume, or all of these variables, and also
change in the number of trees per unit area. Added to these driving
functions are the housekeeping functions, such as volume estimates based
on tree height and diameter. The driving functions are based on tree
species, age, land quality, climate, area history, and vegetation
present. If the estimate is for a single species in a limited
geographic area, other species are excluded and the current climate and
prevalent soils of the area are included by default.

Other common elements in most empirical growth models are two
dichotomies. First the separation of increment into potential and
modified, and then the use of two kinds of growth modifiers. The
potential growth, a basic change rate, is estimated by an equation that
expresses biological development. This estimate is then modified by a
function that serves to limit or accelerate growth. Changes in number
from mortality (where there is too much competition) and regeneration
(too little), may be at the extremes of modified growth. The two kinds
of modifiers in use are internal, determined by stand development and
built into the model, and external, resulting from management decisions
or other factors external to the model, such as forest fires or pest
epidemics. Some management decisions can be handled by the model



(thinning or fertilizing) but require special signals to activate the
estimates. Other external modifiers are handled by returning to square
one: harvest, regeneration, or both.

Growth studies seem to be plagued with some recurrent problems. One of
the most common is the high correlation among variables measured in
growth studies. These correlations are the result of allometric
relations among the dimensions of living organisms and are not
indications that true cause and effect have been identified. Thege high
correlations make it easy to substitute convenient measurements for
fundamental measurements. In many applications, this is a blessing--we
customarily use DBH when diameter at some other height theoretically
would be a better estimator--and get good results. Inadvertent
substitution of crown volume for extent of the root system illustrates
the mental confusion and biolcegic illusion possible in some growth
analyses.

We are tempted to recite a long list of analysis problems we have met
and overcome but this audience might not find such a list useful. Any
good biometrician can warn of the dangers of overspecification of
independent variables and the effects of near singularities or
multicollinearity on coefficients in regressions and the strange
estimates that may result. Only experience will shield against
mystification by the manufacture of complicated indexes or estimators
that appear to explain something in the data set being manipulated.
Good modellers rely more on knowledge of silvics and principles of
biologic growth than on statistical tests in selecting models and
developing algorithms.

A common problem we see is testing the wrong hypothesis when generating
driving functions. A favorite test is done by withholding a fraction of
the data, to show that the regression performs satisfactorily on data
not used in generating coefficients. If single random data sets are
split in two halves, you can expect the estimates to differ at the 5%
level in about one trial in twenty. These odds change in messy data
sets. The real question that should be examined is whether or not
totally independent data sets will be estimated satisfactorily. We have
found it helpful to identify sources of batches of data, and use
covariance to test differences among batches. This test gives some
indication whether the estimates will perform correctly in circumstances
other than those for which they were generated; the first test offers no
clues about this, although it is used in some other kinds of validation

(Snee 1977).

Another problem is the overconfidence of some modellers in the
sophistication of their models. Computer programs excel in rapid and
often accurate interpolation. This accuracy leads to the notion that
simulators are indeed tracking biological systems, and, because of this
and the knowledge and skill used in developing them, they can be trusted
to extrapolate beyond the limits observed and measured {Burkhart 1975).
The best thing that can be said about such extrapolations is that they
suggest interesting hypotheses. Real-world observation is the only way
to validate such predictions.



When modellers start work, they may be overwhelmed by data--most of it
describing conditions commonly observed today--but unfortunately
incomplete, poorly edited, and in some peculiar format. The modeller's
problem is obtaining high~quality data for conditions critical to good
estimates of coefficients and for conditions that may prevail in the
future. Identification of current gaps in knowledge may be one of the
most important steps in developing computer simulators; it should lead
to more effective silvicultural research.

FINALLY

The above comments are gleaned from many years of growth and yield
research. They are based on a small sample of the problems we faced in
modelling during that time. Model building is an art because we seldonm
gain full knowledge of the system under study. Models are going to be
put to uses not planned by their authors, enough data of the right
design are never available, the wvariables used in the model are not
measured on all of the trees or plots, and opportunities for
verification, calibration, and validation are limited. Finally, some
users may care little about the quality of the model and, instead, are
fascinated by the beauty and completeness of the tables generated. All
these things, particularly the last, put added responsibility on the
researcher to place limits on the possible estimates and to explain
adequately the output of the models created.
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SOME IMPORTANT ASPECTS IN THE DEVELOPMENT OF
A MANAGED STAND GROWTH MODEL FOR WESTERN HEMLOCK

1
D.M. Hyink, W. Scott and R.M. Leon

ABSTRACT. Discussed are the authors’ experiences in developing a model
for forecasting growth and development of managed stands of low
elevation western hemlock (Tsuga heterophylla [Raf.]}) in Oregon,
Washington and British Columbia. Problems commonly encountered with
data compiled from multiple research organizations such as
inconsistencies in height sampling, differing measurement standards, and
understanding and evaluating the importance and impact of ingrowth are
discussed. The model architecture and such key elements as mortality
estimation, mathematical compatibility between dominant height, site
index curves and heights by dbh in stand tables, and necessary
properties of thinning algorithms are presented.

INTRODUCTION

Although Douglas-fir (Psuedotsuga menziesii [Mirb.] Franco
var.menziesii) is the leading commercial forest species in the Pacific
Northwest, the importance of western hemlock (Tsuga heterophylla

[Raf.]), albeit secondary, is nonetheless significant. Recognizing the
need to add managed stand forecasting capability to the Company’s
"Single-Acre Forestry Planning Systems" (Depta, 1984), we undertook a
project with the objective of using existing research data to build a
flexible model to forecast the growth and development of plantations and
managed natural stands of western hemlock under different levels of
management. In this paper, we will discuss data compilation and
preparation, review the model architecture, derive a size-density based
mortality model, and outline some important considerations for thinning
algorithms and consistent height prediction.

DATA

The "secondary regional importance" of western hemlock notwithstanding,
a principal reason for the absence of a major modelling effort for this
species was that no single research organization had a data set with
sufficient breadth to accomplish such a task. This vas also the case
with Douglas-fir prior to the efforts of J.D. Arney and R.O. Curtis,
who, with the help of thirteen contributing organizations, compiled the
data which ultimately resulted in DFSIM (Curtis, et al., 1981). Data
for our project resulted from a similar cooperative compilation.

1Biometrician, Silviculturist, and Research Forester, Western
Forestry Research, Weyerhaeuser Company, WTC 2HS5, Tacoma, WA, 98477,
Usa.

Presented at the IUFRO Forest Growth Modelling and Prediction
Conference, Minneapolis, MN, August 24-28, 1987.



COMPILATION

In early 1985, eight research organizations (British Columbia Ministry
of Forests, Crown Zellerbach (now Cavenham Forest Industries), ITT-
Rayonier, MacMillan Bloedel Ltd., State of Washington (DNR), U.S. Forest
Service (PNW Station), University of Washington Regional Forest
Nutrition Research Project (RFNRP) and VWeyerhaeuser Company) agreed to
share their existing permanent plot growth data on managed stands with
one another. Using a modification of the COSMADS (Committee on
Standards of Measure and Data Sharing (Reimer, 1977)) standardized
format, each institution forwarded their data to Weyerhaeuser Cempany
who in turn organized the compilation, checked for gross errors and
distributed the combined data set. This project was conceived, planned,
executed, and completed in just nine months, due in a large part to the
dedication of each of the participants, and to the existence of the
COSMADS protocol.

STRUCTURE

The compilation included data from 6208 measurements on 1298 permanent
plots at 158 installations, and produced 4874 individual growth periods.
By number of plots, 37 percent had one or more thinnings, 23 percent
were fertilized only, and 14 percent were both thinned and fertilized.
The remaining 26 percent were neither thinned nor fertilized, and
represented the "control" plots from the various fertilization and
thinning experiments. No attempt was made to include the large volume
of "unmanaged" natural stand data which was collected largely from
temporary plots.

STRENGTHS/WEAKNESSES

If there is "strength in numbers'" then this is a strong data set--both
in quantity and overall gquality. It is safe to say that the amount of
high quality permanent plot data for this species came as more than a
mild surprise to most all of the project participants. On the other
hand, data compiled from a number of organizations, each with differing
missions, management objectives, forestry practices, and mensurational
techniques is not without its weaknesses and challenges. We consider
weaknesses to be "problems", whose near-term solution is beyond our
control. Challenges, however, are "problems" for which there are
numerous near-term technical or subjective "fix-ups". Weaknesses and
challenges can be reduced or eliminated by thoughtful planning and
execution of future field studies.

Many of the weaknesses in this data set are associated with its spatial
and temporal characteristics, although differing measurement protocols
are responsible for several challenges. Because the data came from
independent organizations whose early efforts were generally
uncoordinated with one another, the geographical distribution of
installations by physiographic region, age, site index, and stand
density is not balanced. Current cooperative research efforts by the
Stand Management Coop (Chappell, et al., 1987; Hyink, 1987) will largely
eliminate this weakness in the future. Another weakness common to most
permanent plot data is that there are effectively no plots with long-
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term observations (25+ years), particularly those representing stands
grown from wide early/initial spacings. Furthermore, the long-term
usefulness of most of the plots is limited by their small size. 1In
addition, less than 2 percent of the data are from plantations. These
concerns reflect the fact that most plots came from experiments in older
existing stands that were designed to test specific treatment
hypotheses rather than to define response surfaces.

Challenge: Consistent Height-Dbh Curves

In sampling heights, various combinations of the following were employed
across repeated measurements on a plot: (1) 100 percent of heights
measured, (2) no heights measured, (3) one or two heights measured
(usually tarif trees), (4) more than two but less than all heights
measured (sample usually skewed toward taller trees). The problem:
height-dbh curves derived independently from remeasurements with two or
more sample heights would exhibit "abiological crossing" (particularly
at larger diameters) through time, as depicted in Figure l-a. Since
temporally consistent height-dbh curves were very critical to our
modelling efforts, the challenge was to produce such curves while

eliminating (rejecting as unusable) as little data as possible. Our
solution involved estimating the coefficients of all height-dbh curves
on a plot simultaneously. More specifically, we estimated the

coefficients of the following equation:

Hij = 4.5 + aj*EXP(—bj/Dij), i=1,...,nj, j=1,...,m (1)
where H is total tree height, D is tree diameter at breast height, a,
and b. are equation coefficients for the jth measurement, n., is th

numbeg of sample trees measured during the jth measurement and m is the
number of measurements. Coefficients of equation (1) were fitted
subject to: (1) the asymptote (a.) being monotonic non-decreasing
through time (i.e., a,< a, < ve g_am), and (2) the height-dbh curves
not crossing above t%e quadratic mean dbh (DQ) [i.e., hi(DQifl) <
hi+1(DQi+ ). Estimates of the coefficients were obtained usihg a
sequentla} simplex algorithm (Olsson, 1974) based on the method of
Nelder and Mead (19653). This algorithm is very robust--converging
slowly but almost surely. Fortunately this procedure needed to be
applied only once, since it required nearly eight hours of VAX 8600 CPU
time for coefficient estimation on the 1298 plots. Ve believe that the
efficiency could be markedly improved should we decide to make this
algorithm part of a production system. Figure 1-b depicts the set of
curves shown in Figure 1-a after simultaneous estimation.

For cases in which a measurement (*) with no sample heights was bounded
on both sides by a measurement with a satisfactory height-dbh curve, we
derived a curve in which (1) the asymptote (a,) was determined by
linearly interpolating the two a.-coefficients as a function of age of
measurement, (2) determining h(DQ,) by linear interpolation of the
h(DQ.) as a function of DQ, at each measurement, and (3) using h(DQ,)
and a4, to solve for b,. J
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Figure 1. Successive height-dbh curves for a permanent plot (a) before
and (b) after simultaneous estimation.

Challenge: Ingrowth

Western hemlock is the climatic climax species throughout Western
Washington, Oregon and much of British Columbia at elevations below 2500
feet. The combination of shade tolerance coupled with abundant regular
seed production results in a high rate of seedling establishment beneath
existing canopies except on extremely xeric or hydric sites. Upon
examining the magnitude and duration of this "seeding-in" we concluded
that the ingrowth component could not be ignored in the construction of
the model, particularly since realistic yield forecasts for unthinned
stands were desired.

Differences in mensurational protocols between cooperators posed several
difficulties in assembling a data set from which ingrowth attributes
could be estimated. First, the minimum dbh measured ranged from 0.1 to
3.5 inches. Second, the policy on measuring and recording ingrowth was
usually unclear and also varied by organization. 0f particular
consequence to ingrowth estimation (in addition to the minimum dbh
measured) was the timing of the measurement. For instance, it was not
alvays the case that ingrowth was recorded and measured at the
remeasurement nearest to when it crossed a particular organization’s
minimum dbh threshold. Furthermore, the lack of recorded ingrowth on a
plot could not necessarily be taken to mean that none existed (although
we had to make that assumption to proceed).

After field examinations, discussions with Company foresters, and
considering model requirements, our solution was to use only plots in
which ingrowth across a 1.5-inch dbh threshold could be estimated. In
addition, it was observed that virtually no ingrowth occurred in stands
whose dominant height exceeded 65 feet, and, at that point, growth rates
of ingrowth trees were negligible. Stand tables however were unimodal,
and in spite of the age range, many younger trees were part of the
merchantable stand. 1In thinned stands, the number of ingrowth stems
observed was inversely related to the post-thinning stand density.
However, few of the stems exceeded the 1.5-inch dbh threshold (probably
because the thinned plots had relatively short post-thinning observation
periods). More importantly (especially since we model unimodal stand
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tables), we concluded that the observed ingrowth component would almost
never significantly influence the post-thinning stand as far as
merchantability and competition were concerned. Thus, we chose to
ignore ingrowth on unthinned plots when dominant height exceeded 65
feet, and on all thinned plots.

THE MODEL
ARCHITECTURE

The class of models contained in Weyerhaeuser’s "Single Acre Planning
Systems" (Depta, 1984) can be generally thought of as a "hybrid"
composed of a whole-stand model (Munro, 1974) with stand and stock
tables generated via parameter recovery (Hyink, 1980; Hyink and Moser,
1983) described by Depta (1974). A very simplified schematic of the
general model architecture is depicted in Figure 2.

Bareland Predict Initiai Y
Input Stand Table Recover Perform
TPA Parameters Stand/Stock Table Thinning
Site Index DMIN HDMIN N
§tock Ty&i DQ HDQ
DMAX HDMAX| | | Compute Changein | Compute Stand-Average
Shape Stand Table Parameters Changes/Conditions
e DMIN HDMIN Dominant Height
Existing Stand Input | DpQ HDQ Survivor Basal Area
Age DMIN HDMIN DMAX { ~ HDMAX Mortality (#, Size)
Ste Index DQ ~ HDQ Shape ingrowth (#, Size)
Stock Type DMAX HDMAX
TPA Shape

Figure 2. Schematic of general model architecture.

It is convenient to consider that any stand and stock table is
completely specified by a vector of eight parameters consisting of
minimum, quadratic, and maximum dbh (DMIN, DQ, DMAX), a shape parameter
(or DMODE), trees per acre (TPA), and the average heights for the dbh
parameters (HDMIN, HDQ, HDMAX) (Depta, 1974 1978). After characterizing
the initial stand and stock table by predicting the parameters (BARELAND
Input) or by inputting them directly (EXISTING STAND Input), one may
view the model as ultimately "updating" these parameters by predicting
biological changes and by performing thinnings. It is our
(scientifically unsubstantiated) opinion that the "biological" facets of
growth modelling receive an inordinate amount of attention relative to

"performing thinnings". Yet, within this architecture, the thinning
algorithm is inextricably linked to the "predictive" equations in all
simulations of thinned growth. Thus, its mathematical properties,

behavior, consistency and compatibility with the system of equations
that predict biological changes can be as important to reliable yield
estimation as having a sound biomathematical structure embodied in the
system of prediction equations.
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SELECTED COMPONENTS

Mortality

In constructing growth models for managed stands we attempt to embody
three general concepts: (1) the relationship of site index, age and
dominant height, (2) some generalization of Langsaeter’s (1941) growth
versus growing stock relationship (Smith, 1962), and (3) the -3/2 power
law of self-thinning. In deriving the mortality model, we chose to use
Reineke’s (1933) Stand Density Index (SDI), primarily because it was
analytically consistent with our model architecture in which survivor
basal area growth is a prime driving variable. Two recent articles by
Weller (1987) and Zeide (1987) provide comprehensive reviews of the
large volume of literature on this subject.

Figure 3 depicts the Reineke relationship of DQ and TPA for the western
hemlock data. The maximum stocking line (with slope of -1.605) is
positioned at an SDI of 850. There has been speculation that slopes of
~3/2 or -1.605 are not appropriate for some species, particularly at
"lower™ TPA. Examination of the individual measurements plotted in
Figure 3a (which are analogous to similar depictions of data from
temporary plots) might suggest this. Figure 3b however depicts the
temporal character of this relationship by connecting each measurement
on a plot by a solid line. Several points are worth noting.

74

27

1 . . . . N N
20 55 148 403 1097 2981 8102 ] 55 148 403 1097 2981 8103

Figure 3. Relationship of DQ and TPA (logarithmic scale): (a) for
individual measurements, and (b) by plot, with individual mea-
surements connected by line segments.

First, lines running in a northeasterly direction represent plots with
recorded ingrowth. Second, the lower stocking line depicts an SDI of
639 (75 percent of the maximum - Relative Density (RD) = 0.75). This
vas chosen to represent an "asymptotic-average maximum density line -- a
line which the "average stand" might follow during self-thinning.
Third, stands in the vicinity of this line are represented by lines
running in a northwesterly direction, and their slope appears to be
adequately approximated by -1.605. Fourth, stands represented by lines
at TPA less than 300 come  almost exclusively from thinned stands
(depicted by + in Figure 3a). Plots exhibiting steep northwesterly
slopes at low to moderate relative densities (RD) generally reflect
mortality associated with "thinning damage” (particularly on small
plots) rather than some "competition-induced" phenomenon.
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The geometry of the Reineke size-density relationship is shown in Figure
4, As depicted in Figure 3b, elements of the surviving stand (DQ and
TPA) define a straight line segment (virtually always) running in a
north to northwesterly direction (line h) during a single growth period,
generating an angle of deflection (M). This angle (M) will be zero if
no mortality occurs, and will equal ARCTAN(1.605) if exactly following
some Reineke maximum stocking line.
In (d)

dy |

Figure 4. Geometry of Reineke (1933) size-density relationship.

Now, in deriving a mortality model, survivor basal area growth (dBAs) is

2 2 2
= * - T % *
dBAs = k(TZ 92 Tl D1 + Td Dd ) (2)
wvhere T, is the number of initial trees per acre (T,) surviving, D, is
quadratic mean dbh of the T,, i=1,2, T, is the number of periodic dead
trees (i.e., T,-T,), D, is the quadratic mean dbh of the Td’ and k is a
constant which cofiverts diameter to basal area per unit area. Given

TAN(M) = -1n(T2/T1)/1n(D2/D1), and subsequently

Dz/D1 = (1wTd/T1)**(41/TAN(M)), equation (2) may be rewritten as
(1-2/TAN(M)) 5 ) 5

(1"Td/T1) =1+ dBAs/(k*Tl*D1 ) - (waDd )/(Tl*D1 ) (3)

Solution of this transcendental equation 1is accomplished by
approximating the left-hand-side with the first three terms of a
Maclaurin series of the form

(1-x)% = 1 - ax + (1/2)(a) (a-1)x2

where a = (1-2/TAN{M)) and x = Td/Tl’ and solving the quadratic equation

(1/2)a(~2/TAN(M) %2 + ((Ddz/Dlz) _a)x - dBAs/(k*TI*Dlz) -0 (4)

for T, by obtaining the positive root, given D], T], dBAs, M, and Dd'

d
Since D,, T.,, and dBAs exist either as initial conditions or as a
prediction from the survivor basal area growth model, we must find M and
D. in order to obtain an estimate of T,. A similar derivation using a
volume-based density index is given by Flewelling (1981).
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for (a) individual growth periods and (b) population means by
0.025 unit classes of RD.

Figure 5.

Figure 5a depicts the relationship between and angle of deflection (M)
(radians) and relative density (RD) for all thinned (+) and unthinned
(X) growth periods. The horizontal line depicts the slope of the
Reineke maximum size-density line, ARCTAN(1.605). The large deflections
for some thinned plots depicted in Figure 3b are seen (+) in the upper
left-hand portion of Figure 5a. The plots (at higher densities)
tracking parallel to the maximum stocking line in 3b are seen (X) in the
upper right-hand portion of Figure 5a. While the amount of variation
(noise) in the data is not unexpected, the mean trend by 0.025 unit
classes of RD (Figure 5b) is quite clear and quite rational. That is to
say, at low RD (0.0 to 0.4) there is a small deflection (M) which bhas a
large "random" component (as opposed to a "competition induced”
component). As RD increases, competition induced mortality increases
and appears to approach a slope very similar to Reineke. The lack of
data with mean M greater than 1.01 radians in Figure 5b does not present

a strong argument to support a slope greater than 1.605 for the western
hemlock represented by this data. Rather, it is indicative of the
average trend being a gradual asymptotic approach to a line with a slope

of approximately 1.605.
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Figure 6. Relationship of Dd/DQ and relative density (RD) for (a) growth
periods experiencing mortality and (b) population means by
0.025 unit classes of RD.
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A convenient characterization of the average size of periodic dead trees
(Dd) is the "relative size of dead trees” (Dd/DQ). The relationship of
Dd/DO and relative density (RD) is illustrated in Figure 6 for (a)
individual growth periods, and (b) population means by 0.025 units of
RD. As with M, the inherent variability appears quite high but the mean
trend seems guite clear and rational. At low RD where the "random"
mortality component is large relative to the "competition induced"
component, the average size of dead trees approaches the average size of
live trees (Dd/DQ is close to 1.0). As RD (and competition) increases,
the relative average size of the dead trees decreases, presumably
because these trees { on average) are less able to withstand the rigors
of competition.

Based on the relationships depicted in Figures 5 and 6, equations to
predict M and Dd (as functions of RD) wvere developed, thus allowing the
estimation of Td via equation (4). Ve feel that this approach is useful
insofar as it: (1) is based upon a reasonable biological hypothesis,
and, (2) has reasonable and consistent biomathematical properties that
ensure reasonable extrapolations and also allow for parametric
adjustment of (a) the average asymptotic stocking stocking line
(intercept), and (b) the slope of that line. This formulation does not
allow for any separation of the "random” and "competition induced"
components of mortality (assuming they could be definitively
determined), nor does it apply to individual trees.

Congistent Height Predictions

Although models of this architecture deal primarily with "stand-
averages”" rather than with attributes of individual trees, certain
compatibilities and consistencies must be present when stand tables are
"recovered” to produce means by dbh class. One such compatibility
involves maintaining consistency between dominant height (Hd) as an
attribute of the whole-stand model and the Hd embodied by the average
height by dbh class in the stock table.

Historically, the research and inventory definitions of dominant height
have differed. We approached this dilemma by defining a dominant height
that could be used by research and inventory alike. Hence, we define
dominant height (Hd) to be the average height of the 80 largest trees
per acre (by dbh) as sampled from the 4 largest trees (by dbh) from an
appropriate number of 1/20 acre plots. We like this definition because
it is objective rather than subjective. Besides having a clear
analytical definition, its sampling definition helps insure consistent
and reproducible estimates of Hd. Within this definition, dominant dbh

(DHd) is

80

DHd = ( Dbhi )/80, and Hd may be estimated by equation (3) as
i=1
80

Hd = ¢ (4.5 - A*EXP(—B/dhhi)))/BO. (5)
i=1
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To guarantee compatibility of Hd between the whole-stand model (where Hd
is known), the recovered stand table, and the (yet to be computed) stock
table, equation (5) is rearranged to give the asymptotic height
parameter (A) as a function of Hd, the shape parameter (B), and the
vector of the 80 largest dbh’s,

80
A = 80*(Hd - 4.5) / ( EXP(~B/Dbhi)). The shape parameter (B)
i=1

is predicted as a function of attributes (known to the model) such as Hd
and DHd. Thus, using the recovered stand table to estimate DHd, the
shape parameter (B) is predicted, and the asymptotic height parameter
(A) determined, such that the Hd computed in equation (4) is the same as
that predicted from the whole-stand model.

Thinning Algorithm Considerations

In models of this architecture, the thinning algorithm’s function is to
turn one continuous unimodal diameter and height distribution into
another. Accomplishing this task in a biologically and operationally
consistent manner 1is key to growth projection in thinned stands,
"particularly since the after thinning stand and stock table defines the
"initial conditions™ to be grown forward. In our model, thinnings {(at
any time) are specified by the ratio of the quadratic mean dbh of the
cut trees to the quadratic mean dbh of the trees in the stand before
thinning (d/D), and some measure (number or proportion) of the trees or
basal area per unit area to be removed (or left). These parameters
mathematically specify two of the algorithm’s constraints (the DQ and
TPA after thinning). Unless the underlying distribution/density function
is characterized by only one parameter, additional constraints must be
imposed for each remaining distribution parameter.

In our model, there are three such parameters: DMIN, DMAX and the
shape-parameter. Specifying the after~thinning DMIN and DMAX is
relatively straightforward. The shape-parameter is then left with the
responsibility of characterizing an after-thinning stand table that is
both rational with respect to the type of thinning emulated and
consistent with the before-thinning stand table. At least one
constraint on the shape parameter (or on the set of parameters for that
matter) is required to prevent ghosting. Ghosting is the "creation" of
trees as a result of improperly turning one diameter and height
distribution into another, and is depicted in Figure 7.

Figure 7a depicts a properly executed thinning. Note that "ghost" trees
appear in the largest three dbh classes in 7b insofar as they did not
exist in the before-thinning stand table in 7a. There are any number of
other "loose" constraints on the shape-parameter that may be required to
meet other considerations imposed by thinning methods, say. Sometimes,
thinnings with requested d/D and after-thinning TPA cannot be
accomplished.
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Figure 7. Examples of (a) proper thinning simulation and (b) ghosting.

Another form of ghosting that is theoretically possible (although we
have never observed 1t) manifests itself in successive stand and stock
tables whereby trees are '"created" in the smaller diameter classes
(actually stolen from the larger dbh classes) in periods in which no
periodic ingrowth is predicted.

CONCLUDING COMMENTS

We have enjoyed the opportunity to share some of our experiences in
developing a managed stand growth model for western hemlock. To
everyone who has spent the bulk of their career modelling even-aged
monocultures of intolerant conifers, wve recommend (as mentally
challenging and spiritually rewvarding) a diversion into the world of
predicting growth and development for tolerant conifers. For those of
you brave(?) enough to take on modelling of mixed-age, mixed-species
stands of indeterminate tolerance, we offer our sympathy.

We cannot stress strongly enough our belief that cooperative research
efforts will be at the root of many exciting future research advances.
Our efforts chronicled herein would not have been possible without such
activity. For those of you using (or considering using) model
architectures similar to ours, we have attempted to highlight several
concepts that we have found to be both timely and relevant. Ve hope
that you will find them useful as well.
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SOME FACTORS THAT WILL AFFECT THE NEXT GENERATION OF FOREST GROWTH MODELS
Rolfe A. Learyl

ABSTRACT. Several types of factors will affect the form and referents of
future growth models; these include philosophical, scientific, techno-
logical, educational, and organizational factors. Philosophical factors
are characteristics of questions and answers in a science as it matures.
Scientific factors are summarized in current and likely future components
of growth modelling paradigms. The primary technological factor is the
relation between costs of computer hardware and field measurements.
Educational factors relate to balance between formal and factual science
graduate education tracks. Organizational factors deal with the problen
created by too few scientists in too many places with too little money,
institutional reward styles, and procurement policies of large users.

INTRODUCTION

What will the growth models of the future be like? How will they differ
from those of the present and recent past? I will outline some of the
factors here that I feel will be important. By "affect" in the paper's
title, I mean alter the means and methods by which growth models are
constructed, and the kinds of tree assemblages to which the models
refer. By "generation", I mean something similar to Moser's (1980)
"historical chapters”. Many factors will be dimportant, so I focus my
discussion on five broad categories: philosophical, scientific,
technological, educational, and organizational. Under each, I highlight
some important trends and speculate how each might be important.

Moser (1980) suggested the following historical chapters in the
development of growth and yield models: a) yield tables (normal, variable
density), b) yield functions, c¢) compatible growth and yield models
(even-aged case, uneven-aged case, systems of differential or difference
equations), d) diameter distribution approaches, e) simulation approaches
(distant-independent stand models, distant-dependent individual tree
models, distant-independent individual tree models). These chapters are
a mixture of categories that describe how scientists have represented
forests and what the models refer to. Here I assume that we wish,
ultimately, to make a statement about a stand.

FACTOR CATEGORIES

The era when a scientist could initiate and complete a long-term study of
a species or forest type is ending, if not over. Scientists who study

1Research Forester, USDA Forest Service, North Central Forest
Experiment Station, 1992 Folwell Avenue, St. Paul, Minnesota, USA 55108

Paper presented at the IUFRO Forest Growth Modelling and Prediction
Conference, Minneapolis, Minnesota, USA. August 24-28, 1987.
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forest dynamics are being affected by many of the sawme factors affecting
scientists in other disciplines. These external {philosopnical, techno-
logical and organizational) factors will certainly have a significant
influence on what growth models look like in the future. In addition,
factors internal to our own subdiscipline (scientific and educational) as
well as neighboring disciplines will weigh heavily on future model form
and referents.

PHILOSOPHICAL

Although little discussed, philosophical factors will play a large role.
By discussing them here, I hope their role can be more explicitly
examined. These factors come {rom two subareas of philosophy: 1)
philosophy of science and 2) ontology. Philosophy of science takes up
questions such as how sciences change as they mature. What is the
primary goal of science {(prediction or explanation)? What constitutes
an explanation? Ontology is concerned with how we as scientists organize
and categorize reality. Of concern to ontologists are such basic notions
as system, level, hierarchy, change, interaction, and possibility.
Systems science is a discipline with a particular ontological
perspective. The following discussion is centered on the question of
science maturity with support from the ontology of systems.

Maturation of sgcience

Nonlinear algebraic equations as growth models date to the 1630's in the
United States {Moser 1980), putting us 50 years into the task. Are we
headed in a reasonable direction? Are we producing knowledge? As
rapidly as possible? What are appropriate evaluation criteria?
Philosophers and scientists have assembled three criteria to assess
science waturity: breadth (it covers the range of phenomena studied in
the science), depth (it uses more than one level of biological and/or
physical organization in its constructs), and cogency {forcible, clear,
or incisive presentation) ({(Bunge 1968). The notions of depth and breadth
relate directly to those of questions and answers.

Questions

Seientists are considered expert question answerers. But, scientists
specialize only in certain kinds of questions. Formal sciences such as
mathematics, and to some extent statistics, help to answer methodological
questions (How to?). Factual scientists {of concern here) specialize in
making statements about nature, hence they answer the following
guestions:

What is the character of? (The answer is called a description. )

What if? (The answer is called a prediction. )

Why? (The answer is called an explanation. )
Fach kind of gquestion can be further subdivided. (For example, "What
if?7" questions can be broken down further by answer source: prophecy,
guess, prognosis, statistical prediction, scientific prediction.) The
important point is, within a specific problem area, guestions are not of
the same difficulty to answer. Typically, "What is the character of?"
questions can be answered most easily. "What if7?" questions, with the
possible exception of full scientific prediction based on law-1ike
relations, are more easily answered than "Why?" questions. Answers to
"Why?" questions typically, though not exclusively, result from analysis
{reductionism). In analysis, the object of study, the stand, tree, stem,
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crown, leaf, etc., is treated as a system with various subsystems. In
turn each subsystem can be broken into its component subsubsystems (e.g.,
crown into branches and leaves; stem into heartwood and sapwood).
Further, each referent (e.g., leaf, sapwood) has a large number of
properties that could be studied. The detailed workings of each major
level, when conjoined with the physical, chemical, energy, and biotic
environment are extremely complex.

In traditional growth prediction, we often (perhaps, too often) try to
distill the mechanisms at work in only one or two of the biological
levels, incorporate what we can from the physical level, and express the
interactions and interdependencies using a single mathematical equation.
Process models, such as developed by ecophysiologists, on the other hand,
work at very basic levels and sum/integrate results to higher levels of
organization. Perhaps ecophysiologists are the scientists we should
expect to provide functional explanations of, for example, carbon
allocation to stem increment and other important "Why?" questions.

Those modelling at lower (more aggregate) resolution levels would do well
to select equations having a theoretical basis and having interpretable
numerical constants, as well as goodness of fit (Bunge 1967). Of course,
not all system properties can be included in low resolution models, but
what 1s left out will still appear--as errors of the estimates of
equation parameters. By comparing predictive power of functiocnal
explanatory models and traditional predictive equations, it will be
possible to assess the "costs" of leaving out one or more levels. In
sum, being able to answer "Why?" questions only comes with understanding
of the phencmenon, hence is more difficult than "What if?" or "What is
the character of?" questions.

Answers

I will limit my consideration here to answers that are declarative
statements about reality, i.e., factual rather than formal {methodolog-
ical) propositions. Answers may be categorized in a number of ways, but
I focus on generality of object classes. A singular statement contains
or implies "...in one case...", an existential statement contains or
implies "...in one or more cases...", a bounded universal statement
contains or implies "...in all cases in universe U,", while a universal
statement contains or implies "...in all cases..."t Assuming equal
accuracy among answers, science puts a high premium on general ones.

The universe about which answers are desired is large. It must include
subject tree species in a specified range of moisture, nutrient, heat and
light regimes, and biosocial environments. We begin to see this by
cross—-tabulating the species, age, and site conditions of stands in a
geographical region. This three-dimensional cube has cells for pure
even-aged stands as well as for many species and ages together,

It is difficult to make very general statements without the aid of a
mathematical equation. Use of an equation introduces another level of
possible generality. As we seek ways to mathematically express our deep
understanding of each kind of stand, we may wish to use the kind of math-
ematics that has representation power to handle the most complex stand
(many species of differing ages on different sites). We can have gener-
ality of the governing equation and/or generality of the solution to that
equation given certain initial conditions. When a science has general
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equgticns that apply to a very large number of the circumstances under
study {the numerical constants and initial conditions may not be gener-
ally applicable), we may say that it has breadth (Shive and Weber 1982).

Question difficulty and answer generality are interdependent, so it makes
sense to combine them into a two-dimensional framework (Figure 1). The
framework makes it possible to locate disciplinary frontiers and to map
one's work relative to them. Further, it helps to see if one's direction
of change is what is typical of successful science and scientists.

QUESTION (DEPTH)

WHAT WHAT IF? WHY?
CHARACTER?
PREDICTION

ANSWER DESCRIPTION .. PROG. STAT. SCI [EXPLANATION]

IN ONE CASE

1

IN ONE OR
MORE CASES

i

IN ALL CASES
INU;
i

IN ALL CASES

Figure 1. Framework formed by interrelating question difficulty {depth)
and answer generality (breadth) (Leary 1985).

A maturing science changes in the type of questions asked {moves toward
the right) and in the generality of answers given (moves downward). But,
to move in either direction, one must overcome obstacles. To move to the
right stretches scientist's disciplinary training, SO they must learn a
new discipline or join with colleagues expert in the needed fields to
form interdisciplinary research groups.

Movement down the framework may require that we understand why trees grow
as they do in pure stands before we can understand their growth in mix-
tures, on a variety of sites, and when tree ages are different. {Where
would we be in our understanding of the abiotic world of mostly mixtures
if chemists had not determined the properties of constituent elements in
their pure state?) We have fair predictive power down to the bounded
universal level for a number of species in the pure stand condition. But
the i in U, is at least 15 just in the North Central region of the
United States.

Modellers must constantly re-evaluate the methods used to express

models. Even though current efforts may be directed at the pure
even-aged stand, we should view that as the first step toward
representing the mostly mixtures real world, and pick our modelling
methodology accordingly. Systems of first order differential or
difference equations have become a widely used method with the advent of
individual tree models. Systems of integro-differential and second order
differential or difference equations may be the future method of choice
because they offer a better opportunity to incorporate knowledge
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developed by ecophysiociclogists into predictive equations and they can be
localized more easily (Hamlin and Leary 1987a,b; Leary and Hamlin 1987).

Let's leave the philosopher's criteria at that. The criteria offer
scientists a compass when examining a direction to head. Movement to the
right seems assured. Movement downward is more problematic. What is
required appears to be a combination of well-conceived, systematic
research programs (Leary 1986) and the use of appropriate higher order
mathematical equations.

SCIENTIFIC

The scientific aspect of growth model prediction systems has many
dimensions. Instead of trying to go into each, I summarize them using
the concept of paradigm (Kuhn 1970). A paradigm is a shared belief among
a large and often powerful number of scientists about how some aspect of
the world works, or how it should be studied. In a sense, a paradigm is
a stereotype -- a simple handle by which a body of thought can be grabbed
and discussed. Is there a current paradigm? If so, what is it? Let me
first attempt to capsualize my thoughts on the current paradigm, and then
suggest some probable characteristics of the next paradigm.

Current Paradigm

The. recent past/current paradigm can be succinctly expressed by grouping
the beliefs by important categories:
Environmental factors
eare satisfactorily summarized in site index, which is constant
eclimate is assumed constant
Model expression
@& single nonlinear algebraic or first order functional equation
fit by nonlinear regression methods
Model selection criterion
amnuch emphasis on goodness of fit of model to data
Research method
#no more than one (if one) hypothesis is formed,
econfirmation is often attempted,
elittle distinction is made between the discovery and justification
phases of science
Primary hypothesis
estand property (average diameter, basal area, etc.) - time
relation

Emerging Paradigm

What is "emerging" is not the paradigm, but the pieces that, fit
together, may constitute the next paradigm. I discuss them briefly under
the same headings as above, but order them by my estimate of how soon
they may become part of the next paradigm.
Primary hypothesis '
@property-property relations ;
Increasingly, models start from property interdependence (competi-
- tion-density, self-thinning rules, height-diameter, etc.) and
infer property time series. The Bakuzis yield matrix in Figure 2
~illustrates the difference in approaches. Property
interdependence has limited to pure even-aged stands, however.
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MATRIX OF COMPONENTS OF NORMAL YIELD OF SCOTS
PINE STANDS IN GERMANY

DATA BY WIEDEMANN, 1949
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Figure 2. Matrix of yield table components for Wiedemann's Scots pine
yield table. Matrix was conceived by E. V. Bakuzis in 1969 and hand
drawn shortly thereafter (Bakuzis 1969, 1976). Column 1 shows
traditional stand property-time relations. Cells below row 1 and to the
right of column 1 show property-property relations, e.g., cell (2,5) is
Reineke's rule, {6,3) is Eichhorn's rule, etc.. Traditionally the
primary hypothesis of growth models has been & column 1 relation. Two
column 1 hypotheses {models) can be used to deduce a property-property
relation., Recently, one or more property-property relations have been
used to form the primary hypotheses, and property-time relations have
been deduced from them.
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Environmental factors
® Site index is in a crisis (epicycles of anamorphic, polymorphic,
non-disjoint polymorphic) phase. It will be replaced by physical,
chemical, and physiogrephic factors of the site.
Model” expression
® Single and systems of linear higher order equations {integro-
differential, and second order) will likely replace the single
nonlinear algebraic equation.
Model selection criteria
® Emphasis on interpretability of equation numerical constants will
probably not be possible until higher order functional equations
ease the goodness of fit burden.
Dominant research methodology
® The emphasis on confirmation is unlikely to be replaced soon.

Some items in the list have a distinct even-aged, mono-specific, stand
bias. That is partly because most current research is being directed at
those kinds of forests. Others will apply equally well in uneven-aged
stands and multi-species stands. Generality of our findings commands
that they do.

TECHNOLOGICAL

Anyone who develops mathematical models must be aware of the rapid
advances in computer hardware and software, especially the ease of use
provided by desktop machines. More dramatic advances are promised from
parallel computer architectures and the operating systems to exploit
them. At the same time dollars available to measure the crowns, roots,
and stems are steadily decreasing. While laboratory instruments can be
connected to micro-computers for automated data acquisition, field data
collection has progressed much more slowly in this direction. In sum, an
acute imbalance is developing between the power to compute and the money
to measure. Figure 3 summarizes the relative changes in costs to compute
and costs to measure since the mid 1970s.

Cost to compute Cost to measure
100 - 100

1 & §/MIPS high
- 65-5(/1000) [

"

107

- 10

- $/MIPS high
GS-5 (71000)

_I T T b T 4 T Y ‘
1970 1975 1980 1985 1990

Figure 3. Changes in microcomputer cost for a million instruction per
second performance rate and the salary of a GS-5 technician to do
measurements (primary data source Crecine 1986).
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It was only a decade or two ago that the imbalance was reversed. During
that era, file drawers were filled with field sheets completed by highl;
skilled but modestly paid technicians. The current imbalance will likely
increase "strapping”, a generic term that includes boot strapping, i.e.,
the creation of 'data' by permuting a limited number of observations so
as to give a data set the appearance of a different set of measurements.
A danger is developing that future models will be constructed on the
basis of few measurements. Measurements are not required in the
discovery phase of science, but they are in the justification phase.

However, one can argue that growth modelling has suffered from the
existence of too much data. And, of the wrong kind. Action, data
analysis, has too often preceded thought. Analysis has been constrained
by what could be done with available data, not what needed to be done.
In addition to having too much data, one could argue that much of the
data was for the wrong conditions ~- too much in the middle range of
predictor variables, and not enough at the boundaries.

Computer technology can also help organize, store, retrieve, and deliver
knowledge about trees and forests. Knowledge organization systems built
around computers could well have a greater influence on future growth

models than the computer's wvaunted ability to 4o numerical computations.

EDUCATIONAL

Where will future growth models originate? In the disgertations of
graduate students? Or will they rise from the ashes of experienced
scientist burned by the inadequacies of previous models? In either case,
the educational emphasis of current graduate students will be important.
Past decades have seen advances on a number of fronts that should be of
value to us: plant population biclogy, ecophysiology, soil science,
forest meteorology, to name four. What is now available is a substantial
body of experience, observation, conjecture, test and theory in several
factual science areas that will substantially deepen our understanding of
forest dynamics., This factual science alternative emphasis has long been
needed by those interested in a research and teaching career in forest
growth and yield., Traditionally, the emphasis has been almost entirely a
formal science one -~ statistical theory and methods in various forms and
flavors. Needed alsco is an alternative formal science track emphasizing
the biomathematics of developing predictive equations. Any group that
focuses too much on a single class of referents (e.g., pure even-aged
stands) using a single methodology (e.g., univariate nonlinear
regression) is vulnerable in an era of competitive research funding. We
are, after all, in the business of making predictive statements about
nature, and we should change as needed to make our statements deeper and
more general.

ORGANIZATIONAL

Perhaps the most important factors will be the organizational ones:
critical mass of scientific talent, fragmented responsibilities, user
influences, and institutional reward style. The current talent situation
is, briefly stated, too few people in too many places with too little
money. We have been in an era of 'free enterprise’', of 'doing our own
thing', in growth modelling., As our science matures and moves toward
breadth (generality) and depth (explanation), the critical mass of ideas,
technical expertise, and funds increases dramatically. In the future
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there will likely be just a few organizations that can (and choose) to
provide the reguired support. We can expect to see consortia,
cooperatives, and other alliances formed as this trend continues.

The organization of research has in some cases made it difficult to get
generality. For example, at one count there were about 1% separate
research work units responsible for growth and yield of tree species in
the eastern United States (Leary 1985). The same funds and scientific
talent may have produced more new knowledge if combined in fewer but
larger efforts.

The users of growth and yield research results could greatly affect what
we do if they used a "procurement” approach similar to the USDA Forest
Service's approach in selecting a provider for its computer hardware.
Model performance criteria would be established, model construction funds
would be awarded to serious bidders, and the winning model would be
selected in a test of model performance against a closely guarded data
set,

The reward style of research institutions will algso affect the form of
future growth models. Moving the frontiers of knowledge about a tree
species or stand to the right and/or downward in Figure 1 requires
risking failure. Research organizations can encourage the necessary
risk~taking by: 1) recognizing question difficulty and answer generality
in productivity assessments and 2) making clear its reward style, s
in the formula

(reward) « ({question difficulty) « {answer generality})s ,

(Leary 1985). Organizations with reward styles near O will likely get
lots of singular descriptiong, while those with styles near 1 will
encourage risk of failure in seeking universal explanations.

DISCUSSION

In sum, scientists can contrel some of the factors, simply use some, and
only react to others. It makes sense to focus one's energies on those
factors we can control. Organizational factors are typically beyond the
control of the individual scientist, hence one is left to react to
organizational dynamics. Technological factors, especially those dealing
with micro~computers, are also typically beyond the control of the
individual scientist. One is left to react to, and use, them. The
remaining three categories of factors, philosophical, scientific, and
educational, are subject to a large degree of control. However, control
in the case of educational and philosophical factors is primarily
personal control; one can select one's own graduate program, or change
major professors if student expectations do not match institutional
requirements. Further, one can to a large degree control the difficulty
of the question asked, but not the generality of the answer given. The
kind of control exerted by the scientific category of factors is
collective, not. personal. A paradigm is a shared belief among an often
powerful group about how some bit of nature functions, how it is
organized, or how it should be studied. Thus, the paradigm cannot be
changed by one person alone.

Factors and subcategories are interdependent. Reward styles affect the
kinds of questions asked. Technology, especially when it is used to
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organize and deliver knowledge, can also greatly affect the depth of
guestion asked, and the computational capabilities of computers can
affect the generality of our answers. Questions asked will depend on the
graduate educational progran emphasis, especially the division between
fornal and factual sciences. Will they be deep and difficult questions,
or superficial and easy? Clearly, graduate educational programs will
affect the future paradigm. However, in light of Planck's principle, "a
new scientific truth does not triumph by convincing its opponents and
making them see the light, but rather because its opponents eventually
die, and a new generation grows up that is familiar with it" {(Hull et al,
1978), the timing and direction of paradigm change are unclear.
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ESTIMATING GROWTH AND YIELD
OF THINNED SLASH PINE PLANTATIONS ON OLD FIELDS

Kenneth D. Ware, Bruce E. Borders and Robert L, Baileyl

ABSTRACT. A compatible system of equations was developed to estimate
growth and yield of old-field slash pine (Pinus elliocttii Engelm.)
plantations subjected either to ne thinning or to various levels of
thinning from below. Empirical estimates for parameters of these equations
are based on the Southeastern Forest Experiment Station's Cordele slash
pine plantation density study established in 1958 with a large number of
industrial cooperators. The systems model includes functions derived to
estimate survival, to project basal-area growth with various levels of
thinning, and to provide better fitting site~index relationships. The
diameter distributions were then modeled by the Weibull distribution.
Extensive tests led finally to the development of percentile-based
approaches for characterizing the diameter distributions on the basis of
observed current stand tables and less restrictive assumptions than usual
about underlying probability density distributione. This approach enables
the user to apply available information about current stand structure to
improve estimation and projection of future growth and yield.

Evolution of the concepts and procedures developed here for thinned
plantations of slash pine is traced to the present through the synergisnm
resulting from particular groups of scientists applying improved data
bases, computational and analytical power, and conceptual tools through
cycles of empirical and theoretical emphasis in the science. Using this
synthesis as a basis, future modelling approaches and philosophies are
discussed.

INTRODUCTION

OQur objectives are, first, to report our research on growth and yield
prediction systems for slash pine plantations subjected to various levels
of thinning after establishment on old-field sites in the Southeastern
United States, and second, to relate the development to the evolution both
of information needs for predicting dynamics of such stands and the
technical tools and philosophical approaches applied to such problems.
These evolutionary trends have been contemporaneous and the motivation for
developing new information, new concepts and new approaches is, of course,
related through strong feedback mechanisms to evolving forest managenent
technology, scientific techniques and theory, computing power and changes

1Authors are, respectively, Mensurationist, USDA Forest Service,
Southeastern Forest Experiment Station, Charleston, S. C., Assistant
Professor and Professor, School of Forest Resources, University of Georgia,
Athens, GA. The research was performed under a cooperative agreement
(Supp. 55, Contract No. 12-11-008-826) between the University of Georgia
and the Southeastern Forest Experiment Station.
Presented at the IUFRO Forest Growth Modelling and Prediction Conference,
Minneapolis, MN, August 24-28, 1987.
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in philosophical outlook. Although this evolution is not unique to our
situation, to slash pine, or to the southeastern U.S., the longevity of
research and data bases on growth and yield of slash pine does give an

uncommon opportunity to trace and learn from this evolution.

HISTORICAL AND TECHNICAL PERSPECTIVE

Growth and yield information for the southern pines has been regularly
reviewed since 1975 through, for example, Williston's bibliography, and
then Farrar's and Burkhart's reviews in 1979. A detailed review for slash
pine was done by Ware, Bailey and Feduccia {(1983). More recently Burkhart
(1985) considered the newest developments. We have come a long way from
MP~50's normal yields and Coile and Schumacher's (1964) variable-density
approach for predicting growth and yield of slash pine.

In the late 1950's the evolution of technology for growth and yield
prediction accelerated. F. X. Schumacher's work with applied regression
analysis {so advanced for the time that he was elected a fellow of American
Statistical Association) brought the technical tools for developing
variable-density whole-stand yield prediction systems. These early systems
were based on a rich combination of empirical data and empirical
data-fitting methods, early ideas about appropriate equation forms for the
components of the models, etc. Considering the lack of statistical tools
and computational power, this work was not only on the cutting edge
conceptually, but was prodigious labor.

Jerry Clutter, as Schumacher's student, as a supervisor at the Duke
University Computing Center and as biometrician at the Southeastern Forest
Experiment Station, was the man for the times--perfectly placed
intellectually, geographically, and institutionally. He, Frank Bennett and
associates started work on slash pine growth and yield that not only leads
to what we are reporting, but has influenced much of what is reported in
these proceedings (Bennett, McGee, and Clutter, 1959; Clutter and Bennett,
1965; Bennett and Clutter, 1968; Bennett, 1970.)

The use of a mathematical function or probability distribution function to
characterize diameter distributions has early origins. The ancient "Law of
De Liocourt” for all-aged stands was further developed by H. Arthur Meyer
in the 1940's. In 1930 Walter H. Meyer published his studies on diameter
distribution serieg in even-aged stands (Meyer, 1930). Later, he applied
these ideas to loblolly pine (Meyer, 1942). Given the state-of-the-arts of
statistics, of mensuration and of computing in the 1930's, it is not
hyperbolic to call these works monumental. Why was it nearly 40 years
before the diameter distributions approach made a comeback? Anyone who
has used 1958's most efficient electric Monroe calculator to fit truncated
forms of Meyer's Charlier curves and Bliss's various truncated normal and
log-normal distributions will know. The senior author of the present paper
has done this for much of the work reported by Bliss (1967) and Bliss and
Reinker (1964). Diameter distributions were too much trouble. It had to be
simpler when 5Sir Ronald Fisher was fitting the Poisson to the frequency of
deaths by horsekick in the Prussian cavalry.

There are obvious scientific and technical reasons for evolution from
whole-stand normal-stocking approach of MP-50 to the variable stand-density
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approach, and then to the diameter-distribution approach. The
normal-stocking concept had many shortcomings, but the graphical techniques
of the day made multi-variable prediction infeasible. By the mid-1950's,
graphical techniques could be discarded in favor of statistical regression
procedures based on mechanical calculators. Then about 1958 came
internally-stored-program electronic computers of rapidly increasing size,
ease-of~use and computing capability. This stimulated new developments in
statistical theory, procedures and philosophies for estimation and model
building.

By the late 1960's, therefore, some were finding new feasibility for a
diameter distribution approach (Clutter and Bennett, 1965). Burkhart
(1971) and Bailey and Dell (1973), direct heirs to the developments
described above, published on these diameter distribution approaches,
including use of the Weibull.

Parallel to it all, and essential to the developments in growth and yield
prediction, remeasured series of permanent plots established by scientists
such as Bennett, Jones and Clutter were beginning to yield data. The
Southeastern Forest Experiment Station's various stand density studies such
as the one that is the basis for our work, were among the foremost. As
mentioned earlier, our data base is the Cordele Slash Pine Plantation Stand
Density Study established by Frank Bennett and Earle Jones of the
Southeastern.Forest Experiment Station in collaboration with industrial
cooperators. The cooperators have been listed and the data base fully
described by Clutter and Jones (1980) and by Bailey, Abernethy, and Jones
(1981).

COMPONENTS RELATIONSHIPS

To develop a system that had desirable characteristics for predicting
growth and yield for these thinned stands we began with the usual task of
developing models for changes in the input variables, measures of stand
density, stocking, and site productivity. Our a priori requirement was
that these relationships should, so far as possible, be mathematically
compatible and consistent, should be logical in structure and results and
should characterize observed effects well. Substantial individual studies
were carried out to determine how well the Weibull probability density
function really did characterize the diameter distributions of these
thinned stands, to develop improved models for estimating the basal area
growth of thinned stands such as these, for estimating mortality in the
presence of effects of thinning level and site index, and for estimating
gite index in such young stands.

New information and techniques were derived from each of these studies for
deriving components of the system.

2Bennett, F. A. and E.P. Jones, Jr. 1965. A study of the effect of
stand density upon growth and yield in slash pine plantations. USDA Forest
Service Naval Stores and Production Lab., Cordele, GA. Establishment -
Progress Report, Study 9.343, 38 p.
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FIRST WEIBULL CHARACTERIZATION OF DIAMETER DISTRIBUTION

Analyses were first carried out to determine whether, according to the
ordinary tests, the Weibull pdf. would yield adequate characterizations of
the diameter distributions of these thinned and unthinned stands. First,
Abernethy (1981) found that the three-parameter Weibull performed about as
well for these thinned stands as for some unthinned ones (Bailey, Abernethy
and Jones, 1981), and on that basis we proceeded to a second stage.

MODEL FOR BASAL AREA GROWTH

In developing a model for basal area growth, Bailey and Ware (1983) derived
a new measure of kind and level of thinning and quantified its relationship
to other stand attributes such as number of trees, basal area, and volume
removed in thinning. This measure or thinning index is based on the ratio
of the guadratic mean diameter of thinned trees to the quadratic mean
diameter of all trees before thinning. The thinning index is then
logically incorporated into a thinning multiplier from which is derived a
compatible basal area growth projection model to generalize the previous
concepts for thinning effects in systems for predicting growth and yield.

Empirical tests with data from thinned and unthinned natural stands of
loblolly pine, from thinned and unthinned slash pine plantations, and from
thinned western larch stands show the model to provide estimates with
improved properties. The thinning index and thinning multiplier are,
therefore, proposed for other situations involving effects of thinning.

MORTALITY ESTIMATING FUNCTION

Since prior models were inadequate to represent complex effects evident in
these data, a mortality function sensitive to site index and thinning level
was developed (Bailey et al., 1984). Changes in numbers of surviving trees
in these repeatedly thinned old-field slash pine plantations were found to
be significantly related to age, density, site index, and level and type of
thinning. A model based on a difference equation formulation was derived
and fitted with data from 824 growth periods from 289 plots. This is a
logical extension of prior models to now express the effects of type and
level of thinning, site index, and differential age effects. It is also
compatible with the other models required for consistent growth and yield
prediction for thinned stands. For these stands the mortality rate
increased with site index, and it was accelerated by thinning from below in
young stands, The mortality function accounts for these effects.

ESTIMATOR FOR SITE INDEX

On the basis of Abernethy's (1981) summary it appeared that there were
shortcomings to the site index curves previously used. An equation form
that would produce anamorphic curves at young ages and polymorphic curves
at older ages seemed to be required. Therefore, new site curves were
developed (Borders, Bailey and Ware, 198l4).

Th@ Site index curves were improved by splining segments of two non-linear
height-age models. An algebraic differences formulation for the growth
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model eliminated the need to approximate derivatives. The splined site
curves fit better than any single model across the entire range of data and
have the desirable properties: (1) height is zero when age is zero, {2)
height at base age equals site index, (3) each curve has a separate upper
asymptote, and (4) the curves are invariant with respect to choice of base
age.

PARAMETER RECOVERY OF DIAMETER DISTRIBUTIONS
WEIBULL DISTRIBUTION AS A BASIS

For fitting the Weibull distribution, we used FITTER (Bailey, 1974) with
individual tree data rather than with diameter class summaries. All
distributions were fitted twice with FITTER, once with "bias correction”
and once "without bias correction”.

Both procedures seem to fit about the same number of distributions well.
Even though the estimates of individual Weibull parameters may be more
biased when using the bias correction, the estimate of the quadratic mean
diameter, a very important stand parameter, seems to be less biased., Since
our goal is to predict distributions and sizes of trees rather than merely
obtaining unbiased estimates of the parameters of a probability
distribution function used in an intermediate step, we elected the "bias
correction” procedure.

Diameter distributions in absence of thinning were predicted from the stand
characteristics for two cases: Case 1) trees per acre (TPA), Site-index,
{81}, AGE, and basal area (BA) observed:; Case 2) only TPA, SI, and AGE
observed. Prediction equations for this system are based on the 454
reasurement periods during which no thinning was done.

Diameter distributions of the stand after thinning were then predicted from
the distributions before thinning and a measure of the amount of thinning
specified in any one of five ways:

1. to specified basal area (BA) and number of trees per acre (TPA),
thus quadratic mean diameter, QD, is specified also

to a specified number of trees per acre (TPA),

to a specified basal area (BA).

Lo a specified stand table after thinning,

to remove a specified percentage of trees from each of 3
percentiles of the stand as it is before thinning.

W Bl o

RESULTS COF INITIAL FITTINGS OF MODELS

Prediction of the before-thinning stand table worked well. There were no
cases for which the estimate did not converge for the "C" (shape) parameter
of the Weibull.

For predicting the stand structure after thinning, given BA removed, TPA
removed or both, we predicted changes in the 20th and 95th percentiles and
in DQ based on type and intensity of thinning. We then solved iteratively
for Weibull parameters C, B, and A. If this estimate of A {location
parameter) was smaller than for the "before-thin" stand, we set A to the
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same value as the before-thin A and then solved iteratively for B (scale
parameter) and C again. In this we were attempting to avoid having
increasing numbers of trees in any diameter classes after thinning.
However, because we predicted changes in percentiles and DQ by equations
that were separately fitted to the same data set, there were sometimes
arithmetic artifacts caused by interactions when we solved for A, B and C.
That is, in some cases the stand table after thinning might have a greater
number of trees in some dbh classes than the stand table before thinning.
Although a possible solution may have been to use some type of constrained
estimation, rather than attempt developing new theory or procedures we
elected to take a cosmetic smoothing solution. A subroutine (with user
warnings) was written to determine when this decrease occurs and then to
assign trees to adjacent diameter classes so there are no more trees in any
dbh class after thinning than before thinning. |

The problem is not common and i1f changes were necessary it was usually only
a few trees in a couple of dbh classes. This problem did not occur for
either of the other options that might be used to specify thinning. Thus,
as always, the more information supplied by the user, the more reliable the
predictions and projections.

In developing the projection system, we projected values for A, the 95th
percentile, and DQ, then B and C were determined by interation. In some
test cases of the projections, numbers of trees in the smaller dbh clagses
increased with time. Since the A parameter is conditioned to increase, it
is not the cause. However when B and C are solved for, it sometimes
happened that the C parameter decreases, thus causing an increase in the
coefficient of skewness.

We considered several possible remedies:

1. Project 20th and 95th percentiles as well as DQ. This approach
aggravates the problen.

2. Project A, C and DQ. Although this approach produces a gquadratic
in B, that could be solved and we developed projection equations
for € (thinned & unthinned separately).

3. Project A, B, C

4., Consider alternatives to the Weibull-based diameter distribution
projection system.

Projection of diameter distributions ig never very straightforward, of
course. There is so much variation (even in "uniform"™ plantations) that
projection equations usually don't explain much of the variation
encountered. 1t is, therefore, very difficult to assure projections that
are always logical through time. These difficulties are related to the
parameter recovery approach to characterizing diameter distribution through
use of the Weibull and similar probability density functions.

CHARACTERIZATION AS PERCENTILE-BASED DISTRIBUTION
As a cénsequenc@‘cf the difficulties of obtaining results that were fully
satisfactory by the standards we imposed, as discussed above, we sought

further alternatives. We considered systems like those proposed by Clutter
and Allison (1974), as well as Clutter and Jones (1980). That system
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involves a type of stand table projection in which diameter class limits
are considered variable and are projected through time. The result is a
stand table at the projection age with various sized diameter classes.
These variable-sized diameter classes are not entirely satisfactory.

We developed a percentile-based system that has the desired flexibility and
that fits well to our empirical data (Borders, Souter, Bailey and Ware,
1987: Borders and Souter, 1986). In this approach, stems-per-acre are
proportioned into size classes based on percentiles and a simple uniformity
assumption about fregquencies in adjacent percentiles. The technique has
also been described by Souter (1986) and will be discussed by Souter in
these proceedings (Souter, Bailey and Ware, 1987).

PAST TENDENCIES AND FUTURE TRENDS

Parallel with trends elsewhere in growth and yield prediction, we had:

1. A good data base of several-times remeasured permanent plots with
imposed thinning treatments.

2. State-of-the-arts computing power.

3, State-of-the-arts concepts for fitting and parameter
estimation based on work in statistics and forest biometrics.

4, The rich background of empirical work on model building, model
fitting and the logic of model formulation of our predecessors~--
especially Schumacher, Clutter and Bennett.

On that foundation we attempted to improve the structure of the models
(systems) from two standpoints; {(a) how well they correspond with our
understanding of the biology of stand dynamics, and (b) how well-behaved
they were logically and mathematically in characterizing irternal
relationships, compatibilities and consistencies. Natural.y we also sought
good statistical fits to the data within these bounds.

Now there are many new developments--some being reported in these
proceedings-~to improve the logical and mathematical structure and
biological integrity of models. These approaches are very much advanced
from the much more empirical earlier ones. "The formula of best fit" was
often sought by a posteriori screening of a large array of regressions
involving polynomial forms from a grab bag of independent variables. The
kitchen sink isn't as often included nowadays.

Once we had, by the standards described above, derived conceptual
formulations for our component models, we then sought procedures that would
yield parameter estimates with desirable properties for each component
model while retaining the desired internal structures, relationships and
constraints. Next we sought to build these component models for basal-area
growth, height/age relationships and mortality estimation into the
compatible system and to estimate parameters for that system so that growth
and yield estimates with desirable properties would ultimately be obtained.

Our work with the diameter distribution approach builds on many related

developments and parallels work elsewhere. These developments have
involved various probability density functions for dealing with unvariate
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and bivariate distributions with bi-modality, etc. (Cao and Burkhart,
1984; Hafley and Buford, 1985; Schreuder and Hafley, 1977; Schreuder,
Hafley and Bennett, 1979). Many novel approaches have been taken to cope
with the vagaries of data and the difficulties of fitting.

Advancements in the conceptual formulation of models and in adapting them
to conform to the data have brought the field to a natural plateau where
higher priority can now be given to difficulties in fitting, in estimating
parameters for the functions in the system and indeed in ascertaining the
properties of parameter estimates. Increasing attention is now being given
to estimating the parameters of these simultaneous sets of related
equations-~-sometimes non-linear, almost always algebraically
constrained-~fitted to data that contain complex serial correlations and
both logical and statistical dependencies and complicated
variance-covariance structures for the residuals.

Except for the work, almost 20 years ago, of Furnival and Wilson (1971)
most of this effort is quite recent. Among those attempting to improve our
ability to estimate these parameters and ascertain their properties are
Gregoire (1985), and Borders and Bailey (1986), and Gertner. Sadly enough,
we seem to have reached an asymptote in improving the precision and
unbiasedness of our estimates.

Even when the system has been constructed to satisfy the imperatives
implied above, and the most sophisticated estimation techniques have been
applied for the parameters of the functions, we still find our growth and
yield systems to have several shortcomings. This is especially true when
diameter distribution-based models built on relatively inflexible prior
probability distributions are used to estimate for extreme values and
infrequent combinations of the input variables under thinning. Since the
extrema are often of most interest to a user he will always try your model
beyond its limits! At that juncture, one or another of Murphy's Laws
usually holds!

We, have tried our systems at extrema and found that while the performance
may be adequate by usual standards of acceptability, there is always much
more to be desired. As an alternative to dependency on prior
distributions, we sought ways to place greater dependency on the cbserved
distribution, ways to apply different apportioning schemes for dividing the
stand into size classes, ways to make more potential use of and to link
with stand inventory data in application and potentially in model
development and calibration.

This parallels historical developments in growth and yield research.
Emphasis was first placed on a purely empirical approach. Permanent plot
data were often missing, computing power was rudimentary, and statistical
concepts and methcds were commensurately primitive by current standards.
Subsequently, work swung, pendulum-like, toward a more abstract and
theoretical basis with strong dependency on prior distributions. Now it is
possible to shift emphasis once again toward the empirical; to use the
experience we have now in model formulation and make greater use of
‘specific stand and tree information both in model development and
application.
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Toward those ends, Daniels (1981) made early progress with an integrated
approach that allowed a telescoping of compatible individual tree, diameter
distribution and whole stand models. Others have been working on
individual tree models and an aggregation approach to estimation for the
stand. Key works on the distance-dependent models have included Mitchell
{1975), Daniels and Burkhart (1975) and Tennent (1980). Foremost among
distance-independent models of individual tree growth are the works of Ek
and associates, first around FOREST (Ek and Monserud, 1974), and then
around the North Central Forest Experiment Station’'s (eg., Leary, Holdaway
and Hahn, 1979) STEMS/TWIGS systems. Somewhere intermediate between these
approaches and ours is the work of Clutter and Allison {1974) Clutter and
Jones (1980) and the continuing work of Stage and associates on the
railored PROGNOSIS system (Stage 1973).

There are other general developments that will be useful in steering and
providing a kind of biologically defensible logic as well as improved
estimation. Included are those on the "-3/2 rule of self thinning" and
Oscar Garcia's (1984, 1987) stochastic differential equations models.

Lastly, there finally seems to be a trend toward attempting to link
development and application of growth and yield prediction systems with
growing stock inventories. For many years {eg., Ware and Hughes, 1974;
Stage 1981; Ware, 1984) it has been evident that we need to link growth and
vield predictions, calibration samples, monitoring samples, inventory
samples, etc. It has not been evident how to do thig., There now is
progress from various new angles, for example, the work of Burk, Hansen and
Ek (1981), Burk and Ek (1982), Green and Strawderman (1985), Gertner
(1984}, Walters and Burkhart (1987), and Droessler and Burk (1987). The
work reported in these proceedings by Lappi and Bailey {1987) on height/age
relationships also enables such linking with inventory data. This approach
combines the features of traditional site-index models and models of the
growth-intercept type. It allows all data taken at all ages to be used
with a previocusly fitted model.

Several important side effects of these developments may be anticipated.
They will serve much-needed validation, calibration, monitoring, and
feedback functions to improve performance of local predictions and
adaptations to new timber management technology, genotypes, etc. Also they
should help us to deal with an important source of potential sampling bias
not now explicitly considered in model development work.

All the techniques mentioned earlier to improve the estimates (e.g., reduce
bias) of parameters are aimed at reducing potential effects of the internal
structure of the sample used as a basis for deriving the system. They do
not deal with the question of bias introduced by the way that sample was
selected. This latter is no doubt a much larger source of bias, for we
have not done much to improve our definition of target population and our
rules for selecting the sample from that target population so as to control
bias and precision when our predictors are applied. In fact, because of
natural variation, it is almost impossible adequately to define our target
population.,

Many of the recent approaches are less dependent on prior assumptions about
and even definition of the target population. These approaches will enable
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us more fully to use inventory data and local stand data to monitor,
calibrate and improve projection. In this way we may to some extent
finesse the problem of defining a target population. We adapt the prior
sample basis to the specific population of interest by a posterior sample
taken from that specific population and combined with prior information.

One side effect of the level of mathematical and statistical sophistication
of the approaches that are now on the cutting edge will be the stringent
future requirement for very advanced training of modelers (and possibly
users). As Oscar Garcia has pointed out for systems of stochastic
differential equations, one needs to know what he's doing.

FORCASTING AND OTHER WIZARDRY

Substantial challenges remain in the art and science of developing systenms
for predicting growth and yield. Even with the most creative and advanced
approaches there are many philosophical and statistical-theoretical
difficulties in sampling and inference (Ware 1984). Modern information
needs are for detailed predictions of future development of stands under
rapidly changing production technology. In contrast, the early concerns
were for stands subject only to natural processes; then the past yield of
stands of matched condition would provide the basis for inference and
predictions of the future development of similar stands.

To project stand development into the future under changed conditions, the
processes become extrapolative and predictive, and statistical confidence

limits cannot be established under the usual assumptions. Extrapolation,

prediction, projection, and forecasting are all forms of prophecy on which
our assurance is some subjective faith in their merit.

A model form that parallels our current understanding or abstractions of
the biological processes of stand growth is generally expected to provide
better predictions--at least we have higher faith in its merit--on general
scientific if not statistical grounds. Particularly we expect it to give
more "trustworthy" results when we evaluate the potential effects of
managerial intervention in the stand processes through new production
technology.

There is no neat scientific probability measure of the confidence we should
have in predictions about the future. Nevertheless, we shall have more
complex, more process-oriented, more locally calibrated and more
empirically-based models. We shall certainly, therefore, have increased
confidence in themn. The developments are very promising.
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STAG: A FOREST STAND GENERATOR
for producing complete CACTOS stand descriptions

Greg S. Biging and Lee C. Wensel 1

ABSTRACT.

The forest Stand Generator, STAG, estimates missing tree heights, height-to-crown base,
or both to produce complete stand descriptions for use in the California Conifer Timber
Output Simulator, CACTOS. Complete descriptions are also produced from stand tables
or from the summary statistics of basal area and number of trees per acre by species. By
producing a complete stand description, STAG ensures that most forms of inventory data
can be analyzed by CACTOS to estimate future growth and yield under a wide array of
silvicultural and management instruments.

INTRODUCTION

The forests of northern California are characterized by stands of mixed species as well as
mixed ages and sizes. Inventories of these stands usually contain diameter at breast height
(DBH) for each tree with only occasional measurements of heights and crowns. In other
instances, only stand summary statistics or stand table data are recorded, and hence, no
individual tree information is available. However, the California Conifer Timber Output
Simulation System, CACTOS, (Wensel and others (1986), Meerschaert (1987), Wensel
and Biging (1987)), requires that species, diameter at breast height (DBH), tree height (H),
height to the crown base (HCB) or live crown ratio, and number of trees per acre be
supplied for each tree making up the stand description. To to obtain the most accurate
representation to project with CACTOS, these variables should be measured for all trees.
Since inventory data sets are frequently incomplete, the forest Stand Generator, STAG,
was developed to meet this need (Biging and Meerschaert, 1987).

It is evident that the forest manager needs a means by which these data can be
supplemented to form a complete stand description, as described above, so that individual
tree growth and yield projection can be performed on the stands of interest for all different
leveis of data availability. This paper will discuss the operation of STAG, and present the
estimation procedures used to (1) fill in missing measurements of tree height, height to the
crown base or both; (2) generate stands from summary statistics and, (3) to convert stand
table data, numbers of trees by DBH classes and species, to individual tree records so that
stand descriptions can be analyzed by CACTOS.

I Associate Professors, Department of Forestry and Resource Management,
Umvegity of California, Berkeley, CA 94720
The theoretical basis for this work and early versions of the program are given by
Van Deusen (1984) and Van Deusen and Biging (1985). Thanks to Dr. Paul Van
Deusen, U.S. Forest Service, for his review of this manuscript.

Presented at the IUFRQ Forest Growth Modelling and Prediction Conference,
Minneapolis, MN, August 24-28, 1987.
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PROGRAM OPERATION

STAG is a computer program that has three main data analysis routines, a configuration
routine, and report writing capabilities (see Figure 1). The configuration routine allows
the user to change default values of parameters that affect program output. Reports can be
written from the three main routines for filling in missing data, converting stand table data
(termed distributional apportionment), and generating stand descriptions. These latter
routines are discussed below under estimation procedures.

Welcome 1]
to STAG /|

C Main Program Menu )"@“‘“

Fill in
Missing data

{ Generate stand )
descriptions

Convert Stand |
table data

Figure 1. Structure of STAG, the forest STAnd Generator.

STAG is menu driven to enhance its user friendliness. The program is operated either by
responding to questions from the program, or by typing two-letter commands in response
to the main program menu prompt "stag:". A comprehensive list of the commands
available from the main menu is printed when pc (print commands) is typed as displayed
in Figure 2.

stag: pc
MAIN COMMANDS
cf enter configuration routine
ex exit to operating system
*da distributional apportionment
*md fill in missing data
pc print commands
sg hypothetical plot generation
OPTIONS: [ > or >>output] [<input]
* = can be run in batch by specifying dab or mdb

stag:

Figure 2. Main program menu of STAG
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ESTIMATION PROCEDURES

STAG has three main data analysis routines and distinct statistical procedures used in each.
Each of the three routines (filling in missing data, generating stand descriptions, and
converting stand table data) are described below.

MISSING DATA

For cases where tree species, DBH, and trees per acre are available for all trees, but some
or all heights, height to the crown base, or both are missing, STAG can be used to fill in
these missing values. Tree heights are estimated by (Van Deusen (1984) and Biging and
Meerschaert (1987)):

H = by+ bYDBH +by/BAg +bsE”

where BA, is the stand basal area (ftz) in trees greater than 5.5 inches in DBH,
DBH is the tree diameter (.1 in), and
E is the stand elevation in feet.

The coefficients by, by, b,, and b, were estimated for 8 conifer species and 3 hardwood
species using data from trees on permanent plots maintained by the industry members of
the Northern California Forest Yield Cooperative. Sample sizes for each species ranged
from a low of 340 observations for black oak to over four thousand observations on
Ponderosa pine and white fir. All standard errors were in the range of 10 - 12 feet. Other
model forms which included site index were evaluated, but did not outperform this model.
For coefficient values and fit statistics in this and subsequent models refer to
Biging and Meerschaert (1987).

To estimate height to the crown base (HCB), a_model form based on the logistic equation
was chosen so that HCB would be constrained to be between zero and total height. The
form of the model selected was

HCRB = H ( 3-g,,(cmcglnBAﬁ*cz(QQHﬂl) )2)

where HCB is the height (ft) to the base of the crown,
H is total height (ft),
DBH is diameter at breast height (.1 in),
BAgis as defined above, and
¢gr €y, and ¢, are coefficients estimated for each species.

Sample sizes were the same as in estimating the total height model, but standard errors
were slightly less ranging between 9 - 11 feet.

Given these two equations, it is possible to "fill in" missing values of heights and
height-to-crown base. In the above equations, elevation is the only additional variable that
has to be supplied for each stand since BAg can be obtained by summing the individual tree
basal areas obtained from tree DBH. The user has the option of adding stochastic errors to
the deterministic predictions.

If the user wants to "localize” the height diameter relationship, STAG provides for a
Bayesian update of the first two parameters of the height model. Alternatively, an ad hoc
weighting scheme patterned after the linear composite estimators (Burk et al, 1982) can be
chosen.
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GENERATING STANDS FROM SUMMARY STATISTICS

If ree DBH is not available for all trees, but the total number of trees and basal area are
known by species, then a diameter distribution can be generated and the tree heights and
height to the crown base supplied as above. This is very useful for generating hypothetical
stand descriptions where no actual tree measurements are available, or where only
summary statistics are recorded.

The general theory behind STAG's models undertakes to characterize the joint distribution
of species, DBH's, height, and height-to-crown base as being a product of probability
density functions (Van Deusen, 1984) as:

S
p(D,HHCB) = ¥ p(Species) p(DBH ISpecies) p(H | Species, DBH) p(HCB | Species, DBH, H)
s=1

The joint probability distribution of DBH, total height and height-to-crown base
(p(D,H,HCB)) is given as a product of conditional distributions. The fraction of each
species in the stand (p(Species)) is specified by giving the number of trees per acre by
species. The conditional distribution of diameter given species (p(DBHispecies) is
generated from a two-parameter Weibull distribution. With the two parameter Weibull
distribution, the first moment corresponds to the average DBH of the species, and the
second moment corresponds to the quadratic mean diameter which can be derived form
basal area and number of trees for each species. Thus, if basal area of the species (SBAg)
and number of trees of the species greater than six inches in diameter (SNg) are chosen as
summary statistics, it is possible to derive the second moment of the two-parameter
Weibull. We found that the first moment could be accurately predicted as a function of
species basal area and numbers of trees in the species. Thus, the user can generate a
diameter distribution for each species knowing only the number of trees and basal area in
each species. Individual tree DBH's are then randomly generated using an inverse
transformation method for the two-parameter Weibull.

Once the diameters are specified the height and height-to-crown base prediction equations
(p(Hlspecies,DBH) and p(HCBIspecies,DBH)) "fill in" the missing height and crown
bases. Elevation also needs to be supplied since it is an independent variable in the height
prediction model.

The factorization approach was taken over, say, a bivariate or trivariate approach, because
of relatively small samples sizes occurring an any one plot and because with a factorization
approach any number of species can be modelled.

To test this procedure we used approximately 200 one-fifth acre plots that were inventoried
for tree DBH, height and height-to-crown base. For each plot an expected diameter
distribution was generated by estimating the first and second moment of the 2-parameter
Weibull distribution using SBAg and SN as discussed above. The height and
height-to-crown base prediction equations were used to "fill in" the missing height and
crown information. It was shown that, on the average, the generated diameter
distributions closely approximated the true distributions on these plots and that the
predictive models provide relatively unbiased height and HCB estimates. For a more
detailed treatment of this analysis see Van Deusen (1984).
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CONVERTING STAND TABLE DATA TO AN INDIVIDUAL TREE LIST

One method for summarizing stand density information is to develop a stand table
containing numbers of trees by DBH class and species. Usually the DBH classes are 1-2
inches or greater. Because trees are being tallied by diameter class, individual tree detail is
not recorded. In this case the number of trees by DBH class provides a discrete
approximation to the continuous diameter distribution and the approach used to obtain
estimates of individual tree characteristics closely parallels that used for continuous data.
For stand table data the distribution of grouped diameters given species (p(DBH | Species))
is assumed to follow a Weibull distribution. The probability of a tree height falling into
some discrete height class given its species and DBH class (p(H | Species, DBH)), and the
probability of a tree crown falling into some discrete class given its species, DBH and
height class (p(HCB | Species, DBH, H)) are both postulated to be normally distributed.
These assumptions were tested via a Kolmogorov-Smirnov test and found to be plausible.

DIAMETER DISTRIBUTIONS

Diameters of trees were assumed to be distributed across diameters classes in a fashion that
follows a Weibull distribution. If the diameter classes are sufficiently small then it is
reasonable to assume that the trees within a diameter class are uniformly distributed. In
testing these assumptions on 50 quarter acre plots, we found that the simplifying
assumption of uniformity within diameter classes produced results quite similar to
assuming an overall Weibull distribution, provided the classes were two inches or less.

HEIGHT DISTRIBUTIONS

Using the diameter class mean value, an average value for height and height to the crown
base is predicted from the equations shown under the section on missing data. The
predicted values serve as a basis for locating the height distribution within a diameter class
(see Figure 3). The variance of the distribution is approximated by the variance of the
height predictive equation. Given these assumptions, the area under the curve for each
height class provides an estimate of the proportion of trees in each category. Using this
technique, the number of trees per diameter class can be apportioned over the range of
height classes. Hence the nomenclature used to describe the process is termed
distributional apportionment.

Diamete
Class

gy "o o

Height Class ———»
Figure 3. Distributional apportionment of stand table data.

HEIGHT-TO-CROWN BASE DISTRIBUTIONS

It is postulated that the distribution of crowns within a given height and DBH class is
normally distributed. The allocation of numbers of trees to each of the crown classes is
determined in the same fashion as for heights. First, the normal curve is located using the
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mean crown height value assuming the midpoints of the height and diameter class. Next
the variance of the normal curve is approximated by the variance about the height-to-crown
base predictive model. In the third step, the area under the curve above each crown class is -
calculated and the number in each height-diameter cell over the crown class is determined
according to these proportions. :

The apportioning process calculates the numbers of trees to place in each cell of the
height-diameter-crown categories. Individual tree measurements are then given an equal |
probability of occurring at any location within the cell. Specific locations are randomly
assigned by drawing random numbers which correspond to x,y,z coordinates in three -
dimensions. This procedure produces a list of pseudo-individual tree measurements from
the original stand table data. :

|

To test this procedure we used 50 quarter-acre plots that were inventoried for tree DBH,
height and height-to-crown base. From this data we created "known" stand tables. We 1
then used the stand tables to apportion the trees over height and crown classes. The
numbers of trees apportioned into these classes corresponded well with the actual numbers
observed on the plots. For a more detailed treatment of this analysis see
Van Deusen (1984). ]

DISCUSSION |

The Stand Generator, STAG, was created to ensure that complete individual tree lists
would be available for analysis in the conifer growth and yield system CACTOS. STAG
utilizes predictive equations for total height and height-to-crown base developed from a
permanent plot system of over 40,000 trees in Northern California. To attack the problem
of stand generation, i.e. converting summary statistics to psuedo-individual tree records,
STAG factors the joint distribution for species, DBH, H, and HCB into a product of
probability density functions and models each of these components. Using this approach it
was possible to model the relatively small numbers of trees occurring in any one plot. The
methodology developed for converting stand table data closely follows that described for
stand generation.

These procedures have been tested with permanent plot data and have been shown to
produce reliable and relatively accurate results. However, there is no substitute for real
data. The procedures in STAG are not meant to replace complete inventory data. Rather,
they were created to increase the pool of inventory data that can be used for projection in
CACTOS. The stand generation and stand table conversion techniques should be used
only to gain insight in how stands of a given description are likely to grow, not as a routine
method for making growth projections with CACTOS. Given this caveat, STAG has
proven to be a powerful tool in the CACTOS System. Because of the large research
quality data base used to derive the height and height-to-crown base models, users have
found these predictive equations to be reliable and often more accurate than "filling in"
values based upon small locally derived equations. If the user has high quality local data,
STAG's predictions can be modified to give higher weight to the local sample than is
indicated by its relative sample size. STAG's other routines for converting stand table data
and summary statistics to individual tree values have given users a very flexible system for
accessing CACTOS when there is a paucity of individual tree data, but judgment should be
exercised in its use.
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MODELLING INDIVIDUAL TREE GROWTH FROM TEMPORARY PLOT RECORDS
Terry D. Droessler and Thomas E. Burk!

ABSTRACT. Periodic independent samples within a stand or covertype do
not provide a real growth series for individual trees. Differences
between fixed percentiles of diameter distributions of varying ages do
provide tree growth information if macro-site differences are controlled.
However, sampled percentiles may still decrease in size unless the age
difference is large enough. This decrease is caused by sampling error
and micro-site differences.

Smoothing the sample-based diameter distribution can provide a
potentially better paradigm of the population. Goodness-of-fit
comparisons of the raw cumulative distribution function with those
resulting from fitting a nonparametric and Weibull density to the raw
distribution are presented based on three simulated forest stands. Change
models can be fit to the smoothed percentiles. The resulting models can
be considered individual tree growth models. Simulation work indicates
that appropriate methodology applied to temporary plot data can provide
parameter estimates comparable to fitting the same model to permanent
plot records. However, parameter estimates can vary considerably
depending on attributes of the temporary plot data. It is hypothesized
that a component of these differences is real biological variation that
only surfaces with permanent plot based models when they are evaluated
using independent data.

INTRODUCTION

Continuous forest inventory (CFI) systems with repeatedly measured
permanent plots are being de-emphasized in favor of periodic stand
description inventories based on independent, temporary plots. Ek et al.
(1984) noted the situation in the Lake States (Michigan, Minnesota and
Wisconsin). Most CFI systems involve relatively low sampling
intensities; temporary samples are commonly used to supplement the
permanent samples for inventory purposes. These facts have important
implications for forest growth prediction where most models have been |
developed from permanent plot data. In particular, refinement of |
individual tree growth models is thought to require individual tree data
of the type commonly obtained from CFI systems. The decision to maintain
CFI systems for developing or refining individual tree growth models
should be based on the availability, expense and quality of alternative
growth data. Temporary plot data is generally more available and less
expensive than permanent plot data. However, methodology for individual
tree growth model development from temporary plot data is lacking. One
possible methodology is presented in this report.

1
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DESCRIBING DIAMETER DISTRIBUTIONS

Tree diameter at breast height (DBH) is a continuous random variable for
a population of trees. Therefore, a DBH population distribution function
is smooth and continuous while the sample distribution may be rough in
appearance. One rationale for fitting a distribution function to DBH
distributions is to smooth the distribution in hopes of making it more
like the underlying population and facilitate making probability
statements about DBH intervals.

The Weibull distribution function has commonly been used to represent DBH
distributions because of its flexibilty. Bailey and Dell (1973) discuss
the desirable features of the Weibull for quantifying DBH distributions.
In contrast, nonparametric density estimation makes no assumptions of the
underlying distribution shape. The data are allowed to determine the
density estimate without being constrained to a distribution family. Two
nonparametric methods considered in this study are the kernal (Tarter and
Kronmal, 1976; Silverman, 1986) and the frequency polygon--averaged
shifted histogram (FP-ASH) (Scott, 1985; 1987).

MONTE CARLO COMPARISON OF ALTERNATIVE DIAMETER DISTRIBUTION DESCRIPTIONS

The Weibull, kernal and FP-ASH distributions represent three alternative
techniques for smoothing a sample DBH distribution. A Monte Carlo
simulation study was designed to answer the following: (1) whether
smoothing a sample DBH distribution would improve its representation of
the known (constructed) population from which it was drawn; (2) whether
smoothing is beneficial over a range of populations and sample sizes and;
(3) if so, which method of smoothing is best for the population and
sample size combinations considered.

Three hypothetical populations of tree DBHs were constructed from red
pine (Pinus resinosa Ait.) plantation CFI data: bimodal, left-truncated
and thinned. DBH data were pooled over several plots and then values
deleted until the desired distribution shape was obtained. The bimodal
population was the first constructed and a bimodal shape was achieved
with 1011 trees. The other population sizes were thus fixed at 1011
trees. The bimodal population mimics a stand where 7 and 9 inch DBH
trees dominate, resulting in distribution peaks at these DBHs. The left-
truncated population represents a stand with only trees greater than or
equal to 5 inches DBH. The thinned population was constructed from plots
which had been selectively harvested or thinned. Thinned distributions
are generally multimodal.

One thousand samples of size 30 and 1000 samples of size 10 DBHs were
drawn from each population. The 10 tree samples were subsamples of the
30 tree samples. The two sample sizes were chosen to reflect two levels
of sampling intensity, approximately 3% and 1% for the 30 and 10 tree
samples, respectively.

The vertical discrepency between the population and sample, Weibull,
kernal and FP-ASH cumulative distribution functions (cdfs) is a useful
basis for goodness-of-fit comparisons. The median absolute vertical
difference (mavd) at sample percentiles (cdf step points) was used as an
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indicator statistic of goodness-of-fit between the population and sample
based cdfs. The percentiles at which the vertical DBH differences were
compared were i/30, i = 1,...,30 and j/10, j=1,...,10 for the 30 and 10
tree samples, respectively. For a given sample of 30 (or 10) trees:

(1) Let be the DBH at the jth percentile in the sample.
(2) Let pg be the value of the population cdf at
(3) Then v% - phj - j/100 and avdj = | phj 5/130 i .

This defines a percentile based comparison of a sample cdf with a
population cdf. Percentiles for the Weibull were obtained by solution of
its cdf. Percentiles for the kernal and FP-ASH cdfs were obtained from
the density functions by combined use of quadrature and zero finding
algorithms.

The median of 1000 mavds between the respective population and sample,
Weibull, kernal and FP-ASH cdfs for sample sizes 30 and 10 are presented
in Figure 1. The Weibull, kernal and FP-ASH cdfs have smaller mavds than
the sample cdfs for the three populations. Therefore, smoothing a sample
DBH distribution can improve its representation of the underlying
population. The one exception is for the thinned FP-ASH cdf with n = 30.
No single best method for smoothing the 30 tree samples ‘for the three
populations is apparent. However, the FP-ASH had the lowest mavds for
the 10 tree samples for all three populations and thus was chosen for
further work. In general, smoothing improves upon the actual sample with
smoothing consistently more beneficial for the 10 tree samples than for
the 30 tree samples for the three populations considered.
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Figure 1. Median absolute vertical differences between the population
and sample, Weibull, kernal and FP-ASH cdfs for sample sizes of 30 (a.)
and 10 (b.) tree DBHs.
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A METHOD FOR MODELLING DIAMETER GROWTH FROM TEMPORARY PLOT RECORDS

The proposed methodology for modelling individual tree DBH change
requires temporary plot measurements at several ages within a specific
covertype or stand. Each temporary plot of tree DBHs can be smoothed
using an FP-ASH. Tenth percentiles (0.1, 0.2,..., 0.9) from each FP-ASH
can then be calculated. A time series of percentiles (for example, a
sequence of deciles from FP-ASHs arranged in time) is considered a
surrogate for DBH growth. Parameters for a DBH change equation can then
be estimated from the sequence of percentiles.

Following Borders et al. (1984), an algebraic difference formulation of
Schumacher’s (1939) volume-age equation was considered to model DBH
change over time.

D, =D, e [1]

where D and A represent DBH and age at times 1 and 2 and b is a
parameter. Equation [1] was linearized by taking mnatural logarithms of
both sides. All possible regressions through the origin were calculated
using the log ratio of DBHs as the dependent variable. The following
equation was chosen as a generalized difference equation based on the
root mean square error (rmse) statistic from a number of candidate
equations.

1
b b b,( 3

1 2 3V A
D2 = Dl( Bl) ( Al) e 1 2 [2]

where D, A and B represent DBH, age and basal area at time 1 or 2, and
by, by and by are parameters.

Baselines are necessary against which the temporary plot methodology
results can be compared. Two baselines were used: 1) equation [2]
parameters were estimated from a true growth series and then used to
project remeasured plots and 2) GROW (Brand, 1981), a Lake States
regional growth model, was used to project remeasured plots. The
temporary plot based equation [2] was also used to project remeasured
plots. The projection results using the three methods were then
compared.

Projections were conducted as follows. The first actual DBH was used as
DBHy. DBH; was then projected to measurement 2 at which time actual and
projected DBH were compared. The projected DBH) was then projected to
measurement 3 and so on until the final measurement. Trees that died
were eliminated from the projection along the way. This eliminated the
influence of mortality on comparisons.

DATABASES

Two permanent plot databases were selected: 1) Star Lake Plantation
(Wilson, 1963) and 2) Birch Lake Plantation (Martin, 1978). Temporary
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plot databases were constructed from the permanent plot databases.
Constructing all possible plot time series (except where one plot is
repeatedly measured over the growth periods) simulates the variability
that can occur using temporary plot data. In fact, many time series may
be unreasonable if the plot age and density values are quite different.
Using nine equally spaced percentiles, a percentile dataset consists of
9%(number of measurements - 1) observation pairs of percentile change.

A temporary plot dataset of percentile change pairs for 5 plots with 5
measurements on each plot can be represented as follows:

Dg i,n#1 » Dn,in where D is the DBH for:
g,h=1,2,3,4,5 g#h (plot numbers)
i=1,2,...,9 (deciles)

n = 1,2,3,4 (measurements)

The Star Lake permanent plot database consists of 4 plots with 6
measurements on each plot. A total of 1080 temporary plot DBH sequences
were constructed from the permanent plot data (Droessler, 1987). Two
nonconsecutive measurements from a plot were allowed, therefore this
temporary plot dataset contains a partial real growth series. The Birch
Lake permanent plot database consists of 7 plots with 5 measurements on
each plot, or a total of 35 plot-measurement DBH distributions. By
permuting seven plots, five at a time, a total of 2520 temporary plot
datasets were constructed. Each dataset consisted of the deciles from
different plots arranged in a time series as described above. 1In
contrast to the Star Lake temporary plot datasets, the Birch Lake
temporary plot datasets do not contain any real growth series
information,

The majority of temporary plot datasets contained some decreases in
percentiles over time because of micro-site gradients between plots.
These datasets were unsuitable for estimating equation [2] parameters. A
parameter "screen" was developed to allow parameters similar in sign and
magnitude to the permanent plot based parameters to be used in projecting
the permanent plots. One screen resulted in 282 out of 1080 and 400 out
of 2520 parameter sets for Star Lake and Birch Lake respectively, as
appropriate to estimate parameters for projection.

Figures 2 and 3 compare the permanent plot, GROW and temporary plot based
projections of the Star Lake and Birch Lake permanent plots in terms of a
mean absolute (mad) and mean difference (dbar) between the actual and
projected DBHs by measurement number. The mad and dbar statistics for
the permanent plot (ppd), the GROW and the temporary plot (tpd) based
projections represent the average over all trees on a plot and over all
plots. For the Birch Lake database (Figure 3), the permanent plot based
projections had the lowest and the temporary plot based projections had
the highest mean absolute and mean DBH differences over the measurement
span. In contrast, the mean absolute and mean DBH differences in Figure
2 show the temporary plot projections as slightly better than the GROW
projections over all but the last measurement number.
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Figure 2. The mean absolute and mean difference between the actual and
projected DBHs for Star Lake using the ppd, GROW and tpd based parameter
estimates.
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Figure 3. The mean absolute and mean difference between the actual and
projected DBHs for Birch Lake using the ppd, GROW and tpd based parameter
estimates.

Two conclusions can be drawn from the results. 1) Nonparametric density
estimation techniques provide a more flexible alternative to the Weibull
distribution for smoothing the distribution of tree DBH in stands of
trees. In particular, the nonparametric FP-ASH density was chosen as the
best method for smoothing plot DBH distributions based on Monte Carlo
simulation results for three populations and two sample sizes. 2) The
temporary plot methodology, when used with a combination of permanent and
temporary plot data (as with the Star Lake temporary plot dataset), can
rival a regional growth model for projection for local datasets.
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DEVELOPMENT OF AN INDIVIDUAL TREE GROWTH
MODEL FOR PENNSYLVANIA

Stephen E. Fairweather1

ABSTRACT. Preliminary results from the development and testing of an
individual tree growth model for species commonly found in Pennsylvania are
presented. The model predicts growth in tree basal area as a function of
species, diameter, basal area, stand basal area, basal area in the stand in
trees larger than the subject tree, and site class. Results of tests of
the ability of the model to predict short term survivor growth have been
good, but further work is needed in model refinement.

INTRODUCTION

The Commonwealth of Pennsylvania has a large timber resource characterized
by a diversity of species, age structures, site quality, and products.
Although recent studies have shown that the state's timber growth far
exceeds the drain (Lord, 1985; Powell and Considine, 1982), concern for the
timber supply in the future suggests the need for a statistically accurate
and biologically sound model of tree and stand growth.

The most valuable hardwood species in Pennsylvania are black cherry and red
and white oak. These trees commonly occur in mixed stands. The
implication is that any growth model constructed must be capable of
simulating the development of all species, not just the species of value.
So, although models for white oak (Hilt, 1985; Dale, 1975) and red oak
(Hibbs and Bentley, 1984) in other parts of the northeastern United States
have been developed, there is still a need for a model similar to TWIGS or
STEMS which can handle any type of stand.

This paper describes results from the initial phases of developing such a
model using data from Pennsylvania forest stands. The model is similar to
STEMS in that one model form is used for all species, but coefficients in
the model change from species to species. Tree basal area growth is the
dependent variable, as in the central states version of STEMS (Shifley,
1987). Unlike STEMS, site quality is represented by site class (1, 2, or
3), rather than site index. The other major difference is that data
restrictions precluded using any type of crown measurement (e.g., crown
ratio, crown class, etc.), as is done in STEMS.

1Assistant Professor of Forest Resources Management, School of Forest
Resources, Pennsylvania State University, University Park, PA, 16802, USA.

Presented at the IUFRO Forest Growth Modelling and Prediction Conference,
Minneapolis, MN, August 24-28, 1987.
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DATA

The data for this study are from permanent plots established and maintained
by the Pennsylvania Bureau of Forestry. All 431 plots are 1/5th acre (0.1
ha.) in size, and are located on State Forest land. The number of
measurement occasions range from two to four, with remeasurement cycles
ranging from 5 to 9 years. The oldest plots in the data set were
established in the early 1960's. Over 30 species are represented; their
relative abundance is illustrated in Figure 1. The preponderance of

" chestnut oak (Quercus prinus) is indicative of State Forest land, but not
of Pennsylvania forest land in general. Nevertheless, enough data are
available for each species to allow the development of a model that should
work anywhere in the state.

White Oak

Red Maple

Chestnut Oak
Yellow and Paper Birch

Beech
Black Cherry

Bigtooth Aspen

Other and Noncommercial
Other Pines

Hemlock
White Pine

Figure 1. Relative abundance of species represented in the
Pennsylvania Bureau of Forestry data set.

Species selected for this preliminary study were red oak (Q. rubra), white
oak (Q. alba), sugar maple (Acer saccharum), and black cherry (Prunus
serotina). These species represent a range of tolerance classes, and are
the most valuable from a commercial viewpoint. Descriptive statistics are
provided in Table 1. Individual tree records for each species were
allocated either to a calibration data set, for model fitting, or to a
validation data set, used for testing. Average diameter at breast height
(DBH) is only for those trees greater than or equal to 5.0 inches DBH.
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A major feature of the model to be described is the use of site class as a
predictor variable. The Bureau of Forestry used the following definitions
for this variable:

Site | - Characterized by moist, well-drained, fairly deep
soils which usually occur in protected coves, along streams,
or in bottomlands that remain moist throughout the year.

Site 2 — Characterized by soils intermediate in moisture,
depth, drainage and fertility and which dry out for only short
periods during the year.

Site 3 = Characterized by the shallow, rather dry, stony or
compact soils which usually occur on ridges or broad, flat
plateaus.,

Original plans for development of this model called for the use of crown
class as a predictor variable (Fairweather, 1986). Unfortunately, crown
class was not collected on the plots until the most recent remeasurement
occasions, so it was not available for consideration.

TABLE 1. Descriptive statistics for data sets used in
development and testing.

i o o 2 o - — s i s A 8 8

Avg. No. Avg. Avg. Tree Stand Basal
Number of Grow. DBH  BA Growth Area (all sp.)
Species of Obs. Seas. (in.) (sq.fr./yr) (sq.ft./a)

- ——— r——

Calibratrion Data

- s o e . o o s R R S A il A SO 00 VY AR

S. Maple 758 6.8 7.8 . 008 105.9
B. Cherry 394 6.9 10.5 »015 105.3
Red Oak 932 6.4 10.9 .019 94.4
White Oak 712 6.7 9.6 »011 532.0

e s il S o

Yalidation Data

S, Maple 749 7.0 8.2 .009 107.6
B. Cherry 414 7.0 10.4 .0l4 105.4
Red 0ak 901 6.9 10.0 018 83.0
White Oak 915 6.3 8.1 .008 76.1

MODEL DEVELOPMENT

The STEMS models have featured the prediction of either diameter growth
(e.g. the Lake States version) or basal area growth (the Central States
version). The advantages of working with basal area growth were described
by Shifley (1982). Basically, the linear correlation between basal area
growth and tree basal area is stronger than that between diameter growth
and diameter. This was supported by observations on white oak (r=.658 vs.
r=.333) and on eastern hemlock (Tsuga canadensis) (r=.647 vs. r=.230).
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Basal area growth (BAG) was modeled as the product of potential growth and
a modifier, as is done in STEMS. The form of the potential growth function
was

POT = ((a-TBAP)-c-TBA)-(d + eXl + £X2) (1)

where POT

potential annual basal area
growth (square feet),

TBA = tree basal area (square feet),

X1 1 if Site 1, otherwise = 0,

X2 1 if Site 2, otherwise = 0,
and a,b,...,f are coefficients to be estimated
for each species.

The modifier function serves to represent the competition in the stand
surrounding the subject tree, and reduces the potential growth estimate to
a more reasonable estimate of basal area growth. The form of the modifier
function was

MOD = g.[1.0 - exp(~((h/BAL)+(i.DBH%)) VBATERM)] (2)
where MOD = a fraction of potential basal

area growth,
BAL = basal area per acre (sq. ft.) in trees
larger in DBH than the subject tree,
DBH = diameter at breast height (in.) of the
subject tree,
(1.0-(BAA/250)), where BAA is total
basal area per acre (sq. ft.),
and g,h,i are coefficients to be estimated for each
species.

]

BATERM

Basal area growth for any particular tree is then predicted as
BAG = POT-MOD. (3

Equation (3) was fit for the four species in two stages. First a data set
suitable for the construction of the potential growth function was
constructed. This involved finding the average BAG in each site class/TBA
cell, and the associated standard deviation. The standard deviation was
multiplied by 1.65, and added to the mean for the cell, in the manner of
Hahn and Leary (1979). These observations became the dependent variable in
equation 1, which was fit using nonlinear regression (module PAR in BMDP).

In the second stage, observed BAG for each tree in the calibration data set
was used as the dependent variable, POT was calculated and used as an
independent variable, and the coefficients in equation (2) were found

through nonlinear regression. The values of the coefficients are shown 1n
Table 2. .
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TABLE 2. Egquation coefficients for potential and modifier
functions.

o s Yo i s s 3 8 R—— P T T rmps—————— P

B, Cherry S, Maple Red Oak White Oak

s ot o i s i e RS VS SR S A 1 ) W - > s

Porential function

a .138760 -808006 .253500 . 178929
b 2737760 2724995 »609515 .675331
¢ ~.009687 ~.137356  -.047995  -.059031
d -189921 054756 »172510 - 186419
e 094247 .020000 - 104309 .102212
£ .054364 .003333 -057939 056756

Modifier function

g 27126743 2479412 .552020 .646893
h 35,528600 130.512366 97.333000 50.333525
i »016823 .002129 .002529 007157

S 9 o i i 8 o s e D o O o - can om

It 4s interesting to note that the values of the coefficients in the
modifier function are of the same magnitude as those in the central states
STEMS model, even though the forms of the potential growth models are
different. For example, in the STEMS model the values for g,h, and i for
white oak are .49141, 75.41, and .006791.

MODEL EVALUATION

Table 3 shows coefficients of determination (R-squared) for a simple linear
regression of observed BAG on predicted BAG, based on equation (3), using
the validation data. Also shown is the root mean squared residual for each
specles, obtained when fitting the function to the calibration data. The
last row of the table shows the mean difference between the predicted and
observed basal area growth for trees in the validation data set.

TABLE 3. Statistical evaluation of basal area growth model.

B. Cherry S. Maple Red Oak White Oak

e prepn— .

R-squared: .61 .54 .57 A48
Root MSR (sq.ft): .0085 .0059 .0106 L0064
Shifley (1982): - . 0097 L0118 .0086

Mean residual
Shifley (1982): - ~.004300 ~-.001076 - 000000

—
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The results in Table 3 are comparable to those obtained by Shifley (1982)
in his preliminary attempts at a basal area growth model for the central
states., His model utilized crown ratio in the potential growth function,

but, based on these few results, it seems to add little to the predictive
power of the model.

A more meaningful evaluation of the growth model involves testing it in the
gsame context Iin which it may be used, e.g. in an inventory update
application. In this preliminary study, several plots from the data set
with at least 85% of thelr basal area in the four species were selected for
evaluation. For each plot, the basal area per acre at two remeasurement
occasions was compared to the model's prediction of basal area at those
times. The projections assumed "perfect knowledge" of mortality and
ingrowth, since these models have not been developed yet.

The results of some of these comparisons are shown in Figure 2. Observed
and predicted basal areas were nearly identical for the red oak and for the
sugar maple/black cherry plots. The model performed very well for a plot
predominantly in black cherry. The development of sugar maple in a nearly
pure stand was steadily overpredicted. An understocked plot with a mixture
of red and white oak was steadily underpredicted. Two plots with high

proportions of white oak (not shown) were predicted to grow faster than
they actually did.

140

o 4+ 88% Red Oak
8’- -0~ Predicted

o <@ 91% B. Cherry
E -2~ Predicted

5 -# 93% S. Maple
Q. - Predicted

3 -& 89% SM/BC

< -&~ Predicted

b & 88% ROWO
@ -+ Predicted

£
o

Year

Figure 2. Comparisons of obsefved and predicted basal area for several
plots in the data set.
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Although more testing is necessary, the fact that the model tends to grow
surviving trees too fast suggests that the porential growth function needs
to be further analyzed. Perhaps the impact of site class is not as simple
as the model would suggest; some of the analyses during model calibration
suggested there may be a tree basal area/site class interaction that should
be included in the model.

Another factor to consider in future work is the lmpact of the gypsy moth
and oak leaf roller on the development of hardwood tree species. These
influences were not controlled in this preliminary study, and may be
affecting the test results.
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COMPARISON OF SOME INDIVIDUAL-TREE HEIGHT-INCREMENT MODELS
FOR WESTERN HEMLOCK AND SITKA SPRUCE IN SOUTHEAST ALASKA

by Wilbur A. Farr and Ralph R. Johnson1

ABSTRACT. Multiple-linear and nonlinear height-increment models were
tested on data bases containing 1259 western hemlock (Tsuga heterophylla
(Raf.) Sarg.) and 1171 Sitka spruce (Picea sitchensis (Bong.) Carr.)
young-growth trees in southeast Alaska. Periodic 10-year height increment
was best predicted using linear models in which the dependent variable was
not transformed. Nonlinear, modified potential-growth models have appeal,
but more needs to be learned about stand dynamics of hemlock and spruce
before they can be used with high precision.

INTRODUCTION

An individual-tree, distance-independent growth model is being developed
for the western hemlock (Tsuga heterophylla (Raf.) Sarg.)-Sitka spruce
(Picea sitchensis (Bong.) Carr.) forest type of southeast Alaska.

The model, referred to as SEAPROG (SouthEast Alaska PROGnosis), is one of
12 variants of PROGNOSIS (Wykoff and others 1982) currently under
development or available in the western United States.3 The principal
components for the SEAPROG model are diameter growth, height growth, and
mortality. Site index is used instead of habitat type in SEAPROG because
even-aged management is applied in this forest type. Habitat type was
used in PROGNOSIS and some of its variants calibrated mostly for
multi-species uneven-aged stands.

Diameter and height-growth functions in PROGNOSIS were developed using
linear regression in which the logarithm of 10-year diameter or height
growth was used as the dependent variable (Wykoff and others 1982, Stage
1975). Other developers of individual-tree growth models have used
nonlinear, modified potential-growth functions to estimate periodic

1Mensurationist, Forestry Sciences Laboratory, Pacific Northwest
Research Station, P.0. Box 020909, Juneau, AK 99802; and Biometrician,
USDA Forest Service, Washington Office Timber Management Staff, 3825
Mulberry Street, Fort Collins, CO 80524.

2Unpublished plan, 1984, "Southeast Alaska technology transfer
plan," by Anonymous, U.S. Department of Agriculture, Forest Service,
Washington Office Timber Management Unit, 3825 Mulberry Street, Fort
Collins, CO 80524.

3Unpublished user's guide, 1987, "Growth and yield submittal system
users guide," by Kathy Sleavin, U.S. Department of.Agriculture, Forest
Service, Washington Office Timber Management Unit, 3825 Mulberry Street,
Fort Collins, CO 80524.

Presented at the IUFRO Forest Modelling and Prediction Conference;
Minneapolis, MN, August 24-28, 1987.

68



diameter growth, height growth, or both (Richie and Hann 1986, Wensel and
Koehler 1985, Martin and Ek 1984, Daniels and Burkhart 1975, and Arney
1972). Periodic growth in these models is estimated from the product of a
tree's potential growth and a measure of competition, which restricts the
tree's ability to reach its potential.

During the development of SEAPROG, we compared untransformed-linear,
log-linear, and nonlinear, modified potential-growth functions for
estimating periodic 10-year height growth. A similar comparison for
diameter growth was not possible because functions for potential diameter
growth were not available for western hemlock or Sitka spruce. The
objective was to develop the best possible models for height growth of
western hemlock and Sitka spruce.

STUDY AREA

Data for the study came from even-aged stands in southeast Alaska. The
forests of this region are part of the temperate western hemlock-Sitka
spruce rain forest that extends along the Pacific coast from near Coos
Bay, Oregon, north and west to the Alaska Peninsula, spanning about 22
degrees of latitude and a distance of about 2,900 kilometers. The forests
of southeast Alaska are productive for their latitude, and changes in mean
site index with latitude are predictable, decreasing northward at the rate
of about 1.04 meters of site per degree of latitude (Farr and Harris
1979). Climate is relatively uniform and mild, especially near sea level
{Farr and Hard 1987).

The western hemlock-Sitka spruce forest type occupies about 5.3 million
hectares in coastal Alaska, about 2.8 million hectares of which is
classified as commercial forest land. Virgin stands of hemlock and spruce
predominate, with small percentages of western redcedar (Thuja plicata
Donn ex D. Don) and Alaska cedar (Chamaecyparis nootkatensis )(D. Don)
Spach). Only about 158,000 hectares of commercial forest land have been
harvested since 1900, and 4,000-7,000 hectares are now harvested

annually. All harvesting is by clearcutting.

Natural regeneration after clearcutting is excellent on all but a few
sites, and new stands contain several thousand stems of hemlock and spruce
per hectare. Once established, growth rates are relatively high. When
stands reach 25 to 30 years of age, crown closure approaches 100 percent
and” remains so for 100 years or more unless thinned.

In 1974, a long-term cooperative study was started to measure the effects
of stand density on growth and developmﬁnt of natural even-aged stands of
hemlock and spruce in southeast Alaska. Since then, 278 0.4-hactare
plots, have been installed on Federal, State, and private lands, and more
are being added each year. The data base for these plots was used to
develop the height-growth functions for SEAPROG. ,

uUnpublished study plan, 1976, "The effects of stand density upon
growth and yield of hemlock-spruce stands in coastal Alaska. Revised
study plan," by Wilbur A. Farr, U.S. Department of Agriculture, Forest
Service, Forestry Sciences Laboratory, P.0. Box 020909, Juneau, AK 99802,
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DATA

Data for this study came from 163 stand-density plots installed in
southeast Alaska between 1974 and 1976. All plots were in natural
even-aged stands covering as wide a range of age, site, and species
composition as possible. Most plots, however, were located on relatively
high-site lands because mature stands have seldom been harvested on lands
of poor site quality. '

Shortly after being installed, about 75 percent of the plots were thinned;
the remainder were unthinned. Plots in young stands were precommercially
thinned to 2.4-, 3.6~, or 4.9-meter spacing; plots in older stands
received a similar light, medium, or heavy thinning, in which spacing was
a function of mean stand diameter at the time of thinning.

These permanent growth plots have been remeasured at 2-year intervals
since installation to obtain detailed growth and mortality data. Mean
stand age and site index (Farr 1984) were determined separately for
hemlock and spruce on each plot. Diameters to the nearest 0.25-cm and
crown class of all trees were recorded at each remeasurement. A subsample
of trees (10 to 15 per species per plot) was measured for total height and
height to live crown to the nearest 0.3-m with a clinometer.

A computer program was written to backdate the latest measurements in the
data base 10-years so that periodic 10-year height growth could be
estimated for each tree, along with estimates of all key variables at the
beginning of the period. Backdating was necessary because a full 10 years
of measurements were not available in the data base. Crown ratio was
assumed constant over the period.

The data set for all trees contained 12,692 trees. Hemlock and spruce
trees were selected for this study if they had repeated height
measurements, were free of top damage or other severe damage, and were at
least 6.4 cm in diameter at the beginning of the 10-year period. In
total, 1259 western hemlock and 1171 Sitka spruce were selected. Means
and ranges of key variables for the subsample of trees are presented in
table 1.

Table 1. Means, minimums, and maximums for site index and six tree variables.

Sitka spruce (N=1171) Western hemlock (N=1259}

Variable Mean Minimum Maximum Mean Minimum Maximun
Site index (m) 28.7 10.5 36.1 24 .9 10.5 34,
10-year height growth (m) 4.4 0.4 10.6 4.1 0.4 10.7
Breast height age (yr) 32 5 81 4o 3 95
Height (m) 19.5 2.3 40.1 18.5 4.3 37.c
DBH (cm) ‘ 25.4 6.4 76.1 22.9 6.4 63.1
10~year diameter growth (cm) 6.6 0.1 21.0 4.4 0.1 16,7
0.05 0.85 0.40 0.05 0.7

Crown ratio 0.39
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MODELS TESTED

Linear and nonlinear height-increment models were tested. Linear models
were similar in form to the model developed by Stage (1975), and improved
for use in PROGNOSIS (Wykoff and others 1982). Nonlinear models were
similar to those used by Arney (1972), Martin and Ek (1984), and Richie
and Hann (1986). Crown competition factor (CCF) and other measures of
competition (Wensel and Koehler 1985, Daniels and Burkhart 1975) were not
tested because, at the time of the study, they were not available for
hemlock and spruce in southeast Alaska.

Linear Models

Stage (1975) developed a linear height-increment model in which the
logarithm of 10-year height growth was used as the dependent variable.
This model was later improved for use in PROGNOSIS (Wykoff and others
1982). It was of general form:

In(HTG) = f{HAB, SPP, HT, DBH, DG, HTZ);
where: HTG periodic 10-year height growth of individual trees,

HAB = habitat type,

SPP = gpecies,

HT = total height,

DBH = diameter at breast height, and
DG = periodic 10-year diameter growth.

We tested two similar models except that the dependent variable was not
transformed. In the first, the continuous variable SITE wez.s substituted
for habitat type, and the variable crown ratio (CR) was added. The model
was of form:

HTG = bO + bl(SITE)+ b2HT + b3 5

The second model included log transformations of independent variables
diameter, diameter growth, crown ratio, and height, and was of form:

DBH + b,DG + b HT® + beCR (1)

HIG = b + b, (SITE) + b,HT + b,DBH + b,DG + b5HT2 + bgOR

0 2 3

+ b71n(DBH) + b81n(DG) + b91n(CR) + bloln(HT) (2)
In addition to fitting these two models through stepwise regression, we
also investigated the need to transform the dependent variable as
previously found necessary in PROGNOSIS (Wykoff and others 1982).

Nonlinear Models

The nonlinear models tested were of general form:

HTG = PHG * CM;
where: PHG = potential height growth derived from height growth curves,
and CM = modifier resulting from competition.

Application of modified-potential height-growth models assumes that
potential height growth follows the height-growth curves~=from current
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height to height 10 years in the future. Current effective age is not
known here, but is estimated from stand site index and individual tree
height.

Height~growth equations for hemlock and spruce in southeast Alaska (Farr
1984) are log-linear in form, and inverting them to solve for current
effective age, given site index and tree height, is not possible. New
nonlinear equations were therefore developed that can be inverted. Data
points for the new equations were obtained from solutions to the
log-linear height curves for hemlock and spruce (Farr 1984), and then fit
to an equation of form:

H = ((S/(1-exp(-by50)** (b,5**b5))) * (L-exp(-bjA))** (b,5**b,));

where: H = height - 1.4 meters,
S = Site index - 1.4 meters, and
A = tree age at breast height.

A fit of this equation assures that height = site at index age 50 years.

- An estimate of current effective age at breast height is obtained by
inverting the above equation and solving for age given site index and mean
height of the 100 largest diameter spruce and hemlock per hectare.
Addition of 10 years to this age and solution of the equation yields an
estimate of height 10 years later. More complete details of the procedure
are in Wensel and Koehler (1985).

Competition modifiers have been tested in previous analyses. Three were
fit to the hemlock and spruce data in nonlinear models of form:

HTG = (PHG)*b, (1-exp(b,CR"3)), (3)
HIG = (PHG)*bl(exp(szA)), and (1)
HIG = (PHG)* (b, (1-exp(b, CR))*(exp(by( (RELHT)® - 1)))); (5)

where: PHG = potential height growth,
CR crown ratio,
BA = basal area per hectare in trees 1.3 cm and larger,
RELHT = total tree height divided by mean height of the 100
largest diameter trees of the same species per hectare.

Model (3) was used by Arney (1972), model (4) by Martin and Ek (1984), and
model (5) by Richie and Hann (1986). Other models that included measures
of competitive stress (Krumland 1982, Daniels and Burkhart 1975) and crown
area at 66 percent of tree height (Wensel and Koehler 1985) were not
tested because measurements of these variables were not available.

RESULTS AND DISCUSSION

Parameter estimates and R2 values for linear models 1 and 2 are presented in
table 2, and for nonlinear models 3 to 5 in table 3.
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Table 2. Coefficients, Rz's, and standard errors of estimates for three
multiple linear growth models that predict periodic 10-year height growth of
western hemlock and Sitka spruce in southeast Alaska.

Species, models, and dependent variables

Variables Sitka spruce Western hemlock

and 1 2 1 2
Statistics HTG HTG HTG HTG
Variables
Constant -1.39902 -1.74968 -0.29703 -2.49668
HT? -3.85805E-3 -3.93442E-3
SITE 0.14151 0.13814 0.11660 0.11320
1n(CR) 2.46948
1n(DBH) 2.01658 , 2.09728
In(HT)
DG 0.09251 0.09247 0.17499
.18680
HT -0.21073 -0.19231
DBH 0.05698 0.07470
CR 3.00478 0.91670
Statistics
Rza ; 0.5097 0.5277 0.4069 0.4169
Se— 1.3942 1.3683 1.3970 1.3852

a/ Standard error of estimate.

Table 3. Coefficients, Rz's. and standard errors of estimate for three nonlinear
models that predict periodic 10-year height growth of western hemlock and Sitka
spruce in southeast Alaska.

Coefficients Species and modelsa/
and Sitka spruce Western hemlock
Statistics (3) (4) (5) (3) ) (5)
Coefficients
B1 1.00513 0.92209 1.02088 0.95020 0.92473 0.94674
32 -4,73141 -2.34569E-4  -4.73378 -15.50897 . 5.90951E-6 -8.33653
B3 0.92951 -0.18295 1.25468 -0.31495
Bq 3.06086 1.58590
Statistics
2 7/ 0.4340 0.3658 0.4766 0.2219 0.2039 0.2716
& 1.5000 1.5871 1.4429 1.6022 1.6199 1.5508
s/ (3) HIG = (PHG)*b, (1-exp(b,CR"3))
(4) HTG = (PHG)*b (exp(b BA))
(5) HIG = (PHG)*(b (1- exp(b CR))* (exp (b, ((ReLET) S - 1))

b/ Decimal equivalent of percent of varlatlon accounted for by regression.

c/ Standard error of estimate.
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Periodic 10-year height growth for both hemlock and spruce appeared to be
best characterized by multiple linear model (2) where stepwise regression
was used to select the best fit among untransformed and log-transformed
independent variables. Next best was equation (1), followed by nonlinear
potential growth models (5), (3), and (4). Stepwise selection of
variables in equations (1) and (2) probably provided better fits to these
data sets than was possible for the nonlinear models because no selection
process was provided for in the nonlinear models.

The models always fit the spruce data better than the hemlock data. Best
R2 values were about 0.53 for spruce and 0.43 for hemlock. Minimum
standard errors of estimate (Se) were about 1.4 meters for both hemlock
and spruce.

Plots of residuals from equations (1) and (2) convinced us that
transformation of the dependent variable was not needed to meet the
assumptions of regression. As a further test, we fit model (1) to the
hemlock and spruce data with a log-transformation of the dependent
variable as used in PROGNOSIS (Wykoff and other 1982). Histograms and
normal probability plots of standard residuals from these runs showed much
poorer fits to the data, confirming that transformation of the dependent
variable was not needed for hemlock or spruce. Similar results were
recently found by Dolph (in preparation) for six mixed-conifer species in
the Sierra Nevada of California. Dolph's data, like ours, were from
young-growth stands (his for trees less than 80 years old at breast
height). Results of these two studies suggest that log-transformation of
periodic 10-year height increment may not be necessary for young-growth
trees, but may be appropriately used to decrease the variance of residuals
associated with older trees.

Periodic diameter increment was the most important independent variable
correlated with periodic height increment, followed by site index and
height. Live crown ratio was important in the linear models for spruce,
but was of minor importance or nonsignificant in the linear models for
hemlock. The relative importance of_live crown ratio was alsc apparent in
nonlinear models (3) and (5) where R values were much higher for spruce
than for hemlock.

For western hemlock, linear model (2) was clearly superior to nonlinear,
modified-potential growth models (3), (4), or (5), and marginally better
than model (1).

Linear models also appeared best for Sitka spruce; however, the
two-variable, modified-potential growth model (5) performed very well,
With additional testing and a better understanding of stand dynamics of
hemlock and spruce, the modified-potential growth models can likely be
developed to equal or better the performance of the five variable linear
models.
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ADAPTION OF THE 'STEMS' GROWTH MODEL
TO EUCALYPT FOREST

Adrian N. Goodwin!?

ABSTRACT. STEMS is a distance-independent tree growth model
developed for major tree species in the Lake States region of the
U.5.A. The development of a similar model for use as a simulator
of even and uneven—aged eucalypt growth in Tasmania, Australia
is described. Australian mensuration has not been geared towards
the modelling of uneven-aged forest growth and this first attempt
to do so for Tasmanian forest reveals some major problems. Most
serious is the fact that site index cannot be estimated for
uneven-aged forest in the conventional way because trees in this
type are not aged. Alternative estimators of site productivity
based on height growth and ecological indicators are considered,
and the efficacy and utility of the adapted model are discussed.

INTRODUCTION

Multi-aged eucalypt forest is extensive throughout the forested
regions of Australia, and although typically low yielding compared
with single-aged stands, it has significant commercial and
recreational value. Yet, few serious efforts have been made to
model its growth.

This paper reports an adaptation of the growth component of STEMS
(Stand and Tree Evaluation and Modelling System) for multi-aged
eucalypt forest in the State of Tasmania, and describes a
technique used to estimate site index for multi-aged forest which
is compatible with a conventional age-dependent index.

DATA

Tasmania's 1.6 million hectares (4.0 M acres) of State forest is
sampled by over 2,000 Continuous Forest Inventory (CFI) plots
established since 1960, and re-measured every 5 to 10 years.
About half of these are in multi-aged forest. Plots typically
measure 100 x 20 m. A centre-line divides the plot into two 10 m
wide corridors; in one corridor all trees with diameters over 10
cm are measured, but in the other, only trees larger than 40 cm
are measured. 'Measurement' of a tree includes diameter and a
range of crown factors such as depth, width and density, and the
relative amount of light received.

Most plots in multi-aged forest, and some in single-aged forest,
are not aged, primarily because of the difficulty of taking

Ph.D. student, University of Melbourne, Parkville, Victoria, 3052,
Australia,

Presented at the IUFRO Forest Growth Modelling and Prediction
Conference, MN, August 24-28, 1987.
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increment cores (or conducting stem analyses) in hardwood species.
On plots which are not aged, height and bark thickness are sampled
over the range of diameters. On aged plots,in contrast, only the
tallest trees are heighted for the purpose of estimating 'dominant
height' and site index. There are approximately 1,200 un-aged CFI
plots, and 890 of these, which have been measured more than once,
provide a data set for model development and evaluation.

Growth models can be broadly categorized as distance dependent or
independent, single tree or stand simulators. Often, the choice
of model is limited by the existing inventory. In this case, CFI
plots are shaped and measured in a way that precludes distance-
dependent models because of boundary effects. However, the
detailed measurement of trees, particularly of their crowns,
invites investigation of a distance-independent single tree growth -
simulator. STEMS is one such simulation model which appeared to
be adaptable to Tasmanian forest inventory.

OUTLINE OF 'STEMS' GROWTH COMPONENT

The growth component of STEMS was developed for pure or mixed
species, single or multi-aged stands in northern-central U.S.A.
The current model consists of a 'potential growth' function (Hahn
and Leary, 1979; see Equation 1); a 'modifier' function (Holdaway,
1984; see Equation 2) which estimates the fraction of potential
growth actually allowed; and a 'crown ratio' function (developed
by M. Holdaway but cited by Belcher et al., 1982; see Equation 3),
used for long term growth prediction.

AD a a

Bt _ a4 4+ a..D 4+ (SI.CR.D) (1)
At al a2. a4. . .

BA - BA
~£(R) .g(AD) .

MODIFIER = 1 - e ©(R)-9(AD) BA (2)
R d1 + d [ -d4.D] + CF 3

_1+d2.BA 37l - e »”

where: AD,,./At= potential annual diameter increment,

D = initial DBH,
SI = gite index,
CR = (ratio of crown depth to total hight) x 10,

77



b

3
b,.R
b..l1 - e + b,

f(R) =
¢,
g {(AD) = c1‘{AD + 1}
BA,,x = maximum basal area for a species,
BA = initial stand basal area,
AD = average diameter,
R = D/AD,
CF = a constant correction factor for each tree,

aj..as, by..by, cy..c,, d;..d, are coefficients.

SITE INDEX ESTIMATION

Site index on aged CFI plots is the estimated height of selected
dominant trees at age 50 years. The consequence of age not being
measured is that site index cannot be estimated in a conventional
way. An index of site quality is a potentially useful parameter
for estimation of growth, particularly in managed stands, and one
which is required in the STEMS model. Consequently, a large
proportion of the work presented here was devoted to developing an
estimate of site index for unaged stands which was compatible with
the conventional index. A technique was developed which used a
weighted combination of three separate estimates derived from 1)
interpretation of aerial photography, ii) height growth and 1iii)
estimation of mature height using height-diameter curves.

A. AERIAL PHOTOGRAPHY

The estimation of mature forest height using aerial photography is
standard practice for CFI plots. If mature trees are not present
on the plot, then mature trees in the near vacinity are used.
Estimated mature height is categorized in plot records as:

El: >55 m, E2: 41-55 m, E3: 27-41 m, E4: 15-27 m, and E5: <15 m.

Photographically derived mature height class was included with a
range of factors in a discriminant analysis (SPSSX) designed to
discriminate between pre-defined site index classes on aged plots.
Parameters from aged plots included the coded occurrence or
absence of 18 tree species, 13 understory and 10 grass types,
estimated rainfall, slope and geology. Mature height class was
found to be the most powerful factor in discrimination, and the
best classification resulted from the alignment of site index
class boundaries with mature height class boundaries using a site
index function developed for Eucalyptus obliqua (A. N, Goodwin,
unpublished; see Equation (4)). Using only mature height class in
the analysis resulted in the percentage of correctly classified
cases dropping from 50% to 46%. The simplification of using only
mature height class, rather than a complex combination of factors,
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to estimate site index on un~aged plots justified the marginal
loss in classification accuracy.

0.859
~0.0424 (50)
1 - e
SI = H. 0.859
-0.0424 AGE
1 - e

(4)

where: S8I 1s site index (height at age 50 years),
H is dominant height

Table 1 shows means and standard deviations within mature height
classes for aged plots. Standard deviations are large compared
with the range of observed site indices (9 - 55 m at age 50 yrs),
making the technique on its own unsatisfactory for estimation of
site index. However, in conjunction with other estimates, it was
regarded as potentially useful. Table 1 also shows mean site
index for El and E2 to be similar, implying that in order for
height potentials to be realised, height growth in the El category
must greater than in the E2 after age 50 yrs. In other words,
trees in El and EZ catagories may be growing along growth curves
of different shape. This violates conditions for the use of
anamorphic growth curves in this work. Unfortunately data were
not available to develop polymorphic curves for Tasmanian
eucalypts.

TABLE 1: Means and standard deviations for site index within
mature height classes for aged plots.

Mature Height Class Mean SI Standard Deviation Intervals

E1  (>55) ' 36.8 5.9 164
EZ {41-55) 35.3 7.2 711
E3  (27-41 m) 29.7 7.4 406
E4  {15-27 m) 23.3 6.7 48
E5 (<15 m) 14.07 7.07 0

"Extrapolated values,

B. HEIGHT INCREMENT

For plots measured two or more times, an estimate of site index is
possible using height and height increment, and any set of non-

intersecting site index curves for which age can be algebraically
isolated on the left hand side of the function., Assuming that two
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bZ"R
bl'l—e +b4

£ (R) =
c,
g (AD) = CluiAD + l}
BA, .« = maximum basal area for a species,
BA = initial stand basal area,
AD = average diameter,
R = D/AD,
CF = a constant correction factor for each tree,

a;..as, by..by, ¢;..c,, d;..d, are coefficients.

SITE INDEX ESTIMATION

Site index on aged CFI plots is the estimated height of selected
dominant trees at age 50 years. The consequence of age not being
measured is that site index cannot be estimated in a conventional
way. An index of site quality is a potentially useful parameter
for estimation of growth, particularly in managed stands, and one
which is required in the STEMS model. Consequently, a large
proportion of the work presented here was devoted to developing an
estimate of site index for unaged stands which was compatible with
the conventional index. A technique was developed which used a
weighted combination of three separate estimates derived from 1)
interpretation of aerial photography, ii) height growth and 1ii)
estimation of mature height using height-diameter curves.

A. AERIAL PHOTOGRAPHY

The estimation of mature forest height using aerial photography is
standard practice for CFI plots. If mature trees are not present
on the plot, then mature trees in the near vacinity are used.
Estimated mature height is categorized in plot records as:

El: >55 m, E2: 41-55 m, E3: 27-41 m, E4: 15-27 m, and E5: <15 m,

Photographically derived mature height class was included with a
range of factors in a discriminant analysis (SPSSX) designed to
discriminate between pre-defined site index classes on aged plots,
Parameters from aged plots included the coded occurrence or
absence of 18 tree species, 13 understory and 10 grass types,
estimated rainfall, slope and geology. Mature height class was
found to be the most powerful factor in discrimination, and the
best classification resulted from the alignment of site index
class boundaries with mature height class boundaries using a site
index function developed for Eucalyptus obliqua (A, N. Goodwin,
unpublished; see Equation (4)). Using only mature height class in
the analysis resulted in the percentage of correctly classified
cases dropping from 50% to 46%. The simplification of using only
mature height class, rather than a complex combination of factors,
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to estimate site index on un-aged plots justified the marginal
loss in classification accuracy.

0.859
~0.0424 (50)

0.859 (4)
-0.0424 AGE

where: SI is site index {(height at age 50 years),
H is dominant height

Table 1 shows means and standard deviations within mature height
classes for aged plots. Standard deviations are large compared
with the range of observed site indices (9 - 55 m at age 50 yrs),
making the technigque on its own unsatisfactory for estimation of
site index. However, in conjunction with other estimates, it was
regarded as potentially useful. Table 1 also shows mean site
index for El and E2 to be similar, implying that in order for
height potentials to be realised, height growth in the El1 category
must greater than in the E2 after age 50 yrs. In other words,
trees in El and EZ catagories may be growing along growth curves
of different shape. This violates conditions for the use of
anamorphic growth curves in this work. Unfortunately data were
not available to develop polymorphic curves for Tasmanian
eucalypts.

TABLE 1: Means and standard deviations for site index within
mature height classes for aged plots.

Mature Height Class Mean SI Standard Deviation Intervals

E1  (>55) 36.8 5.9 164
EZ2  {41-55) 35.3 7.2 711
E3  {27-41 m) 29.7 7.4 406
E4  (15-27 m) 23.3 6.7 48
E5 (<15 m) 14.07 7.0" 0

‘Extrapolated values,.

B. HEIGHT INCREMENT

For plots measured two or more times, an estimate of site index is
possible using height and height increment, and any set of non-

intersecting site index curves for which age can be algebraically
iscolated on the left hand side of the function. Assuming that two
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height measurements for a particular tree lie on the same

predefined growth curve, then a function can be derived relating
measurement interval to H; and H,. 1In this case, using Equation” 5,

we have:
A, - A = At = f(H,) - £(H,) (5)

where: A, and A, are ages at measurements 1 and 2,

-1
-1n 1 - m.sT . -Y,-50 2
£(H) = 1 -e

Y, = 0.0424 and v, = 0.859

Equation (5) can be solved for site index using the iterative
Gauss—-Newton method. Thus an estimate of site index can be
derived from each measured tree, site index for the plot being
averaged over the several estimates from selected trees.

Site index is conventionally derived on aged CFI plots using the
mean height of the tallest tree on each 1/30th hectare subplot. A
similar sampling scheme was employed to select tree-derived site
indices for incorporation in an estimate of plot site index. The
effect of the sub-plot size, the number of trees selected from
each sub-plot and the time between measurements on the accuracy
and precision of the plot site index estimate was examined using
aged plots. The resulting estimate of conventional site index was
not biased using either the mean or the median of up to ten
selected trees per 0.2 hectare plot. Medians were used in
preference to means because they had smaller residuals, and a
subplot size of 1/40%*h hectare chosen primarily because they were
easily identifiable on CFI plots. Equation (6) relates the
variance of the median of tree-derived site indices given the
number of estimated indices (N) and the length between
measurements (At). -

VARy; = (4.53 - 0.351.N + 8.41/At)?2 (6)

C. HEIGHT VS DIAMETER FUNCTIONS

The principle behind the use of height-diameter functions was to
estimate an asymptote for height which could be interpreted as
mature height. Having found an asyptote, height at age 50 yrs can
be estimated using anamorphic site index curves (see Equation 4).

The accuracy with which mature height could be estimated depended

on the degree of stand development. Most well stocked multi-aged
stands and old single-aged stands showed sufficiently well-
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developed height-diameter trends to allow mature height to be
estimated with confidence. However, some poorly stocked and young
plots showed no inflection in their height-diameter trends, and
provided no sensible estimate of mature height.

Height-diameter pairs for the first and last measurement of each
plot were fitted with a Chapman-Richards function (Pienaar, 1973;
Bauation (7)) :

B

3
-B..D
Hz‘l‘{ime 2 } (?}

where: B,, B, and B, were the coefficients to be estimated.

Equation (7) was fitted using Bard's program for non-linear
parameter estimation (NLPE) (Bard, 1967). The standard error of
estimated mature height was approximated using the standard
techniques for linear regression (Snedecor and Cochran, 1980) at
the point where the slope of the fitted curve was 0.05. 1In this
way, uncertainty about mature height was related to the degree of
stand development. Determining the variance of the corresponding
site index estimate was more difficult, since the accuracy of the
anamorphic site index equations, developed specifically for

E. obligqua (albeit the most widespread eucalypt in Tasmania),
could not be determined. However, because this technique was
regarded as being more discerning in well developed stands than
the weighted mean the other two estimates, its estimate of site
index needed to be weighted in a way that reflected this belief.
This was achieved (somewhat crudely) by putting variance of the
site index estimate equal mature height variance plus 15. By so
doing, the smallest variances using this technique were made to be
about 75% of the variance of the weighted mean of estimates from
the other techniques (i.e. about 25). The three estimates were
amalgamated into a weighted mean using weights propotional to the
inverse of estimate variance., Unfortunately, the accuracy and
precision of the amalgamated estimate of site index cannot be
tested without time consuming field trials.

An alternative index of site quality was considered. This was an
estimate of maximum height at a diameter under bark of 60 cm using
equation (7). The combined weighted estimate of mature height
using the aerial photography (A) and height growth (B) methods |
described above provided a prior distribution for B, in the baysian
estimation of parameters (NLPE). This index explained marginally
less variability when used in the adapted STEMS model.
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ADAPTED MODEL

POTENTIAL INCREMENT FUNCTION

No account was made for species differences in th%s wgrk.
Although it will be investigated in the future, §1t§ index was
thought to explain a large amount of species variation.

An important difference in the measurement of Lake States and
Tasmanian trees is that crown ratio is scored on a ten point scale
in the Lake States and on only a four point scale in Tasmania. The
degree of resolution for the Tasmanian crown ratio was considered
inadequate for sensitive model development and was replaced with a
Crown Volume Index (CVI), which is the product of crown ratio and
a subjective five point measure of crown spread relative to
diameter.

Theoretically, CVI ought to be a more useful crown index than
crown ratio. Because diameter growth is largely a function of
crown size and density the STEMS growth model in effect explains
variability in growth due to crown spread and density given crown
ratio and diameter. Since CVI is an explicit measure of crown size
given diameter, use of CVI removes one source of variability in
estimation of growth.

Potential increment was determined using diameter under bark. Use
of DBHUB 1is especially important for multi-aged eucalypt growth
modelling since fire is a common occurrence in these forests and
bark thickness can be significantly affected from measurement to
measurement. Diameters under bark were calculated for each
species at each measurement using three parameter Chapman-Richard

functions (substitute bark for height in Equation (7 for which
the shape coefficients (R, and 33)ghad beeéngre-detgggined for each

species. At each measurement therefore, only B, needed to be
estimated.

Data were catagorized into classes of diameter (5 cm), site index
(4 m) and crown volume index (3 units wide) and the 95th
percentile calculated for each cell in the manner described by
Hahn and Leary (1979). Potential diameter increment was modelled
with weighted least squares using Equation (8). Parameter
estimates and standard erors are shown in Table 2. Although
Equation (8) explained only 29% of variation in observed potential
increment, this was typical of R? values for individual species in
the Lake States (see Hahn and Leary, 1979, page 25).

AD,. /At = a; + a,.SI + a,;.CVI + a4.CVI? + ag. (SI.CVI.D)O.1 (8)

where: AD_ /At is potential annual diameter increment,
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CVI is crown volume index,

a,...a; are regression coefficilents.

ES

TABLE 2. Parameter estimates and standard deviations for
Equation (8).

Paraneters
a; a, as ay ds R? s?
Estimates 0.58 0.024 0.10 =-0.0044 -.030 0.29 0.81

Standard Errors 0.14 0.0023 0.018 0.0011 0.078

MODIFIER
The modifier function in STEMS accounts for sub-optimal growth due
to competition and other effects. Since competition is expressed
largely in terms of crown size, which is now built into the
adapted potential increment function, the adapted modifier ought
simply to account for decreased crown density due to competition.
Indeed, examination of many combinations of wvariables found the
measure of 'crown density reduction', a subjective four point
mesure on CFI plots, to be the most important wvariable.

Growth modification might alsc be expected to be affected by site
occupation or crowding. Holdaway (1984) recognized this, and
expressed site occupation in terms of current and mamximum basal
area (see Equation (2)). However, this appears to be a problem
because site occupancy is not necessaily a function of basal area.
Rather, it is related to the proportion of the site's growing
capacity currently being used. A 'closed' canopy 1is generally
regarded as an indication of full site occupancy. This may happen
before 10 years of age, yet basal area continues to accumulate
until senescense,

Site occupancy in this work was regarded as the proportion of
maximum leaf surface area currently on the site. B&An index of
eucalypt leaf surface area was calculated by a method suggested
by Mr. E. J. Lockett of the Tasmanian Forestry Commission
{(unpublished). If a crown is regarded as consisting of a
hemisphere subtended to a cylinder, then the surface area of the

crown (SAC) is given by:
SAC = 2.7®.R? + 2.W.R.L

where: R is the radius of the hemisphere and cylinder,
L is the length of the cylinder,
and, given crown ratio (CR) and crown width (CW), 1t can be shown

that:
SAC oo CR.CW.D.H
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Note that the product of CR and CW is the crown volume index
(CVI) . Now, leaf surface area (LSA) is taken to be proportional
to the product of crown surface area and a Crown density
reduction factor. Total tree height (H) was estimated using vet
another Chapman-Richards function relating height to site index
and diameter taken over all aged plots. Leaf surface area for a
single tree is given by Equation (9):
0.654
-0.0154.D
LSA o D.CVI.SI.DEN.[l- e 0.0154 ] (9)

and maximum leaf surface area per hectare (SLSA,,,), calculated
using Equation (9), was found to be well described by the the
linear function:

SLAS .= —-36.5 + 5.13.8I
Given a measure of site occupancy, a modifier function was
defined by Equation (10). An arbitary constant was added to the

site occupancy factor to ensure that MOD > O. Parameter
estimates and standard errors are shown in Table 3.

. SLSA __-SLSA
max

(10)

X

_[b1 + b,.DEN + b3.DEN.CAN]. 0.01 +
oD = 1 - o SLSA__

where: DEN is a density reduction rating between 0 and 1, where
: DEN = 1 means no reduction,
CAN is a 4 point measure of the amount of light recieved
by the crown, where CAN = 1 means maximum light.

TABLE 3. Parameter estimates and standard errors for Equation
(10) . : : :

B g2 b3 R? s2

Estimates - 0.135 1.47 -0.26 0.35 0.092
Standard Errors 0.089 - 0.11 - 0.02
CONCLUSION

The model was evaluated using plots set aside for evaluation (one
quarter of available plots). Projection intervals ranged from 4
to 13 years with a mean interval of about 7 years. The residuals
were standardized to 7 years. The mean of the residuals was 0.51
cm, indicating an appreciable positive bias relative to the mean
diameter increment of 2.11 cm. The standard deviation of the
residuals (1.66) also compared poorly with the standard deviation
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for diameter increment {(1.99), indicating that the model explains
little of the original variability in increment.

The reason for the model's poor performance is not clear. It is
possible that the subjective crown measures were too coarse and
that site index was poorly estimated. Amalgamation of species may
also have been a contributing factor. It is also felt that the
potential growth function may have been influenced by erronecus
measurements in diameter and bark thickness. Future work in
multi-aged modelling will examin the utility of single function
growth models.
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INDIVIDUAL-TREE DIAMETER GROWTH MODEL
FOR NORTHERN NEW ENGLAND

Donald E. Hilt and Richard M. Teck2

ABSTRACT. A distance-independent, individual-tree diameter growth model
is developed for 14 species groups in northern New England. Potential
periodic annual diameter growth is modeled for each species as a function
of dbh and site index. Potential growth is then modified acceording to
the basal area per acre larger than the subject tree.

INTRODUCTION

Reliable growth and yield models are essential to the sound management of
forests in northern New England: Maine, New Hampshire, and Vermont.
Mixed-species stands dominate the region, and a multitude of past cutting
practices has resulted in many stands that have indeterminate age and
size structures. An individual-tree modeling approach is perhaps best
suited for describing growth under these complex conditions (Hilt et al.
1987). Individual-tree models can also provide a framework for tracking
information on the three factors that determine tree value: species, size
class, and quality.

A distance-independent, individual-tree growth and yield simulator being
developed for the Northeast will include three major components: diameter
growth, mortality, and ingrowth. In this paper we discuss the
development of an individual-tree diameter growth model for northern New
England. Forest Inventory and Analysis (FIA) data were used to develop
the model. Potential periodic annual diameter growth is first modeled
for each of 14 species groups as a function of dbh and site index. The
potential growth is then modified for each tree according to the basal
area per acre larger than the tree.

DATA

Forest survey (FIA) data from northern New England were used to develop
the diameter growth model. Individual-tree information for more than
2,000 1/5-acre permanent plots was available for analysis. Two
remeasurement periods were available for Maine, and one for both New

1This project was partially funded by the Forest Resources Systems
Institute (FORS), which receives Federal financial assistance. Benefits
of the Forest Resources Systems Institute are available to all eligible
persons regardless of sex, race, color, national origin, religion,
handicap, or age.

2Research Forester and Forester, USDA Forest Service, Northeastern
Forest Experiment Station, 359 Main Road, Delaware, OH, 43015.

Presented at the IUFRO Growth and Yield Modelihg and Prediction
Conference, Minneapolis, MN, August 24-28, 1987.
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Happshire and Vermont. The nusber of years between regeasurements ranged
from 11 to 13, Afrer editing, every fourth plot was systematically
renoved from the calibration data set and reserved as a source of dats
for validating the models.

Information recorded for sach tree grester than 5 inches dbh included
species, initisl dbh, and dbh 11 to 13 years after the initial
measurenent. Site index was slso recorded on each 1/5-acre plot for the
oninant species, We used site-index conversion equations to assign the
appropriate site index to each tree depending on itg species. We
computed various tree- and stand-level variables such as number of trees
per acre, basal area per acre, quadratic mean stand dismeter, ratio of
tree basal area to plot basal area, and basel area per acre larger than
the subject tree (BAL). The calibration data were divided into 14
species groups for analysis {Table 1).

ANALYSIS AND RESULTS

Each of the 14 species groups was analyzed separately. The data were
grouped into cells based on the range of wvalues for the independent
variables. Cell means were then computed and used as observations for
the analysis. We used cell means to reduce the total number of
observations so that variocus nonlinear model forms could be examined more
efficiently. Individual-tree periodic annual basal-area growth was the
dependent variable. The relationship between tree basal-area growth and
tree size is graphically more distinct for study than the relationship
between diameter growth and tree size (Hilt 1983). Numercus model forms
and combinations of independent variables were examined (Hilt et al.
1987). We report here only on the final model selected for application.

POTENTIAL GROWTH

Individual trees for a given species were sorted in descending order
according to their basal-area growth rates in each dbh x site-index
class. The top 10 percent of the fastest growers in each class were then
selected to develop the potential growth function. A modified
Chapman~Richards (Richards 1959) model was used to predict the growth
rates of these fastest growers. Site index was added to the model as a
linear term, i.e., potential growth increases linearly with site index
for a given dbh:

POTBAG = blgﬁl”{i,ﬂwEX?{whg”ﬁﬁﬁ}} (1)

where POTBAG is the potential basal-area growth for an individual tree,
and b, and b. are parameters that were estimated with nonlinear
regreSsion téchniques. An investigation of the error structure revealed
vhat cell variances were not correlated with dbh or site index.
Therefore, each observation was weighted only by the number of trees in
each cell Por the regression anslysis.

The fitted values for b, and b, are shown in Table 2, and the
resulting equation is pi@ttgd in Figure 1 for the predominant softwood
and hardwood species in northern New England. Corresponding
individual-tree diameter growth rates are plotted in Figure 2. The
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TABLE 1. Summary of calibration data.
Plot basal
Species No. of Dbh (inches) Site index area(ft. /ac)
group Common name trees Min. Max. Min. Max. Min. Max.
1 White pine 1624 5 43 43 90 31 217
2 Eastern hemlock 1817 5 25 30 70 30 217
3 White spruce 468 5 22 31 70 33 180
4 Balsam fir 4036 5 18 30 70 30 209
5 Red spruce 4185 5 25 30 70 30 224
Black spruce 255 5 17 30 65 36 158
6 Northern white
cedar 2654 5 28 30 70 33 224
7 Quaking aspen 490 5 24 4o 90 30 175
Bigtooth aspen 246 5 20 4o 86 31 180
Balsam poplar 68 5 20 40 70 32 197
8 Black cherry 73 5 23 T 86 32 195
American basswood 13 5 15 Ly 74 35 182
White ash 260 5 27 4o 86 31 198
Black ash 101 5 15 4o 86 37 224
9 Northern red oak 547 5 54 4o 84 30 198
Black oak 30 5 16 50 80 33 127
10 Paper birch 1528 5 23 ko 80 31 198
Gray birch 166 5 8 4o 75 32 224
11 Yellow birch 1347 5 34 4o 86 30 224
Sweet birch 52 5 20 450 79 33 151
12 Sugar maple 1746 5 39 ho 80 30 217
13 Red maple 2658 5 26 40 86 30 224
14 American beech 1409 5 26 4o 80 30 198
Total 25,773
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asymptotic nature of equation (1) does not permit big trees to grow too
fast.

MODIFIER FUNCTION

Scatter plots of the cell means revealed that individual-tree bassl-area
growth rates for all trees in a given dbh x site~index class declined in
a negative exponential manner as BAL increased. This trend suggests the
following model for a given dbh x site-index class:

BAG = POTBAG* {m(wbs*am}} (2)

The intercept term, POTBAG, is the potential basal-area growth estimated
from equation {1} for each dbh x site-index clags. The equation is
forced through the potential growth when BAL equals 0,

A two-stage modeling procedure was used to estimate the b3's* An
estimate of b, was determined by fitting equation {2) for“each dbh x
site~index cldss. The estimated bs’s were then plotted over dbh and
site index to see if they could be modeled as a function of these two
variables. No trends could be identified, so we used an overall average
of b3 for each species as our final estimate of b3‘

Prior to fitting equation {(2) for each dbh x site-index class, an
investigation of the error structure revealed that within-cell variances
were correlated with dbh and BAL. The following model was fitted for
each species to describe the error structure:

VARBAG = Cl*DBH’(EXP{WCZ*BAL}) (3)

where VARBAG is the variance of the individual-tree bassl-area growth
rates. Each observation was then weighted by the number of observations
in the cell divided by VARBAG for the regression analysis used to fit
equation (2) for each dbh X site-index class. Fitted values for ¢, and
¢., are shown in Table 2, and the resulting equation is plotted in
F%gure 3 for white pine.

Final estimates of b, and associated root mean square srrors are listed
in Table 2. The roc% mean square errors were calculated from
individual~-tree observations instead of cell means because it was no
longer necessary to minimize the

E
% number of observations for
: modeling efficiency. Predicted
3 ool individual~ tree basal-area growth
. ww’>\\\ - rates for white pine are shown in
H °m“’\\M\»‘ Figure 4 for a range of dbh and
i oocosp " BAL values., Equation (2} imposes
E@«»'?\\\ | several constraints that we
it e consider will probably be applied
3 oot - to nearly every imaginable set of
§ ooy standard conditions: (1) an
§ e e e #6 ws w0 wo e me 00 individual tree’s basal-area

msTiAL BAL 1F TVACH mwt‘h cannot exceed its
Figure 3. Variance of tree potential growth--it equals the
basal-ares growth rates for potential growth only when BAL=0;

white pine (site index 65).
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TABLE 2. Individual-tree basal-area growth model coefficients and
root mean square errors for calibration data.

Speciesl/ Potential Modifier Variance Root meang/
group bl b2 b3 ¢4 <, square
error

1 0.0012148 0.0965402 0.019136 0.0000393 0.0106664 0.017
2 .0011152  .0836339 .020732 .0000189 .0067648  .010
3 .0008721  .0578650  .013427 .0000155 .0173732  .009
) .0008829  .0602785  .012785 .0000082 .0046624  .006
5 .0008236  .0549439  .011942 .0000084 .0048774  .007
6 .0009050  .0517297  .012329 .0000056 .0049320  .007
7 .0010834  .0949034  .024198 .0000133 .0049132  .011
8 .0010433  .0900725 .024975 .0000137  .0023253  .012
9 .0010382  .0879116  .023170 .0000131 .004gh55 014
10 .0009863  .0828333 .025111 .0000063  .0002953 .008
11 .0009863  .0770037 .018639 .0000171  .0077513 .0O11
12 .0009005  .0762029 .017540 .0000158  .0095937  .011
13 .0009005 .0731128 .018502 .0000198 .0127195 .009
14 .0008576  .0656505  .014751 .0000129  .0117606  .009

i/See Table 1 for species group definitions.

g/Root mean square error = SQRT ((Observed-Predicted)**2/n).
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{2} individual~tree basal-ares growth rates for a given dbh and site
index decrease as BAL increases; and {3} as BAL increases,
individual-tree basal-area growth rates for a given dbh and site index
approach zero, but can never be negative,

Diameter growth rates corresponding to the basal-area growth rates for
white pine are plotted in Figure 5. Individual-tree diameter growth
rates (DGROW) are computed using equations (1), {2}, and the following
conversion formula:

DGROW = SQRT{(DBH*DBH*C+BAG)/C)-DBH

o,
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it

where ¢ = 0.00545415,
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Individual-tree basal-area growth rates for several species are shown in
Figure 6 for a 10-inch-dbh tree. Corresponding diameter growth rates are
plotted in Figure 7. The crossing of the lines as BAL increases 1is
indicative of wvariocus tolerance levels for the different species.

VALIDATION

Evaluation statistics for the validation data base are presented in Table
3, Validating a model for 11- to 13-year remeasurement intervals is
difficult because we do not know when mortality and cut trees should be
removed from the tree list. In actual application, the individual-tree
diameter growth model would be linked with a mortality model for
projecting future tree diameters. DBH and BAL would be updated annually
for each l-year projection after mortality trees have been removed from
the tree list. Therefore, our validation statistics are based only on a
1-year projection using the initial tree and stand characteristics.
Observed growth rates are simply the periodic annual growth rates for the
remeasurement intervals.
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TABLE 3. Comparison of observed and predicted growth rates for
validation data base.

Basal area (ft°/tree) Dbh (in/tree)
Root Root
1/ Mean Mean mean Mean Mean mean
Species=' No. of observed predictg? squar / observed predictg? squar /
group trees growth error=' erro growth error—' erro

1 228 0.0211 -0.0035 0.010 0.193 -0.037 0.090
2 hoy  .0135 - .0039 .007 .128 - .04O .067
3 97 .0122 - .0039 .007 .134 - 047 074
b 976 .0080 - .0023 .00k .105 - .032 .057
5 1059 .0098 - .0031 .006 .107 - .036 .060
6 583 .0073 - .0018 .00k .078 =~ .022 .0l
7 122 .0154 - .0013 .007 .186 - .019 .085
8 68 .0145 - .0022 .006 .138 - .023 .061
9 93 .0135 - .0024 .007 .136 - .031 .067
10 249 .0088 - .0018 .005 .04 - .023 .054
11 271 .0155 - .0032 .007 L1340 - .032 .067
12 347 .0147 - .0031 .007 .135 - .033 .072
13 425 .0121 - .0031 .007 .132 - .037 .073
14 301 .0119 - .0035 .007 .126 - .0b4o 071

Total 5313

i/See Table 1 for species group definitions.
g/Predicted minus observed growth. Negative values signify underprediction:

3/Root mean square error = SQRT ((Observed - predicted)®**2)/n).

The model appears to be underestimating growth consistently. Growth
rates for most species are underestimated by approximately 15 to 30
percent. However, associated root mean square errors are fairly small
for an individual-tree diameter growth model. Additional testing and
examination of residuals after a mortality model is added to the
simulator should reveal any serious bias in the model.
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DISCUSSION

Developing reliable growth and yield wmodels for the Northeast is
important becsuse this region is dominated by mixed-species stands with
indeterminate age and size structures that have evolved from a multitude
of past cutting practices. The model accounts for variation in growth
due to species, dbh, site index, and BAL. Only three model coefficients
were estimated--simple models are easier to adjust in the future if
necessary. Also, the model form has constraints that should provide
reasonable estimates of diameter growth when extrapolated beyond the
range of the calibration data.

Individuasl~-tree diameter growth models have limited value without
corresponding individual-tree mortality models. And since only trees §
inches dbh and larger were remeasured on northeastern forest survey
plots, ingrowth models will also be an important component of stand
growth. The entire growth projection system will be implemented via the
TWIGS software programs {Belcher 1982),
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IMPROVING SINGLE~TREE DISTANCE~DEPENDENT GROWTH MODELS
Guy Larocque and Peter L. Marshalll

ABSTRACT. Single tree-distance dependent growth models can be improved
in several ways. The greatest potential for improvement ig in the way
competition is modelled. New techniques based on a hollstic approach Lo
the competitive process are required. The development of such techniques
depends on acquiring detailed data on the underlying processes. Detalled
long-term data can also help reduce the variation which remains
unexplained by the model. Less reliance on multiple linear regression
techniques, and shortening the prediction periods should also improve the
accuracy of single-tree distance~dependent models.

INTRODUCTION

Numerous single-tree distance-dependent growth models have been developed
in the more than two decades since the pioneering work of Newnhan (1964,
Characteristics of this modelling approach have been discussed by many
authors (Munro, 1974; Ek and Monserud, 1975; and Loucks et al., 1981,
among others) and will not be reviewed here. Models based on this
approach are generally flexible, and can be used to test and evaluate a
range of management regimes. They are usually superior to models based
on other approaches for examining various silvicultural options which
result in irregular size distributions. However, data requirements for
single~tree distance~dependent models are heavy, and the models tend to
be complicated and expensive to rum. This has led, in some cases, to the
production of managed stand yield tables. While this allows a wide range
of practitioners to access the results, it also limits the range of
treatments which can be presented.

Considerable effort has been exerted on refining single-tree distance~
dependent models in the last twenty years, and significant accomplish-
ments have been made. A logical question to pose at this time is whether
or not further refinements are possible, and if so, are they desirable.

We belleve that significant improvements are both possible and desirable.
Our observations are based on a detailed unpublished review of forest
growth models by the senior author, comments in the literature, and our
own experiences in modelling (principally with red pine [Pinus resinosa
Ait.}). In the following sections, we introduce four major factors which
we see as limiting the ability of single-tree distance~dependent models
to predict tree and stand growth: (1) failure of competition indexes to
incorporate sufficient biclogical detail to remain applicable over a wide

I Forestry Officer, Canadian Forestry Service, Petawawa National
Forestry Institute, Chalk River, Ontario; and Assistant Professor,
Department of Forest Resources Management, Faculty of Forestry,
University of British Columbia, 2357 Main Mall, Vancouver, B.C. V6T 1W5,
Canada.

Presented at the IUFRO Forest Growth Modelling and Prediction Conference,
Minneapolis, MN, August 23-27, 1987.
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range of stand conditions; (2) lack of good data representing a range of
growing conditions; {3) large components of unexplained variation; and
{4y reliavce on a limited number of mathematical approaches.

INADEQUACIES OF COMPETITION INDEXES

The majority of competition indexes are based on the zone of influence
concept that was developed by Staebler around 1950 (Gerrard, 1969) and
first used in simulation by Newnham (1964). The major assumptions behind
Newnham's use of competition in a tree growth model were: (1) a tree
growing without competition is characterized by the diameter growth rate
of an open-growth tree that has the same diameter; (2) diameter
increment is reduced by an awmount proportional to the competition it
receives; and (3) mortality is related to a level of competition
corresponding to a diameter growth rate that is less than a given
threshold value. The diameter of the zone of influence of a tree growing
in a stand is a function of the crown diameter of an open-grown tree of
the same diameter. Modifications to thils concept have included impact of
competitor size on the subject tree (Daniels, 1976), and adjustment of
the zone of influence based on certain physiological factors like shade
tolerance {Bella, 1971).

The idea behind competition indexes is that it is possible to obtain a
reasonable measure of the amount of resources that a tree cannot obtain
because of the presence of competitors, and that levels of competition
can be directly related to tree growth (Danlels et al., 1986). However,
good measures of competition are not easy to develop because intertree
competition is a very complex interaction (Munro, 1974; Daniels et al.,
1986). Daniels et al. (1986) observed that the predictive ability of
competition indexes varied with species, stage of development and
cultural practices, and that no one index emerged as superior to the
others. Numerous studies (Gerrard [1969], Bella [1971], Ker [1975],
Daniels [1976], and Alemdag [1978], among others) have indicated that
competition indexes do not seem to contribute much to growth prediction
by themselves. However, more accurate growth predictlons often are made
when competition indexes are used in conjunction with DBH at the
beginning of a prediction period.

These findings do not refute the idea that differing levels of
competition affect growth. They only indicate that we cannot
consistently estimate the quantity of competition present across a
variety of stand conditions. A more thorough understanding of the
biological mechanisms of competition is required. Such understanding
will come through detalled studies of canopy and root system
architecture, penetration of solar radiatlon, allocation of nutrients
among trees of different competitive status, and mechanisms for
translocation of resources within trees.

Studies of competition should look at the process in a holistic manner.
Many studies of competition have concentrated on competition for light.
A competition index based on light may not remain valid 1f either
autrients or moisture are limiting. Furthermore, a light-based
competition index calibrated for a particular nutrient and molsture
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regime may not be applicable if the nutrient or moisture regime varies,
even if light continues to be the major factor determining growth rate.

The basic assumptions of Newnham (1964) with respect toc competition have
never been tested to the best of our knowledge. The usual procedure has
been to apply them directly, and evaluate the predictive ability of the
resultant model. WNot only should these assumptions be tested, but
alternate hypotheses should be formulated and tested. In addition, the
effects of genetic variation on trees' ability to compete should be
studiad.

Most single tree-distance dependent growth models are designed to predict
bole increment in terms of absolute growth rate (increase in size per
unit time). Absolute growth rate may not be highly correlated with the
degree of competition presently affecting the subject tree because it is
influenced by the size of the tree. In other words, it is an indicator
of past history, but not necessarily present competition (Ford 1979).
Relative growth rate (the increase in size per unit size per unit time)
may provide a more accurate measure of competition. Ford (1975, 1979,
1984) suggested that relative growth rate would be a very efficient way
to assess competition within a stand because 1t is a direct measure of
the change in efficiency caused by competitors. It also could reflect
both the genetic potential of the tree and microsite conditions.

AVATLABILITY OF GROWTH INFORMATION

One of the major problems faced by modellers 1s lack of adequate growth
information (Daniels et al., 1986). The majority of the models we
examined could be characterized as being developed from relatively narrow
ranges of age, site index, and stand density. Spacing trials and
thinning experiments are very useful for calibrating models, but usually
the results are only short-term. Accurate long~term remeasurement data
on managed stands are scarce in North America.

This scarcity of adequate growth and yield data will be partially
alleviated if existing studies in young managed stands continue to be
maintained, and new studies are initiated. Agencies responsible for
installing and maintaining permanent sample plots should be made fully
aware of the value of their existing database, and the need for
additional data to fill gaps. Often it is only the growth and yield
researcher who fully appreciates the importance of good data covering the
full range of current and anticipated management options.

There are many combinations of silvicultural treatments presently
employed, and the future will see the introduction of many more
treatments. Recent cooperative efforts in British Columbia, the Pacific
Northwest region of the United States, and elsewhere in North America
have shown considerable gains in efficiency from establishing cooperative
databases. Regardless of the efficiency of the organizational structure
established, it will be prohibitively expensive to install and maintain
permanent sample plots to adequately cover all combinations of
treatments, sites and species. Innovative designs are required to
maximize the efficiency of any gilven database. Plots should be
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strategically located in areas representing extremes of treatments and
sites to include all potential responses. Detailed individual tree and
stand measurements should be taken on each plot in anticipation of future
information requirements.

UNEXPLAINED VARIATION

No model is capable of explaining all of the variation which occurs in a
population of trees. Some variation is due to genetic and microsite
variability among members of the population (Bella, 1970). Another
portion is due to the model's simplified representation of bilological
processes. The remainder can be assumed to be due to random factors
(e.g., endemic disease and insect infestations, climatic fluctuations,
etc.) present in any dataset. Not enough is known at the present time to
allocate unexplained variability among these different sources.

Wwhile it is impossible to totally remove the effect of random factors
from data, steps can be taken to decrease their influence. Long—-term
records allow better determination of average impacts. Historic climatic
records in conjunction with tree growth records may allow better
correlations to be drawn between climatic fluctuatlions and tree growth.
Research plots should be located in uniformly stocked, healthy stands to
minimize the impact of incidental mortality. Model predictions can
always be reduced by some factor when they are to be used to predict the
growth or yileld of actual stands. Operational standards and stand
conditions will change from jurisdiction to jurisdiction, but the
potential growth represented by a model may still remain valid.

The stochastic nature of individual tree growth and mortality could be
reflected in the model. Some single~tree distance-dependent models
already do this to some extent (e.g. Hatch [1971]; Keister and Tidwell
[1975]). However, in order to accurately calibrate the distribution
function, it is necessary to have detalled, long-term remeasurenent
data.

Better understanding of the biological processes assoclated with
individual tree development will help reduce unexplained variation if
this understanding can be accurately modelled. This will result in some
complex models, and perhaps in heated debate on the value of complex
models.

Models are, by definition, a simplification of reality. Simple growth
models developed on aggregated datasets can sometimes predict stand level
attributes more accurately than single-tree distance~dependent models
because unexplained variation tends to average out over a stand. This
has led to the widespread belief that simple whole stand models are more
accurate than more complex single-tree models for predicting stand level
characteristics. A number of comparisons have been made, but it is
impossible to generalize the results of any specific comparison to all
species and growth models.

We believe that growth models, in general, become initially less precise
estimators of stand level attributes as they are made more detailed.
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However, a point can be reached where sufficient biological detail is
included that precision begins to Iincrease, until ultimately, the
precision of a stand level model 1Is surpassed. Whether our present level
of understanding is sufficient to do this, and whether it is worth doing
at all, are debatable. However, we do not think that single-~tree
distance~dependent models should be considered inferior predictors of
stand level variables simply by nature of the modelling approach.

MATHEMATICAL TECHNIQUES

Most single tree distance—dependent models are driven by multiple linear
regression equations. Although the use of regression techniques is
appropriate because they determine and evaluate the form of relation-
ships, they do not explain the causal relationships between variables.
Watt (1968) criticized the use of multiple linear regression equations in
ecological modelling because biological systems are characterized by non-
linear feedback systems. He stated that multiple linear regression
constituted a useful tool only during the first steps of model
development.

More effort should be directed towards developing process models. These
are developed by describing and explaining the blological processes that
relate the Iindependent and dependent variables (Lieth, 1971; Leary, 1974;
Hesketh and Jones, 1975; Hall and Day, 1977). The next generation of
single tree—distance dependent growth models could focus on modelling
intertree competition using mechanistic relationships.

The difficulty of reflecting competition with numerical indexes may be
partially due to long projection periods. Ek and Monserud (1979) stated
that competition is underestimated when predictions are made over long
periods of time. Loucks et al. (1981) believed that shorter time steps
can improve the accuracy of growth models. Shorter prediction periods
would also permit a better simulation of the simultaneous occurrences of
biotic interactions among the individuals in the population (Firbank and
Watkinson, 1985).

In order to calibrate models with shorter prediction periods, it will be
necessary to obtain very precise remeasurement data at frequent intervals
{(vearly?). This will greatly increase the expense of data collection
over most operational permanent sample plot systems in North America
which are remecasured much less frequently. Furthermore, it will be
necessary to keep detailed records of climatic variation so that year-to~
year fluctuations in growth rates due to climatic factors can be
modelled. It may be possible to employ functional approaches, currently
employed in some models of agricultural plant growth (Hunt, 1982), to
reduce the frequency of measurements while retaining the advantages of
shorter prediction periods.

Many single~tree distance—dependent models are evaluated entirely on the
basis of the coefficient of determination. Although it provides a
measure of the fit of the equations to the data, this statistic does not
allow visualization of the behaviour of different state variables in
relation to various conditions. There is no shortage of alternative
methodologies (e.g. Reynolds et al., 1981; Reynolds, 1984; Reynolds and
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Chung, 1986). Model builders should be aware of these techniques, and
keep the information needs of the eventual user in mind when evaluating
growth models.

CONCLUSTIONS

It is time to step back from the traditiomal zone of influence concept,
and examine other possibilities of quantifying competition. Future
breakthroughs in single-tree distance-dependent models will tikely
require new ideas and innovative modelling approaches. Functional
approaches and the use of relative growth rate were suggested as LwWo
possibilities, but many more undoubtedly exist.

We believe that the improvements suggested above are both desirable and
possible in the near future. The biggest improvements should come
through better understanding of the competition process. Incorporating
this understanding into models will require detailed long-term
observations of the full range of management strategies, and shorter
projection periods.
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DEVELOPMENT OF A MIXED SPECIES PROJECTION SYSTEM FOR SOUTHERN FORESTS
Ralph S. Meldahl, Roger K. Bolton, and Marian J'rz??cik.:':“sm)xrz/i

ABSTRACT. The development of growth projection systems for mizxed
species stands in the Southeast has lagged behind similar efforis in
other areas of the country. This paper discusses the approaches and
techniques used to develop a distance-independent, individual tree model
using Forest Service survey data from Alabama, Georgia, and South
Carolina. Models have been developed based on the following
assumptions: 1) Forest Service survey data provide a reagcnable
representation of commercial forest stands occurring throughout the
Southeast, 2) growth may differ among physiographic regions, €.g.,
Coastal Plain and Piedmont, and 3) growth may differ for a species among
forest types, e.g., white oak in the oak-pine type and oak-gum~cypress
type.

A brief description of the resource and data base 1is followed by a
discussion of the stages of model development including crown ratio,
diameter growth, height, and mortality. The use of cluster analysis to
group species into like types is also examined,

INTRODUCTION

The initial stages of model development can be quite varied. One should
consider the species, products, and region in question, the potential
uses {users) of the model, data availability, and the various types of
modeling methodologies. During this phase, one often has to realize the
limitations of data bases, modeling methodologies, and numerous other
aspects of developing a growth and yield projection system. It is not
the purpose of this paper to dwell on the hurdles and pitfalls, but
rather to present the procedure that is being followed to develop a
projection system for the Southeast.

The importance of forestry to the South cannot be overstated. In many
states, commercial timberland covers over 50 percent of the land area
and has made the South a major producer of almost all forest products.
Recent estimates indicate that the South accounted for one-third of the
softwood lumber, over two-fifths of the hardwood lumber, close to half
of all hardwood and softwood plywood, and two-thirds of the woodpulp
produced nationally. In addition, the forests throughout this region
provide wildlife habitat, watershed protection, and a range of outdoor
recreation opportunities.
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The timberland which supports these activities are made up of a
diversity of physiographic regions, forest types, and species. Many
different physiographic regions exist in the South, and consist of such
diverse regions as the Coastal Plains and the Blue Ridge Mountains, or
the Piedmont and the Mississippi Delta. Forest types and acreages
{millions of acres) are as follows: pine plantations 21.6, natural pine
40,5, mixed pine-hardwood 26.8, upland hardwood 62.5, and bottomland
hardwood 30,1 {USDA 1987). Major species include loblolly pine,
shortleaf pine, longleaf pine, slash pine, sweetgum, yellow poplar,
cypress, various white and red oaks, and hickories.

The ownership of this forestland is alse diverse, with the private
non-industrial landowner being most prevalent. Ownership by category
and acreages (millions of acres) are as follows: public 18.0, forest
industry 42.1, and other private 121.5. Logically, the majority of pine
plantations are found on land controlled by forest industry and the
natural stands are found on private lands. In the past, growth and
vield studies in the South have concentrated on pine plantaticns., This
has created a paucity of information for the other 75% of forestland
found in the South.

The purpose of the current research is to develop a growth projection
system capable of modeling the development of major forest types
throughout the South, Due to the complex structure of natural stands,
the inherent flexibility of individual tree models, and the success of
individual tree models in projecting mixed species growth and yield in
other areas of the country, the selection of modeling methdology was
rather simple. A distance-independent, individual tree m.del was the
logical choice given our objectives. With the above information as
background, the following discussion on the data base ard model
components will hopefully provide a chronology of the system
development,

DATA

The only available data set which covers a reasonable geographic range
and the predominant forest types of the region is U.S. Forest Service
survey data. The USFS survey is an intensive inventory designed to
provide information on a variety of forest and timber related parameters
on an eight~ to ten-year remeasurement cycle. The sample frame is a
three-mile grid of cluster plots with a random start in each county. At
each sampling location, a cluster of 37.5 basal area factor prism points
are used to tally trees greater than five inches dbh (diameter breast
height)., Plot variables include stand origin, site class, age, forest
type, etc. and tree variables include species, diameter, bole length,
crown class, total height, etec. Fixed radius plots are established at a
subset of the prism locations to obtain measurements on trees less than
five inches dbh. Measurements on the fixed radius plots are similar to
the variable radius plots except total height and height to the base of
the live crown are not recorded. A more detailed description of Forest
Service procedures is given by Quick (1980).

The data base for this project consisted of recent Forest Service survey
data of Alabama, Georgia, and South Carolina, from the Southern and
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Southeastern Forest Experiment Stations. As with most large sets of
data, considerable time was spent examining the data and understanding
variable definitions. This examination revealed several problems in
using survey data, part of which were due to the combination of data
from different experiment stations. Furthermore, due to the way Forest
Survey must define particular variables, several key variables were not
deemed very "reliable" (i.e., stand age and site class). Two other
problems inherent in survey data also provided limitations. First,
stand history is never completely known. Secondly, the sample design
used was not an optimal design for the purposes of modeling growth and
mortality. However, these weaknesses in the data were not viewed as
severe enough to preclude the use of the data. Furthermore, no other
data have been found which cover the numerous growing conditions found
throughout the South.

Based upon this examination, past efforts, and discussions with other
scientists, the following assumptions were established to initiate and
guide the modeling process: 1) Forest Service survey data provide a
reasonable representation of current conditions on commercial forest
lands occurring throughout the Southeast, 2) individual species may grow
differently in different physiographic regions, €.8., loblolly pine in
the ridge and valley region vs loblolly pine in the flatland Coastal
Plain, given identical stand conditions (age, site class, density,
etc.), and 3) individual species may grow differently in different
forest types, e.g., loblolly pine in the loblolly pine forest type vs
loblolly pine in the oak-hickory forest type, given identical stand
conditions (age, site class, density, etc.). Any or all of these
assumptions may be argued; however it was felt that they provide a
reasonable representation of tree and stand development.

CLUSTERING

Imposing the above assumptions on the data base resulted in a rather
large three-dimensional matrix (physiographic region, forest type, and
species) into which all sampling locations (trees) were classified.

Many of the cells of this matrix were empty or had but few observations.
The distribution of remeasurement trees for the major species (species
groups) and forest types across physiographic regions is given in Table
1. The large number of cells and sparsity of data in most cells led to
the development of a clustering procedure. This clustering procedure
starts with the combination of cells until a minimum number of
observations per cell is obtained (approximately 30 observations). The
resulting groupings are considered to be the smallest clusterable units.
This grouping is dependent on the researcher, and all attempts are made
to group like types as much as possible (i.e., pine forest types,
hardwood forest types). For manageability and additional control,
grouping and final clustering is performed separately on pines, oaks,
and non-oaks.

The implementation of the clustering procedure requires the user to
define variable(s) on which to cluster, a weight (if desired), and the
number of clusters desired. After extensive evaluation, it was
determined that regression coefficients from simple linear models
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Table 1. Distribution of Remeasurement Trees for Major Species
and Forest Types across all Physiographic Regions.

Forest Type

Species
Slash  Loblolly Shortleaf Oak-  Oak-~

FREQUENCY Pine Pine Pine Pine Hickory Total
Slash ;;;; ~£;g; 93“ 3 318 60 3843
i;gloll;m?ine Q;B 7515 280 2025 945 10913
g;;rtleaf Pine 19 1004 1475 1096 ;1& 4323
Hickory 4 197 85 641 2556 3483
Swee tgum 117 1582 212 1451 2758 6120
Red Oaks 84 509 116 1159 2955 4823
Hhite Qaks 130 719 172 1686 4127 6834

TOTAL 3871 11619 2343 8376 14111 40320

Total Number of Remeasured Trees = B2253

provided the best variables on which to cluster. For each of the
smallest clusterable units, a simple linear model is fitted to relate an
independent variable to the variable of interest. For example, when
clustering for crown ragia, coefficients from the model crown ratio = b0
+ b1 {Basal Area Bigger”) were used. The resulting coefficients for
each of the smallest clusterable units are standardized and used as
inputs for the clustering program, with the inverse of the significance
level for the bl coefficient used as a weight. The current clustering
program being used is PROC FASTCLUS in SAS (SAS 1982).

The final number of clusters is determined using a statistic suggested
by PROC FPASTCLUS for the optimum number of clusters, by an imposed
maximum number of clusters that can be practically implemented in the
projection system, and by some final adjustments which are made by hand.
For more detail on the clustering procedure and choice of clustering
variables, see Meldahl et al. 1985,

MODEL DEVELOPMENT

Major model components include crown ratio, diameter growth, height
growth, and mortality. For each component, the data are classified

ZBasal Area Bigger is defined as the basal area/acre of trees
greater than or equal to the dbh of the current tree.

105



and clustered as described above. That is to say, the clusters are not
the same for all model components. This is a major change from other
published efforts. It adds complexity to the system, but also allows
flexibility that is not allowed in systems that assume that all
components of a tree's development are simply related to its species.
For example, white oaks in two timber types may grow the same in terms
of diameter, but may have different patterns of crown ratio development
(depending on physiographic location and forest type). A single
implementation of clustering, usually done simply by species in most
other studies, cannot capture these differences.

Several other departures from common model development also deserve
comment. Initial efforts usually involve fitting published model forms
or variations of them. In general, this has not been very rewarding and
at times has been very frustrating. A second aspect which deserves note
is the empirical nature of the majority of the models developed. Model
selection is based upon the following: 1) fit statistics, 2) judicious
use of independent variables, and 3) general robustness when models are
applied to the validation data set (in most cases, 25% of the
observations are withheld for validation). The resulting models are
strongly influenced by the modeling data set and may not perform well
outside the range of the data. This also represents a change from
general practices, because many of the models are not biologically
constrained or exhibit "bio-logic". As more data become available and
as a better understanding of the diverse and complex relationships is
achieved, the models will be updated and revised in future versions.
Another aspect of this project is that the model form for any component
does not have to be identical across all clusters, i.e., the loblolly
pine crown ratio model may include different variables than the model
for white oak. The purpose is to allow flexibility in order to reduce
total unexplained variation (the sum of residual sums of squares across
all clusters) for a component and still have a manageable number of
model forms. In most other studies, all clusters (species groups) have
the same model form for each component.

CROWN RATIO

Crown ratio is the first component to be modeled since its predicted
value is used as an independent variable in other models., It is also
the most difficult variable to model. Although estimates of crown ratio
were provided as both a continuous variable and in crown ratio classes
(10 percent classes), normal linear regression techniques are employed.
In addition, since measurements of crown ratio were only available for
the second measurement, a model was develeped to predict crown ratio
given tree and stand characteristics rather than predicting the more
preferable change in crown ratio. In the best cases, 40-50 percent of
the variation is explained by the model, while in the worst cases only
5-10 percent of the variation is explained (however, the overall :
regressions were all significant). In all cases, the model is poor in
predicting the extremes. Even though the model does not explain much of
the inherent variation, in almost all cases, predicted crown ratio is
very highly correlated with diameter growth. Most models currently are
linear functions, and contain variables such as dbh, basal area/acre
bigger than the current tree, site index, and number of trees/acre.
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Considerable time has been expended trying to improve on the predictive
ability of the crown ratioc models. One method showing improvement for
some clusters is the use of ordinal logistic regression. This extension
of logistic regression allows the prediction into more than two
categories, in this case crown ratio classes. The technique has been
widely used in the medical field, but has seen little application in
forestry. A more detailed description of the technique is given by
Bolton et al. 1987,

DIAMETER GROWTH

The diameter growth model is the most important component of a
projection system and has been given more attention than any of the
other components. Due to limitations imposed by the sanpling design,
the approach to modeling diameter growth differed between trees > 5
inches and irees < 5 inches in dbh. The basic approach taken for trees
> 5 inches has been to develop a potential growth function and then
modify this estimate of potential growth to predict actual growth., For
trees < 5 inches, a linear model has been developed for each cluster to
predict actual diameter growth.

Due to the lack of open grown trees, the fastest growing trees and those
trees which were growing with very little competition were examined for
use in developing the potential growth function. Both diameter and
basal area curves were explored with diameter curves being selected due
to ease of application, better fit statistics, and less bias., Potential
growth functions were then developed by species, or by a grouping of
species, across all situations; forest types, physiographic regions,
site classes, etc. These curves are based on a non-linear model and use
the inverse of dbh as the independent variable. The modifier function
was then developed by clusters. The modifier function converts a
potential function on a regional level to a more local level and, in
turn, models the local forest condition more accurately. These modifier
functions are generally linear models, and include variables for site
index, stand basal area, dbh, predicted crown ratio, and the number or
trees/acre bigger than or equal to the current tree.

HEIGHT GROWTH

Due to limitations of the data se%, height growth models are being
developed in terms of bole length”. This was necessary since total
height was not available for all trees or at both measurement times.

The height growth model being currently developed is an empirically
based regression model. Again, this is a definite limitation, but other
alternatives were not available given the data set and the complexity of
the resource. Many of the previously developed models rely heavily on
variables such as site index and stand age. Unfortunately, due to the

3Bole length is the length of a stem from a 1 ft. stump to a 4 in.
d.o.b. {(diamter outside bark).
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complexity of mixed species forest types and uneven aged stand
conditions, site index on an individual species basis is difficult if
not impossible to determine. This correlation has been attempted for
other regions, e.g., Carmean 1979, but to date, this information is not
available for the South,

This also raises the question as to the form of the volume equations
that can be implemented. If predicted bole length is the only available
height measurement, standard volume equations, based on total or
merchantable height to other than a 4 inch top, cannot be utilized. One
would be restricted to use Forest Service volume equations or to develop
other volume equations based on diameter and bole length. An
alternative is to use Forest Service height equations to estimate total
or sawlog heights. These estimates could then be used with ordinary
volume equations.

MORTALITY

Mortality is the last component to be modeled. Logistic regression is
the standard modeling technique. Most models are able to predict high
probabilities of survival for individual trees that survived the
measurement preiod, but have difficulty predicting high probabilities of
mortality for many individual trees that did not survive the period.
This is the general case and appears to reflect our inability to
identify those measurable factors most closely related to individual
tree mortality. This is confirmed whenever one plots survival against
common tree and stand variables, i.e., density, crown ratio, etc. There
are always individual trees that do not fit the general trend no matter
how the data are sorted.

This problem is contrary to the -3/2 power rule and other self-thinning
rules. However, it is an observable event in large data sets. Insects,
disease, etc. can explain some observations, but in general we do not
have a good handle on predicting individual tree mortality. The impacts
of weak predictions can be smoothed somewhat by using the probability of
mortality to reduce a trees expansion factor rather than as a zero-one
event where an entire tree is removed from a projection.

SUMMARY

The models being developed will be implemented with regional volume
equations in TWIGS (Belcher 1982). TWIGS is the latest version of an
individual tree projection system developed in the Lake States. A
Central States version is also available and a version for the Northeast
is being developed. Current efforts for this project focus on
deterministic growth projections, but the examination of error
structures and a stochastic version are planned. Future enhancements
also include finding and using additional data for validation and
modeling, development of models to predict ingrowth and ongrowth, and
expansion of the projection system to the other Southern States.

The development of a growth projection system for a large diverse area

is a major undertaking. Concentrated efforts have been in progress in
several areas of the country for numerous ‘years. The task becomes a
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never ending cycle of model and technique improvement, enhanced data
bases, changing user needs, and increased computer capabilities.
Unfortunately, in the end we are always one rotation behind new
developments and state~of-the art management technigues. However, major
strides are being made in developing a projection system which will fill
in some of the gaps in growth and yield information in the South.
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A GENERALIZED COMPETITION INDEX
FOR SRIC STANDS

Fobert A, Merriam

ABSTRACT., Information on the effects of competition in short rotation,
intensively cultured plantations has not been generalized into a useful
planning framework. The author approached the problem by recognizing a
maximum potential incremental growth, A real potential and an expected
growth are derived from it. Real potential depends on a tree's size.
The ratio of expected growth to real potential growth is estimated from
a modified negative exponential equation., The equation is a function of
the ratio of the growing space available to the growing space which the
plant needs to achieve its potential growth., The equation is:

Growth ratio = [1 - exp{~k) (Space ratio) ]**{1l+m)

Information regarding growth potential and the growing space necessary
for that growth are critical elements in SRIC plantation planning.

INTH&XKTPION

To understand my approach to this paper you need to know that it is not
a report of research results. Ten years ago this summer I was faced
with preparing a legislative proposal for an Energy Tree Farm in
Hawaii. The number of trees per acre to be planted was the single most
important factor to be determined because of its effect on many
different costs-~cost of the nursery to be built, land cost, site
preparation cost, as well as the cost of planting.

I expected to find guidelines in the literature that would let me apply
what I knew about my potential species within a general framework of
plantation spacing effects. Only a general range of values could be
found. So, for planning purposes, I used an easy number; one thousand
trees per acre. That was a compromise between the Hawaiian tradition
and the extreme close spacings being studied by some planners of short
rotation, intensively cultured (SRIC) plantations. This paper reports
what I learned subsequently about spacing effects from an office-bound,
data-free, theoretical standpoint. It has all the disadvantages, and I
hope some of the advantages, of such a report.

I deal with competition effects on incremental (normally annual)
growth, I look at differences among average trees in SRIC stands
planted at different spacings. This is not a within-~stand competition
study., Although I speak of individual trees, each tree represents the
average tree of a stand, whatever the size of that stand.

Resource Management Forester, Hawall Department of Land and Natural
Resources, Division of Forestry and Wildlife, 1151 Punchbowl Street,
Honolulu, Hawaii USA 96813.

Presented at the IUFRO Forest Growth Modeling and Prediction Conference,
Minneapolis, MN, August 24~-28, 1987, ;
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My purpose was to understand spacing effects on growth, not to build a
model. I have always believed that models are more important for the
questions they ask, than for the answers they give. I cannot tell you
how your trees will grow, But if you can answer: 1) How fast will your
trees grow on your site if they are free of competition? and 2) How
much growing space do they need to reach that growth?, then 3) I will
give you a way to evaluate the trade-offs between individual size and
total volume per unit area,

COMPETITION AND GROWIH

"Competition exists if the site resources available to the individual
are reduced and the development of the individual is modified by the
presence of other individuals of the population” (Cartis 1970).

pevelopment of the individual, or growth, needs to be considered in
several distinct, but related ways; as incremental growth and as
accumulated growth of the individual trees as well as the cumulative
effect of that growth in the stand., Two basic concepts regarding the
incremental growth of an individual tree can be expressed as follows:

1) On a given site, at any stage in the life of a tree of specific
genetic makeup and condition, there is a growing space which will
permit that tree to grow to the limits of its potential. I use the
term ‘'competition threshold space' (CTS) to describe that growing
space., The term 'threshold density' was used to define the number of
trees per unit area at which competition begins by Adlard (1981).

2) Additional space per tree does not result in increased growth of
individuals, Less space does result in reduced growth of individuals,

A tree which has developed in a forest stand, but which has been free
of competition throughout its life, is clearly a ‘premium’ tree, I
call any other tree, smaller by definition, an ‘object’ tree.

STAGES OF PLANT GROWIH

I find the following distinction among plant growth stages helpful,
when a tree is planted, it has enough room to grow unhindered for some
period, however short. That period may be called the Pre-competition
Growth Stage. There is mortality from planting stress, but other trees
reach their growth potential and production per unit area is directly
proportional to the number of trees.

In the early years of competitive growth there is another period with
several characteristics which are distinctly pertinent to SKIC
management, In the Density-dependent Growth Stage, growth is affected
by density, but there is not yet any cmmgetitiﬁnminduced'martality. A
reduction in the growth rate of the individual trees subject to compe-
tition occurs. There may be a change in the distribution of growth
among the trees' parts, described by Harper {1877) as the 'plastic’ )
response to stress., Mortality due to planting stress ends during this



period, and mortality of twigs and branches on otherwise healthy trees
begins, Stands are still uniform and the average tree is still a good
indicator of stand condition. When stands of the same age but
different densities are compared, stands with more trees have smaller
trees but there is more growth per unit area on the crowded stands.
The density-dependent stage is particularly important in SRIC
plantations since it may represent a major part of the tree's life,

After that early period of competitive growth, competition-induced
mortality starts. That is the beginning of the Mortality-dependent
Growth Stage, essentially what has been called the ’self-thinning’
stage by others. I use 'mortality-dependent' because this stage may
include planned management thinnings as well as natural mortality. In
terms of the effect on the remaining trees, it matters little whether
the trees died naturally or by the chainsaw. Volume loss due to
competition begins to be dominated by the mortality of whole trees
rather than the shedding of minor tree parts. The growing space
available to each tree is more determined by what happens to the tree's
neighbors than the space it had at planting, The remaining trees are
capable of rapidly taking advantage of any space available to them. As
a result, size differences among trees become more pronounced and by
the end of the period, the ‘average’ tree is less reliable as an
indicator of stand conditions. Thinned stands are an exception because
management thinning usually reduces size variation.

SRIC plantations probably will reach neither the Site-dependent Growth
Stage, during which 'all stands tend toward normality', nor the final
Age-dependent Growth Stage in which the remaining trees are not able to
take advantage of extra space due to mortality, from old age, of others.

The duration of each growth stage is initially very dependent upon the
growing space allotted to each tree at the time of planting, Later it
becomes dependent upon mortality. With adequate growth records, such
as free growth (Robinson 1968) and correllated curve trend studies
(Pienaar and Turnbull 1973), the boundary between the pre-competition
and density-dependent stages can be determined. It is that time when
growth of the individuals in the closer spacing is less than that in
wide spacings. The boundaries between the density-dependent,
mortality-dependent and the age-dependent stages are less distinct.
Lack of clear definition, however, does not mean that the stages are
not different in important ways or that their distinction is not useful
for discussion., '

I do not pretend that these ideas are radical or new, Most of them
have been proclaimed by others more eloguent than I. Although growing
space suggests physical limits to growth, the critical space may be no
more than the ‘container' for one or more of the many resources which
the tree actually requires.

Given those caveats and the fact that I'will continue to use the word

‘growth® in a very general way, I am going to restate the ideas above
into a simple mathematical expression.
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A GENERALIZED COMPETITION INDEX

Intraspecific competition among forest trees includes two very distinct
factors which affect an individual's future growth, First is the size
of the tree, the carry-over effect of past competition., Size, among
otherwise similar trees, is the single most important characteristic
related to future growth (Perry 1985). Secondly there is the direct
competition for future growth needs expressed by the other trees in the
stand (Curtis 1970, Perry 1985). The initial assumption in this paper
is that SRIC trees interact equally and competition within a stand is
uniform. Competition differs among stands of different spacings.

FUTURE COMPETITION

Although many competition indices had been developed, ten years ago 1
was unable to find one which was based on general principles, which was
simple, and which was suitable for comparisons among SRIC stands, The
situation today is not much clearer,

I start from a basic premise of ecological growth modeling (e.g., Reed
1980) as stated by Holdaway (1984) "...the growth of a tree is the
product of its potential growth and a modifier of that potential due to
competition..."., The modifier I propose is similar to Holdaway's in
basic form, although much simpler. (The opportunity for simplicity
comes from the uniform young stands with which I deal.) The
generalized equation for the modifier is:

Growth Ratio = [l-exp(-k) (Space Ratio)]**(1+m) (1)
where growth ratio is the ratio of the growth expectation of an
individual tree to the growth potential of that tree. The modifier
expresses the effects of future competition as a ratio of the likely to
the possible growth, Space ratio is the ratio of the amount of space a

tree has to its competition threshold space. Parameters k and m will
be discussed later.

when a premium tree encounters competition for the first time, its
growth expectation (PTGE) will be reduced from its growth potential
(PTGP) by the modifier of equation (2).

PTGE/PTGP = [l-exp(~k) (PTAS/PTTS) J** (1+m) (2)

where (PTAS) is the premium tree’s available space and (PTTS) is its
competition threshold space.

any tree smaller than a premium tree will have a growt@ expectation
(OTGE) related to its growth potential (OTGP) by equation (3},

OTGE/OTGP = [l-exp(-K) (OTAS/OTTS)J** (1+m) (3)

where (OTAS) and (OTTS) are available and threshold space respectively.
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The rationale for the use of the negative exponential equation for
growth response curve has been given many times (e.g., Assmann 1970,
Currah 1974, Reed et al, 1983). Mitscherlich had proposed that his
model relating plant weight with growth factors could be applied to
growing space (Currah 1974). Currah conducted such an analysis in the
form of yield per unit area as a function of the number of plants.
Reed et al, (1983) report the interaction of negative exponential
expressions with other growth factors. Unfortunately the English
translation of Assmann's (1970) otherwise important work confuses
natural and base 10 logarithms and is partially incorrect.

In my equation the exponent l+m, where m is a small non-negative
number, provides shape flexibility to a family of curves, (Grosenbaugh
1965). These curves vary from the negative exponential when m=0 to the
mathematical equivalence of the Gompertz equation at large values of
m. The curve is von Bertalanffy's equation when m=2. Although my
equation is mathematically like the Chapman-Richards modification of
the von Bertalanffy equation (Pienaar and Turnbull 1973), the basic
derivation is not similar. Time is not a parameter in the expression
used here, The exponent l+m is much more likely to be near 1 than 3.
Therefore I prefer to use the term 'modified negative exponential' or
'modified Mitscherlich' for these curves.,

If a growth ratio of 0.99 is accepted as the 'saturation point' for
growth, the values of either k or m can be determined when an assumed
value is used for the other. For example when m=0, k=4.605 at the
point where the space ratio equals 1. This equation is equivalent to
that for photosynthetic efficiency of Perry (1984) for the species
which followed the c=1 curve within his family of Wiebull curves. A
premium tree, with adequate space to grow to its fullest potential is
essentially equivalent to Perry's tree which is fully exposed, so that
photosynthetic production is maximized.

when m=0.1 and k=4,700, the difference in the modifier is small., The
sigmoid characteristic of the curves which a small value of m produces
results in more reasonable modifier values as we shall see later,

These equations bring the basic work of Mitscherlich in the the ‘modern
world' of growth curves, His basic concept of a limiting value is
intact and the addition of another parameter adds flexibility which was

not available with the basic formulation.

PAST COMPETITION

The dominant factor in trying to estimate the future growth of a tree
is its size (Perry 1985). A simple reflection of the effects of past
competition can be derived from the unmet growth potential. The size

modifier (ZMOD) is the ratio of the size of the object tree (OTZ) to
the size of a premium tree (PTZ). ‘ : ' ~

ZMOD = OTZ/PTZ ' ‘ (4)
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Growth potential of an object tree (OTGP) can now be expressed in terms
of the growth potential of a premium tree (PTGP).

OGP = ZMOD * PIGP {3}

Buation (5) predicts the obvious; the closer a tree is to the size of
a premium tree, the closer its growth potential comes to the growth
potential of a premium tree,

as a first approximation, I also use ZMOD to reduce the space needed
for future growth, An object tree's threshold space (OrTS) is derived
from a premium tree's threshold space (PTTS), by equation (6).

OPTS = ZMOD * PTTS (6)
THE INDEX EQUATION
The index may now be written in completely generalized form as:

OTGE/ ((OTZ/PTZ) *PTGP) = [l-exp(-k) (OTAS/ ((OTZ/PTZ) *PTTS) ) I** (1+m) (7)

Since the parameters k and m are derived from reasonable assumptions,
independent of the rest of the data, the generalized equation requires
only the following information: 1) the past and future growth potential
of a premium tree, 2) the growing space necessary for that growth, and
3) the size of, and the growing space available to, the object tree,

GROWIH PER UNIT AREA IN STANDS

With premium trees, the largest trees which can fully utilize the site,
the growth per unit area (GAPT) is equal to the number of premium trees
(PTNA) times the expected growth of premium trees (PIGE), or

GAPT = PTNA * PTGE (8)

Growth on a stand of object trees (GAOI) is the product of the number
of object trees (OTNA) and their growth expectation (OIGE), or

GAOT = OINA * OIGE (9)

As the number of object trees becomes very large, the corresponding
growing space becomes very small, 1'Hospital's Rule can be applied to
the equation for the growth per unit area of the maximum number {each
with minimum space) of object trees. When appropriate substitutions
are made in the case of m=0, the coefficient k is found to represent
the ratio between the maximum growth per unit area on very small and
crowded trees and the growth on the same area if that growth is put on
premium trees, or

GAOT/GAPT = k | (10)

For the case of m not equal to zero, the ratio is always less than Ka
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The classic study of Ek and Dawson (1976) was used to estimate 'k’
ratios of 3.65, 4.05, and 3.14 for ages 2, 3, and 4, At age 2 the
nearest value to CTS was the 4.0 sq ft spacing. At ages 3 and 4, the
spacing nearest CTS was 16 and 64 sq ft, respectively. Thus the yield
ratio was nearly constant although the space ratio varied from about
1:7 to over 1:100 during tlie three years. The few other studies found
with a wide range of growing spaces support the order of magnitude of k.

DISCUSSION

There appear to be two reason why growing space has not previously been
put in the negative exponential framework suggested by Mitscherlich.,
The first is the concept of normalizing space in the form of the ratio
of an actual to a needed value, This form permits a derivation of the
rate constant, k, independent of the actual growing space.

Secondly, growing space has an apparent difference from other growth
factors. When the trees in one stand have more fertility than their
counterparts in another, they respond with increased individual growth
and increased growth per acre. When trees in one stand have more space
than those in another, individuals grow more, but because there are
fewer of them, growth per acre is less.

Use of the generalized equation assumes that maximum growth will occur
on a tree free of competition., That is likely true for the part of a
tree's life of concern to SRIC plantations. An object tree with
adequate space will grow less than a premium tree because of its
reduced size., With less space, its growth will be further reduced.

The growth. of a forest stand depends upon the number of individuals and
the growth of those individuals. Up to some point, more trees result
in more growth. After that point there can be a large increase in the
number of trees without significant change in the total production per
unit area., With too many individuals, however, the number of plants
may be great enough to cause reduced growth per unit area.

Since the relation between growth per unit area and the growth of a
premium tree has been established, it is now apparent that the premium
tree concept is important to this analysis in a theoretical sense. It
is likely that young open-grown trees will be indistinguishable from
trees grown in a stand. However, the concept of stand-grown trees as a
standard is valuable and specific differences between stand- and open-
grown -trees may be found even at an early age.

Most SRIC plantations are treated today as basic units. I have tried
to look beyond that into the behavior of individuals within the stand
as they are collectively affected by each other. Each tree has a
potential for growth and a requirement for space to achieve that
growth, I suggest that if we do not know the growth potential of
individual trees, and if we do not know at what point each tree begins
to affect if neighbors, we cannot possibly be effectlve managers of
that collection of individuals we call a stand.
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TREE HEIGHT CHARACTERIZATION IN
UNEVEN-AGED FOREST STANDS

Paul A. Murphy and Robert M. Farrar, Jr,

ABSTRACT. Using the analog of dominant stand height from even-aged
models, a height projection model is developed employing the tree of
maximum diameter in uneven-aged loblolly-shortleaf pine (Pinus taeda
L.--P, echinata Mill.) stands. Heights of trees in lower diameter
classes are derived as a function of their diameter, the maximum
diameter, and the height of the tree of maximum diameter. This model
can be applied to any growth and yield system that produces a stand
table.

INTRODUCTION

There have been considerable advances in uneven-aged growth and yleld
prediction methodology since the development of earlier stand-level
models., Now--through stand table projection, individual-tree, and size-
class distribution models--one can project uneven-aged stand development
by diameter classes or by individual trees through time. However, an
important component needs further refinement-—the modeling of tree
heights and their development, Only two innovative attempts have been
made for uneven-aged stands. One is by Stage (1975) in which he
predicted height increment of individual trees as a function of their
height, diameter, diameter increuwent, and other variables. The second
is the model "FOREST" by Ek and Monserud (1974) in which they used a
multiplier that modifies potential height growth; the potential growth
igs derived from a site index equation. Both approaches utilize tree
list information that includes individual tree heights. Other
techniques are basically an adaptation of height-given-diameter
equations,

Having to furnish the height of all trees is very time consuming and
data demanding. A technique in which a sample of tree heights is used
and that performs better than a simple height-diameter equation merits
development. Another requirement is a model that can be used with
either individual tree~ or size-class distribution models. If estimates
of tree heights and their development are available, tree taper or stem
profile functions can be used to produce stock tables. Users are not
then restricted to arbitrary merchantability standards.

The purpose of this study was to develop models for the prediction of
tree heights in uneven-aged stands and their development through time.

1Research Foresters, Forestry Sciences Laboratory, Monticello, AR 71655,
Southern Forest Experiment Station, USDA Forest Service, in cooperation
with the Department of Forest Resources and the Arkansas Agricultural
Experiment Station, University of Arkansas at Monticello.

Presented'at the IUFRO Forest Growth Modelling and Prediction
Conference, Minneapolis, MN, August 24-28, 1987.

118



DATA

The data came from permanent O.2-acre inventory plots maintained on
forest industry land? in southeast Arkansas in uneven-agaed loblolly-
shortleaf pine (Pinus taeda L,=~P, echinata Mill.) stands. Measursments
were conducted in 3956, 1971, and 1978, Individual information was
maintained for all trees 5.0 inches and larger, Pertinent information
for this analysis included (1) species, (2) dbh to the neareat 0.1 inch,
(3) height from stump to tree tip, (4) tree history, (5) stump haight,
and (6) tree product class., Observations of plots that were cut during
a growth period, that had basal areas containing less that 50 percent
shortleaf or loblolly pines, or that had apparent measurement
discrepancies were not used. Most growth periods were % years, but a
few were 10 years in length. The number of plot growth observations
retained for analysis was 103,

The following information was extracted for all shortleaf and loblolly
pines: the total height of the maximum diameter tree at the start and
end of the growth period (Hnmax,ﬁ and Hppax,2) and the diameters (dj)
and total heights (hi) of all trees at the start and end of each growth
period. Total heights were calculated by adding stump height to the
recorded height from stump to bud tip.

MODEL DEVELOPMENT
HEIGHT PROJECTION OF LARGEST TREE

The height of the dominant and codominant trees (dominant stand height)
has been the predominant measure of stand height for predictive purposes
in even-aged southern pine stands., Stand height development is
projected over time by using site index curves. Heights of trees in
individual diameter classes are predicted as functions of dbh, dominant
stand height, and other variables, The success of this method depends
upon how accurately the site index curves portray height growth of the
dominant stand, ‘

This technique cannot be applied to uneven-aged stands because even-aged
crown classes do not apply, and dominant stand height is not defined.
One might consider an unevenwaged loblolly-shortleaf pine stand to be
composed of small even-aged clumps of trees. A dominant tree in one
clump might be quite old and large, but in a patch of reproduction the
dominant tree might be only a few feet in height. The result would be a
highly variable and imprecise estimate of dominant stand height.
Moreover, the use of site index curves for projection may have limited
applicability in this context.

However, the dominant stand concept might be adapted for uneven-aged
stands, The dominant and codominant portion of an even-aged stand
containa the tallest trees. Likewise, one wants to choose an uneven-
aged height component analogous to the even-aged ome. Traditional

°We thank Dr. Bill Pope and Mr. Jerry Coffman, Potlatch Corporation,
Warren, AR, for kindly providing these data.
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uneven-aged regulation methods (Brender 1973, Farrar 1984, Marquis 1978,
Moser 1976, Murphy and Farrar 1982) have used three variables: residual
basal area, q (a measure of structure--the ratio of numbers of trees in
ad jacent diameter classes), and maximum diameter. The tree of maximum
diameter is the largest one that is to be left to grow, and its chosen
size is based upon both silvicultural and economic factors. For
modeling purposes, a reasonable assumption to make is that the maximum
diameter tree is also likely to be the tallest one. Furthermore, if the
height of this tree is known, it is assumed that the height of the
smaller trees can be modeled as a function of its height. Finally, if
the height development can be described over time for the tree of
maximum diameter, it is assumed that future heights of smaller trees can
also be predicted from this development trend.

Annual tree height growth at first increases, culminates at a rather
early age, and then declines. Trees of maximum diameter in uneven-aged
stands are past the age of height growth culmination. Therefore, the
function that describes height growth of the maximum diameter tree will
be monotonically decreasing with time. The following function fits this
description:

dHppax/dt = aq exp(azHppax)s (1)
where
dHp ax/dt = change of Hpygy over time,
aj = coefficients to be estimated,
exp = the base of the natural logarithm,

and the other terms are as previously defined. Equation (1) will be
strictly decreasing if a,<0 and aq>0. Since we are ultimately
interested in future height rather than growth, we shall integrate
equation (1) to derive an equation for projected height. Temporarily,
we redefine dt as ds, :

exp(-az)dHppax = a1ds,
HDmax,2 t
[- exp(-azHppax)/a2] = [ag8] »
Hpmax,1 0
[exp(-azHpmax,1)-exp(-a2Hpmax,2)] = a1t
Rearranging terms, the result is

Hppax,2 = -ln{exp[-a2Hpmax,1]-a1az2t}/a2.

Reparameterizing with kq=-ap and kp=-aiaps the result is

Hppax,2 = In{exp[kiHpmax,1] + kat}/kq, (2)
where 1 ' ‘ ‘
Hpmax,1 = initial total height, in feet, of tree of maximum diameter,
Hpmax,2 = height, in feet, of tree of maximum diameter in t years,
’% = elapsed time in years, and o

ki = coefficients to be estimated.
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Although equation (2) does not have a site quality variable, one could
be added to it by first working with the differential form and
hypothesizing how site might affect height growth.

The 103 growth observations (Table 1) were used to fit equation (2).
The coefficients were estimated using derivative-free nonlinear
regression (SAS Institute, Inc. 1985).

TABLE 1. Summary of data used in height projection of maximum diametar
tree as based on 103 observations.

Variable Mean Standard deviation Range
—————————— - S e
Hpmax,1 68.9 12.9 43-103
HDmax,?2 T5.4 11.8 51104
- e L L7 e e i B
t 5.8 1.8 Gt

The resulting equation is
Hppax,2 = 1n{exp[0.023528 Hpmax,1] + 0.14197 t}/0.023528, (3)

RMSE=2.6 feet, I2=0.95,

where
root mean square of the residuals,

12 21 -3(y5 - 990% 3(y1 - V%
obgserved value,
predicted value, and

mean value.

=
9]
t=d
il

e
f s
oW

<>
g
ou

The fit appears to be good, and no trends were observed when residuals
were plotted. Therefore, equation (2) was deemed acceptable as a model
for height development of the maximum diameter tree for uneven-aged

loblolly-shortleaf pine stands.

INDIVIDUAL TREE HEIGHTS

The following equation represents a height-diameter relationship that
has been widely used:

In(h;) = by + b1/di, (4)
where
hi = total height of ith tree, in feet,
dy = diameter at breast height of ith tree, in inches, and
bj = coefficients to be estimated.

Taking the difference between the ith tree and the tree of maximum
diameter and exponentiating both sides, we obtain the following

relationship:

h; = Hppayx exp[bq(1/d; - 1/Dmax)]. (5)
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The coefficients for equation (5) were estimated from 4,853 individual
tree observations in the 103 plot observations using derivative-free
nonlinear regression. As observed in the data (Table 2), trees with
smaller diameters can be taller than the tree of maximum diameter. The
robustness of our assumption that the tree of maximum diameter is also
the tallest tree, or its height is close to that of the tallest tree,
will be corroborated by the fit of the individual tree height equation.
As an additional confirmation, equation (4) was also fitted to enable us
to judge the performance of equation (5). Where appropriate, predicted

values of Hp from equation (3) were substituted for observed values
in the subsequent fitting of equations for hi-

TABLE 2. Summary of data used in individual tree height projection
analysis as based on 4,853 observations,

Variable Mean .Standard deviation Range
~--feet
hi 51.8 13.6 12.5-108
Hpmax 9.3 1.3 43.0-104
inches
d; 8.6 3.4 5.0-26.6
Dmax 16.2 3.4 10.2~26.6

The resulting equations are

hy = exp(4.6234 - 5.3338/d1), (6)
RMSE=8.0, I2=0.66.
h; = Hppay exp[-4.8315(1/dj - 1/Dmax)], (7

RMSE=7.7, I12=0.68.

The results indicate that equation (7) is some improvement over using a
height~diameter equation. However, equation (7) showed trends in the
residuals. After plotting the residuals against several independent
variables, it appeared that the trends were related to Hpgpax® ThuS,
equation (7) was incompletely specified, and it needed to be augmented

by or with some function of Hppaxe <Ihe following alternative functions
were tested:

bs(1/d; - 1/Dmax)

hi = Hpmax exp[b1(1/di - 1/Dmax)]{Hpnax} » (8)
s bs b
bz b3z © bo(dg 3— Dmax 3)
by = Hppay exp[bq(dj -~ Dmax )]{HDmax}' T ’ (9)
| LRy b
| bs b3 bp(dy - Dmax 1)
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Equations (8), (9), and (10) were also fitited with derivative-free
nonlinear regression.

TABLE 3. Reg?@saien results from adding a function of Hﬂmax as an
additional variable,

Estimate Fquation
(8) (9) (10)
Coefficients:

by 22,?84, 68,487 48,221

bo -6, 3481 16.704 ~5,1918
b - 0.0033141 -0.050505
by - - ~0.,21264
RMSE 6.9 5.8 6.8

12 0.74 0.75 0.75

411 the revised equations—~-{8), (9), and (10)--showed a significant

improvement over equation (7) {Table 3). Equations (9) and (10)

performed marginally better than equation (8). But there is not much

difference in the fit statistics of the three equations, and equation

(8) might be preferred because of its simpler form. Moreover, some

?in?r convergence problems were encountered in fitting equations (9) and
10).

APPLICATION

As an example, suppose that a selection stand contains a maximum
diameter tree of 15.0 inches with a height of 70 feet, In the locality,
such trees commonly grow 2 inches in diameter in 5 years, so its future
diameter will be 17.0 inches. Using equation (3), its projected height
would be 75.4 feet,

Using the current height, 70 feet, of the tree of maximum diameter and
its diameter, we can obtain the tree heights for the smaller diameter
classes of the current stand using equation (8) (Table 4). 1In 5 years
the maximum diameter tree will have grown to 17 inches dbh and 75.4 feet
in total height. Again using equation (8), we can derive the heights by
diameter class for the future stand in 5 years {Table 4).

Notice the trends in the heights by diameter classes. In the projected
stand, the smaller diameter classes have shorter heights than equivalent
classes in the current stand, In the intermediate diameters, the
heights are nearly equal., In the larger diameters, the projected stend
has taller trees per diameter class. This trend has also been observed
in the heights predicted for some unthinned stands of even-aged southern
pine (Dell and others 1979, Feduccia and others 1979, Farrar 1985). It
appears to be reasonable and apparently is due to differential
development of height with respect to diameter and time as trees pass
through diameter classes. As time passes for a given stand, the net
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effect seems to be that trees in the smaller diameter classes are
retarded somewhat in height development, and those in the larger classes
accelerate slightly in height growth. Thus, at two different points in
time a given diameter class may not have the same height. For example,
the small class (e.g., 4 inches) will likely have less future height
growth than initially, and a large class (e.g., 18 inches) is likely to
have more future height growth than initially. However, the validity of
these trends for uneven-aged stands will bear further verification
through additional research.

TABLE 4. Current and projected tree heights in 5 years of an uneven-aged
loblolly-shortleaf pine stand with an initial maximum diameter of

15 inches,
Diameter Predicted tree heights by diameter class
Current?@ Projectedb
—-==incheg——- feet ——

5 37 ‘ 36

6 44 43

7 49 49

8 53 54

9 57 58

10 60 61

1 » 62 64

12 65 66
13 67 69
14 68 71
15 70 72

16 - 74
17 - 75

8Tree heights were predicted by equation (8) using current

Hpmax=70-

bTree heights wefe predicted by equation (8) using projected

Hpmax=72-4 in 5 years.

CONCLUSION

The height development of the tree of maximum diameter in uneven-aged
loblolly-shortleaf pine stands can be adequately predicted, and heights
of smaller diameter trees can be derived as a function of their
diameter, the maximum diameter, and the height of the tree of maximum
diameter. The equations were developed from data of limited conditions
and do not represent operational models, ‘Potential users are advised to
use -their own data to fit these models. [

Using these,mddels, the heights of the projected stand are apparently

shorter in the lower diameters, equal in the intermediate diameters, and
taller in the larger diameters than the heights of the original stand.
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Whether this actually occurs, and the effect of this phenomenon upon
predicted heights during repeated simulation when these models are
incorporated into a growth and yield model, needs further investigation,
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TREE GROWTH PROJECTION BASED ON PARAMETERS MERSURED ON AERIAL PHOTOS
Jirgen Hagel and Alparslan Akcat

ABSTRACT. Individual tree growth projection systems have proven to be
superior to simple stand growth models for management purposges. They
require, however, more detailed and more expensive information from
single trees. In orxder to miniwmize cost and to use old data data sets,
some models provide data generators which give estimates for nissing
height, crown and other measurements.

Hodern photogrammetric methods allow the nmeasurements of height and
crown parameters on large scale aerial photos with a comparable
precision to terrestrial techniques. Because the measurements of frse
parameters on aerial photos are less cost effective than those taken on
the ground, it is possible to provide more data for growth models with a
given budget. Aerial photos are an important source for documentation of
forest lands and measurements can be repeated at any time, even after
Years.

The gquality of tree parameters mneasured on aerial photos is egual to
that of the parameters measured in ground inventories. The estimation of
the volume increment using a regression model with aerial paranmeters is
nearly as good as using i regression model with ground pavaseters. The
aerial photo measurements are less costly than the ground measurements.

INTRODUCTION

The knowledge about tree growth is one of the most important factors in
the effort of securing a sustainable yield of all benefits from forest
ecosystems to society. For over one hundred vears CGerman foresters have
observed the growth of forest stands and developed vyield tables from
these observations to forecast the growth. Today these vield tables are
an important source of information for managing the forests in Germany.

In recent years, however, the pressure of the modern industrial society
has created more and more new problems to forest scosystems, for
instance "The Waldsterben”. In terms of growth and vield abnormal
stocking levels and changes of growth patterns can be observed. This
situation has caused doubt to the use of the old yield tables and has

1 Research Forester, Forest Research Station of Lower Saxony,
Grétzelstr. 2, D-3400 Go6ttingen, West CGermany; and Professor, Institute
of Forest Inventory and Vield Science, University of Gdttingen,
Blisgenweg 5, D-3400 Gdtiingen, West Germany.

The study is sponsored by the Minister 05 Techmolmgy and Research,
Number: PBE 03 7309

Presented at the IUFRO Forest Growth Modelling and Predicting
Conference, Minneapolis, MN, August 24-28, 1987.
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made it necessary to find new ways get information about growth and
yield,

With modern yield models it is possible to simulate different growing
conditions, however, these models require precise estimates of growth
and often very detailed information about the stand. The necessary data
can often be sampled only at high costs. Generally one can say, that a
growth model’s resolution increases with the effort used when gathering
the data.

The use of serial photos in forest management has been practiced for
gseveral years. But measuring height and other tree parameters on stereo
photos was mainly limited by the quality of the aerial photes and by the
photogrammetric instruments available. Today the great progress in the
field of micro electropics has made photogrammetric instruments and
powerful computers available to forest planning. The gquality of aerial
photos has increased tremendously.

Akea (1984) observed good correlations between photogranmetric crown
parameters and the growth of single trees on an experimental plot. The
purpose of this study is to evaluate the use of tree parameters taksn
from aerial photographs. This enables samples that can be used for
predicting growth of large areas to be gathered at a low cost.

DATA

The test area, "Hils", is 6000 ha and is located near Einbeck in the
State of Lower Saxony in Germany. The main tree species in the Hils are
Norway spruce and beech. This study is limited only to spruce.

A grid of sample plots was established over the avea and all trees on
these sample plots were measured on color infrared area photos {scale
1:5000) with a stereo plotter (Zeiss Planicart E2). For each tree the
coordinates of the tree’'s tip and the lower crown in four directions
were taken. For each plot several visible ground points were neasured.
The ground height, z;, for the j-tree was deternined by a regression
model {z;=atbxs+cy;) using the horizontal coordinates Xy gpd v3. On 41
randomly selected plots ground measurements were taken and trees fov
stem analysis were felled. 97 of those were identified on the aerial
photos. The volume growth of the felled trees was determined by a
program for stem analysis (Nagel and Athari, 1982). For the following
investigation only the change in volume in the last five year period
will be referred to. The data for the trees from the stem analysis is
given in table 1.

Table 1. Data for trees from stem analysis

Hean std Dev  Minimum Maximun H
DBE om 29.48 8.46 1§m2§ 56.36 97
Haight B 24.12 5.84 13.29 37.36 97
hgs T0.09 21.08 32 115 97
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GROWTH PARAMETERS

The growth of a single tree is determined by various parameters which
can be classified into the following groups:

-~ gpecies

site

tree size
crown dimension
competition

In this study only pure stands of Norway Spruce are evaluated. From the
aerial photos and the ground measurements only those parameters are
taken into account which can be sampled on an operational basis by
forest inventories.

The site is characterized as a function of height and age. The variable
age was considered because it is normally known from old stand records
in Germany. The tree's size is given by DBH and height from ground
inventory. Only height is available from the aerial photos.

For crown dimension several crown parameters were derived from the five
coordinates taken in the stereo model of the aerial photos. These are:
the length, the surface area, the volume etc.. From ground sampling,
crown length and crown width at the base were measured. The crown base
was defined as the lowest whirl with three branches having green
needles.

The competition of the tree is not specified at this point of the study,
partially due to the assumption that the dimension of the crown is also
an expression of the past competition.

REPEATED MEASUREMENTS OF AERIAL PARAMETERS

For predicting growth and changes of tree dimensions cne is interested
in knowing how precisely aerial photo measurements can be repeated. The
quality of the aerial photos, the scale, the instrument, and the
operator are the main factors. During the study, 245 trees were measured
a second time with a lag of two months by the same operator, who did not
know that the trees were scheduled for remeasurement. The absolute
difference of both measurements are given in table 2.

The mean difference is about 5% for height and crown length. These
numbers are comparable with repeated ground measurements, which are
taken in stand inventories in Germany. The measurement of the crown
‘length can be repeated with- a mean difference of 7.6%. For all
parameters very high maximum differences were observed, but only in less
than 5% of the data.
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Table 2. Absolute mean difference of trees measured twice on the aerial

photos
mean absolute % to mean maximum abs.
difference of parameter difference
height {m) 1.16 4.9 5.55
crown width {(m) 0.18 4.7 1.72
crown length (m) 0.38 7.6 1.42

RELATION BETWEEN AERIAL AND GROUND PARAMETER

The relationship between the photogrammetric measured height and the
height measured on the ground is linear (Fig.1). The r? is 0.93 and the
standard error of the regression coefficient 0.0249. The differences
between both parameters decreases with height. The standard error is
1.58m.

terrestrial
height (m)
40 +
*
.| whdt ¥
| .
25 4
20 y=0.866x+3.30
. P r=0.963
L R - Std.E.=1.58m
i0 3 t } : : y
10 15 20 % ® @

25
aerial height (m)

Figure 1. Relationship between aerial and ground height measurement

The relationship between the crown width measured in the stereo model
and from the ground is also linear, but is not as strongly correlated as
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the height. The r?2 is 0.49. The relationship for crown length is also
linear and the r? is 0.42.

The observed low r? values for the aerial and the ground crown parameter
relationships occur because the visible crown in the aerial photo model
is much smaller than the crown measured from the ground. Only the
lighted part of the crown can be seen in the photos. If trees are
gtending closely together, the visible part of the tree crown is
smaller.

ESTIMATING GROWTH OF SINGLE TREE

The 5-year volume growth {(period 1978-1982) was analyzed by multiple
regression. Two models were compared, one used photogrammetric
parameters and the other used terrestrial parameters. The parameters of
the regression models were selected in a stepwise procedure. The fimnal
nodels for the estimation of volume growth using aerial and ground
parameters were chosen by the distributions of the residuals. With the
computed terms "height over age" and "crown surface area over age”, the
distributions of the residuals showed a better fit of the regression
podels to the data. '

In the regression equation using the photogrammetric parameters, volume
increment is expressed by the crown surface area (CSa), the height (Ha),
and the age (Tab.3). The multiple regression coefficient r is 0.83, and
the standard error is 0.046m®, which is about 41% of the mean volume
increment.

The regression equation using the terrestrial parameters contains the
variables DBH, height (Ht), crown surface area (CSt), and age. The
multiple regression coefficient r is 0.88, and the standard error is
0.0398%, or 34% of the mean volume increment.

Table 3. Comparison of statistic values from regression models for
estimating growth by aerial and terrestrial parameters

regression model aerial terrestrial
Parameters in equation CSa/age Ccstd/age
Ba/age Ht/age
Ha2/age DBH2
Ht
multiple 0.83 0.88
Standard error 0.0456 0.0386
F-Value 81.2 101.7

max. residual ‘ 0.139 0.124

The ebmyarisen of the statistic values (Tab.3) indicates that the
estimate using the ground parameters is better than the estimate using
- aerial parameters. The standard error of the estimate of the volume
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increment is 34% resp. 41% of the mean volume increment and thus within
the range known from other growth research.

VALIDATION

20 trees of a small research plot within the test area had been apalyzed
independently (Kramer et al., 198%)., For these trees all the necessary
aerial and terrestrial data were available.

The difference between the estimated volume increment of 20 trees using
the regression models with the aerial and ground parameters is displayed
in figure 2. The predictions of the ground model have higher difference
from the actual value than those of the aerial model. The greatest
difference is 0.038m%. The mean difference is -0.0014m® for the aerial
and ~0.0024m® for the ground model.

o Difference between observed and
predicted values of volume increment
0.04+
0.03¢
0.024 7
. & i
0«01“ é : v é
L £ L o /
{f o g
={), 04 8 fﬁ Wf
-0.02+ W v
% g
-0.03+ )
0.04 B ground model [Z] ocerlal model

i 3 3 7 g i1 i3 18 47 19
Tree number

Figure 2. Comparison of the volume increment of 20 trees and the
estimates of the regression models

The plot had a total volume increment of 22.2 n®/ha for the pariﬁd 1978~
1982. Using the aerial and the terrestrial regression equations the
volume increment for the plot was 21.2 m®/ha (95%) and 21.6 m®/ha (97%)
respectively. The plot volume increment estimates calculated bg both
models are very similar and only about 5% lower than the actual value.
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- DISCUSSION

The comparison of the data of 245 twice measured trees indicates that
tree height, crown width, and crown length can be measured on the aerial
photos with equal precision as through ground inventories. High
differences could only be observed for very few trees . There is a
linear relationship between the photogrammetric crown parameters and the
terrestrial ones. The aerial crown measurements are smaller because only
the lightened part of the tree crown is visible in the stereo model.
This part of the crown is more important for the growth and can the
characterized as the "light crown".

The study shows that the estimate of volume growth by ground parameters
is little better than from the aerial photo parameters. The standard
error from the ground parameters is about 18% less than that of the
aerial parameters. One must consider, however, that height and crown
length are not usually measured for every tree in ground inventories, so
that the error in the growth estimate is approximately equal for both
methods under operational conditions.

The standard error for estimating the growth of a single tree seems to
be very high with about 41% and 34%, respectively. For the estimate of
stand volume growth it will be much smaller, depending on the number of
trees sampled. In the validation example on a small research plot, the
estimates using the aerial and the ground parameter models are very
similar and only 5% below the actual value.

The effort for the ground measurements is about 50 times greater than
that of the aerial photc measurements. Because aerial photos also have
important value for stand mapping and documentation (Spellmann, 1984),
their use for the estimation of volume increment in forest planning
“should be given more attention.

At this phase of the study, only static parameters have been evaluated.
In the future, an improvement in the estimation of volume growth through
the use of dynamic variables, such as the change in height and crown
dimensions is planned. The necessary data can be sampled by repeated
aerial measurements of single trees.

CONCLUSIONS

The quality of aerial tree parameter measurements is comparable to that
of ground inventories. The standard error for the estimation of volume
increment of single trees by regression analysis is smaller using
terrestrial parameters than using aerial ones. It is high, however, for
both 34% and 41% respectively. For a research plot, used for validation,
both regression models gave similar results and values only 5% below the
actual value. , : :

Because aerial photos have important ‘value for stand mapping and
documentation, their use in estimating stand volume increment should be
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given more attention. In this example the effort required for the tree
measurements in the aerial photos and on the ground was 1 to 50.
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A NEW COMPETITION INDEX BASED ON
WEIGHTED AND CONSTRAINED AREA POTENTIALLY AVAILABLE

Warren L. Nance, James E, Grissom, and W. R. Smith!

ABSTRACT. A new competition index based on modifications to existing
Area Potentially Available (APA) methods is proposed. The new method
differs from previous APA methods in that it limits or constrains the
size of the polygons that can be constructed. Empirical evidence is
given for improved growth predictions using the new index,

INTRODUCTION

Due to the pervasive effect of competition on individual tree growth,
forest growth modelers continually search for quantitative methods to
account for growth effects related to competitive interactions between
trees in forest stands. Several studies have compared various
competition indices or measures that have been proposed in the
literature (Daniels 1981, Daniels et al. 1986). Although the

results of these comparisons are not conclusive, the indices based on
the construction of Voronoi polygons (see Rogers 1964 for a concise
mathematical description) generally compare favorably against other
available methods. The methods proposed by Brown (1965), Jack (1967),
Moore et al. (1973), and Pelz (1978) are of this type, which are also
referred to as Area Potentially Available (APA) methods after Brown
(1965).

In two related studies, Nance et al. (1983) and Land and Nance (1987)
applied APA-type measures to assess genetic effects on individual tree
growth in loblolly pine (Pinus taeda L.). 1In the course of their
investigations, these workers developed and implemented (in a FORTRAN
program) a new APA-type index that incorporates the idea (suggested in
Smith 1987) of limiting the size of Voronoi polygons by constraining
the radial influence of individual trees.

In this paper the new competition index is described and its efficacy as
a predictor of individual-tree basal area growth is evaluated using data
from two loblolly pine field experiments.

CURRENT APA METHODOLOGY

Mathematically, APA indices are based on Voronoi tessellations of points
in a plane (Rogers 1964). The points are the cartesian coordinates of
the centers of the tree boles at groundline on the forest floor, which
is considered to be a plane. The tessellation refers to the

1
Warren L. Nance is Principal Plant Geneticist and Project Leader,

- James E. Grissom is Statistician, Southern Forest Experiment Station,
USDA-Forest Service, P, O. Box 2008, GMF, Gulfport, Mississippi 39503;
W. Rs Smith 1is Research Forester, Southern Forest Experiment Station,
New Orleans, LA 70113, USA.

Presented at the IUFRO Forest Growth Modelling and Prediction
Conference, Minneapolis, MN, August 24-28, 1987.
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decomposition of the forest floor into mutually exclusive “"tiles”
(irregular, convex, nonoverlapping polygons). The polygons are
uniquely constructed in such a way that each polygon circumscribes one
and only one tree, and the portion of the forest floor within a tree's
polygon is nearer in terms of some defined metric to that tree " than to
any other. If the metric is defined as simple Euclidian distance, then
only the distance between trees (not their size) affects the
tessellation, and the procedure is referred to as an "unweighted”
Voronol tessellation. If the metric is a function of both tree size and
distance, then it is a "weighted” Voronoi tessellation.

Computationally, the construction of Voronmoi polygons is quite complex
(Green and Sibson 1977, Lee 1980). Basically, the computations consist
of two tasks: (1) the location of a set of nearest neighbors for each
tree, and (2) the construction of the edges or sides of each polygon.
In establishing the location of each edge, lines connecting the subject
tree with each of its nearest neighbors are established, and
perpendicular lines are then formed to cut these connecting lines. The
intersecting perpendiculars form the sides of the polygon. In the case
of unweighted tessellations, the perpendicular lines are placed exactly
half way between the subject tree and its competitor--thus bisecting the
connecting line. For weighted tessellations, the perpendicular
bisectors are displaced away from the larger tree and closer to the
smaller tree by an amount proportional to their size difference.

The effect of weighting on the placement of the perpendiculars can be
expressed in the general form:

L, = WF*L. ; (1)
where: Lp = distance from the subject tree to the
perpendicular line forming an edge between the
subject tree and a competitor,
L. = distance from the subject tree to a competitor, and
WF = a general weighting function defined on the
open interval (0,1).

Biologically, it seems reasonable to assume that the area of a tree's
polygon represents the space (and resources) available to the tree for
future growth, and Brown (1965) introduced the term APA in this context
and used unweighted Voronoi tessellations to compute APA. Later, Moore
et al. (1973) suggested that weighted Voronoi tessellations be used to
compute APA and suggested the following weighting function:

WF = Dg2/(Dg2 + Dc2) (2)

where: Ds d.b.h. of the subject tree, and
= d.b.h, of a competitor

Figure la shows the unweighted tessellation associated with a small
25-tree plot originally established with 9 interior trees enclosed by a
single row of exterior border trees. Five trees had died in the plot.
Figure 1b shows the weighted tessellation using the weighting function
in equation 2 for the same plot.
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Figure 1. Unweighted (a) and weighted (b) tree polygons for a planted,
5- by 5-tree plot. Circles are proportional in size to tree
boles.,

Empirically, the area of polygons constructed in this way (especially
the weighted polygons) commonly produce simple linear correlations with
the future basal area growth of individual trees as high as 0.8, or even
higher, under a variety of forest stand conditions (Moore et al. 1973,
Nance et al. 1983, Land and Nance 1987, Daniels 1981, and Daniels et

al. 1986). :

Unfortunately, the correlations can also range as low as 0.3, or even
lower, for other stands. Close inspection of the polygons generated in
such stands often shows that a substantial proportion of the polygons
are inordinately large. As a result, the area of these polygons is so
large that the tree's growth cannot match the corresponding expected
growth based on the area judged available by the index.

The problem is generally associated with irregular spacing patterns that
are created either when the stand is established or through subsequent
mortality, or both. For example, the death of only five trees in the"
plot shown in figure la (a 25-percent mortality rate) created a hole
near the middle of the plot. The polygons of the larger trees around
this hole (trees 2-2, 3-4, and 4-3, where the first number ig the row
position and the second is the column position) are quite large as a
result of expansion into this area. The polygon for tree 2-2 also
expanded into the area vacated by the death of tree 1-2, treating a very
large, asymmetric polygon.

Attempts to correct this problem through changes in the weighting
function are largely futile. If one places less emphasis on relative
size (using diameter instead of basal area in the welghting fypction,
for example), the inordinately large polygons causing cOoncern are indeed
somewhat constrained., However, the new weight also places j1egg emphasis
on size throughout' the rest of the stand, and the net resulg jg
unpredictable. ' =
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A NEW CLASS OF APA INDICES

4 general solutlon to the problem 1s proposed that involves the addition
of a constraining function to equation 1 as follows:

Lp = Min(WF+L.,CF) (3

where: Min = minimum function,

CF = a general constraining function, and

Lp, WF, and L, are defined as in equation 2.

The constraining function serves to limit the maximum expansion of a
tree's polygon in any one direction and is only operative when the
normal weighted distance WF°L. exceeds the maximum allowable distance
defined by the constraining function CF. For example, 1f CF is set to a
large positive constant (say 103) that is never exceeded by WF-L,, then
equation 3 reduces to equation 1 (i.e., the polygons are weighted but
unconstrained), which is the class of weighted APA indices. 1If WF is
also set to 1/2, then the unweighted APA index results (i.e., the
polygouns are unweighted and unconstrained). Hence, the class of APA
indices specified by equation 3 contains, as special cases, all other
existing APA indices.

0f course, interest here centers on the new class of constrained APA
indices generated by defining CF to be some real-valued function that is
not always greater than WF-L.. Although the constraining function can
take any form, biologically motivated functions are recommended. For
example, a constraining function that has been found particularly useful
is based on the assumption that the distance Ly in equation 3 should be
constrained such that never exceeds some function of the expected
crown radius of an open-grown tree of the same species and diameter as
the subject tree, This can be achieved by setting

CF = (CR/CRMAX) (Bg + BjDg) (4)

where: CR = mean crown ratio of all trees in the stand,
CRMAX = maximum attainable mean crown ratio for stands
of the same specles,
Dg = d.b.h. of the subject tree (in inches), and
By, By species~dependent coefficients such that
(Bg + B|Dg) = expected crown radius of an open-grown tree
of the same species with d.b.h equal to Dg.

i

The first part of this function (CR/CRMAX) is a modifier that expresses
the cumulative effects of density and age in a developing stand. An
approximate value of 0.85 for CRMAX for loblolly pine (based on informal
field observations) appears to be a reasonable choice. The modifier is
near unity for stands that are very young or have developed under very
low densities and decreases toward zero for older stands that have
developed under heavy density pressure. The second part of the
function, (By + ByDg), generates the expected crown radius of an open-—
grown tree of the same species with the same d.b.h., as the subject tree.
Hence the two parts of the function interact to determine an appropriate
constraining function for a particular stand.
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For loblolly pine plantations where crown ratio measurements are
available, the following specific form of this equation is recommended:

CF = (CR/0.85) (2.0 + 0.80Dg) (5)

For unthinned (or perhaps lightly thinned) plantations where crown ratio
measurements are not available, a predicted mean crown ratio value

can be used, such as the one developed by Feduccia et al, (1979). This
substitution results in the following constraining function:

CF = (PCR/0.85) (2.0 + 0.80Dg) (6)

where PCR = predicted mean crown ratio
= 248.63 - 35.872 log(Hp) - 43.565 log(Ap)
- 33.424 log(Tg)
and Hp = mean height of dominant and codominant

trees in the stand (in feet),

Ap = age of stand (in years), and

Tg = number of trees per acre surviving at age
Ap.

Computationally, the introduction of a constraining equation into the
general framework of weighted Voronoi tessellations 1is quite complex,
and therefore a complex computer program is required to accomplish the
tesselation. A FORTRAN 77 program was written (available on request)
that calls user-defined routines for the welghting and constraining
functions and is thus capable of constructing the tessellation for any
member of the class defined by equation 3, The program not only
guarantees that the distance Lp never exceeds CF, but also that the
distance to any corner of the polygon is constrained as well. This is
accomplished by the insertion of short line segments to approximate an
arc of radius CF where necessary to constrain the polygon to that size
in any direction. This approach also allows the construction of
polygons for border trees, which is not possible for unconstrained APA
indices.

Figure 2 shows the formation of weighted and constrained polygons for
the sample plot of figure 1, with the welghting and constraining
functions specified in equations 2 and 6, respectively., Note that the
polygons for trees 2-2, 3-4, and 4-3 are now mich smaller than in figure
1b due to the action of the constraining equation, whereas the polygons
for the remaining interior trees are essentially unchanged. The gap
created by the prior death of tree 3-3 is now much more evident than in
figure 1. In addition, polygons have been constructed for the border
trees, and, of course, the size and shape of these polygons is strongly
affected by the constraining equation.

AN EMPIRICAL EVALUATION OF THE NEW INDEX

PROCEDURES.--Data from two loblolly pine field studies were used to
empirically evaluate the new index. The first study, which will be
referred to as the "Nelders" study, has been previously reported on by
Nance et al. (1983) and by Land and Nance (1987). The second study,
referred to as the "Provenance” study, has been previously reported on
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Figure 2., Weighted and constrained tree polygons for planted, isolated
5- by S5-tree plot. Circles are proportional in size to tree
boles.,

by Wells and Wakeley (1966). The data from these studies is briefly
described below, and the reader is referred to the above papers for more
details.

The Nelders study consists of 10 isolated "Nelders Wheel” (Namkoong
1965) plantings established in 1975 on a site in northeast Mississippi.
Each planting was in the shape of a wheel, with 42 spokes. Each spoke
was planted with 7 trees at variable distances along each spoke,
resulting in 294 planted trees per wheel and a total of 2,940 planted
trees in the study. The variable spacings within spokes provide local
initial densities per tree ranging from 436 to 1,210 trees per acre.
Although the study was not thinned, subsequent mortality created even
wider variation in local density. The inner and outer positions are
considered border trees. Annual measurements of d.b.h., total height,
and height to live crown were taken on each tree from ages 5 through 10.

The Provenance study consisted of a single plantation established in
1951 on a site near Worcester, Maryland. There were 4,356 trees planted
at 6~by 6-foot spacings (1,210 trees per acre). Within the planting,
there were thirty-six 121-tree plots (11 by 11 trees), but only the
interior 49 trees (7-by 7-tree inner portion) were measured. Hence
there were originally 1,764 measurement trees in the experiment.
Measurements of d.b.h. and total height were taken at ages 10, 15, 20,
25, and 30. The plantation was lightly thinned at age 16.

Two separate data bases were formed by combining the mapped location of
each tree in each experiment with the tree's sequential measurements,
These mapped data bases were then repeatedly accessed by the FORTRAN 77
program to accomplish the tessellation for a given age with specified
weighting and constraining functions. The two types of constraining
functions used were: (1) equation 5 for the Nelders and 6 for
Provenance data and (2) CF = 103, which nullifies the constraining
option. For each constraining function, 20 weighting functions were
specified: :
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WF3(Dg,De) = Dgi/(Dgl + D) , 1 =0,0.2,0.4,...,4.0 (7

For each tree in each tessellation, the program outputs the coordinates
of the polygon containing the tree as well as the polygon's area, The
polygons were then plotted as a visual verification of the tessellation.
The area of each polygon (for nonborder trees) was then used as an
independent variable--either alone or in combination with other measured
or derived variables——-to predict the future basal area growth over time
for these individual trees.,

RESULTS AND DISCUSSION,--Constraining produces marked improvements in
the performance of the index as a basal area growth predictor,
especially combined with weighting. For example, table 1 contains the
squared correlation coefficlents between APA and basal area growth for
both types of constraining functions combined with two weighting
schemes, WF) and WFy., Overall, the constralning function clearly
improves correlations with future growth for both the weighted and
unwelghted case in both data sets.

TABLE 1. Squared correlation coefficients between APA and basal area
growth, with growth based on a 2-year increment from the base age for
the Nelders data and a 5-year increment for the Provenance data,

Data set Weighting N Unconstrained Constrained
Age 6 Age 7 Age 8 Age 6 Age 7 Age 8
Nelders Unweighted 2344 0.16 0,23 0,26 0.58 0.54 0.46
Weighted 2344 .35 .39 <37 061 .60 «59

Age 10 Age 15 Age 20 Age 10 Age 15 Age 20
Provenance Unweighted 1411 .12 .18 .29 .31 240 46
Weighted 1411 252 W42 240 .61 .58 W46

Another desirable feature of weighted and constrained APA is that the

procedure appears to be much more robust over a wide range of diameter
welghts than unconstrained APA, as long as weights invoking i greater

than 1 are used (figure 3). The same trend shown for the ages used in
figure 3 holds for all other ages. Given this robustness, an i value

of 2 appears to be a good choice for weighting.

A third desirable feature exhibited by weighted and constrained APA 1is
that it not only is a strong predictor of basal area growth by itself,
but it appears to outperform other individual tree tralts used singly or
in combination (table 2). Results shown in table 2 hold for other ages
in both data sets as well.,

These results are encouraging enough to warrant further evaluation with
a wider array of mapped stand data for different stand ages, species
composition, and genetic structure. In the meantime, plans are underway
to use this new class of weighted and constrained APA indices as the
nucleus of an individual tree growth and yield prediction system for
loblolly pine plantations, : ‘
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Figure 3. Squared correlation coefficients between APA and basal area
growth for two data sets as a function of weighting (power of
d.b.h,) and constraining. P - Provenance data at age 10,
N - Nelders data at age B, C - constrained APA, and
U - unconstrained APA,

TABLE 2. Squared correlation coefficients for linear models to predict
2-year basal area growth for Nelders data set at 7 years of age.

Tndividual Tree Measures Included in the Model Squared Corr. Coeff.
Basal Area Total Height Crown Ratio APA N R4
ves yves no no 2344 .34
yes yes yes no 2344 «45
yes yes yes yes 2344 .62
no no no yes 2344 .60
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A NONPARAMETRIC SURVIVAL MODEL FOR BATSAM FIR AND
RED SPRUCE DURING A SPRUCE BUDWCEM EPIDEMIC IN MAINE

Gregory A. Reams!

ABRSTRACT. Individual-tree, spruce budworm caused and blowdown caused
hazard functions for balsam fir (Abies balsamea (L.) Mill.) and red spruce
(Picea pubens Sarg.) were estimated using the Cox proportional hazards
(PH) model. This distribution-free model can generally be described as the
incorporation of regression-like arguments into 1ife~table analysis. The
Cox PH model is given as: &(t;Z)=0q(t)exp(ZB), where 6(t;2)=probability of
dying at time t, given alive before t, 6g(t)=baseline hazard at time t,
Z=covariate matrix, and B=vector of regression coefficients. Sp(t)
explicitly estimates the baseline force of mortality during the epidemic,
- The model assumes nothing about the shape of the dependent variable's
distribution. Of the eight models fit only one was considered menctonic,
this indicates that parametric models that are constrained as such are
inappropriate. The use of the Cox PH model resulted in greater refinement
of mortality trends than the more traditional stand-level analysis. The
models fit provide armmual estimates of individual tree mortality by cause
of death throughout the epidemic,

INTRODUCTION

The prediction of individual tree and stand mortality continues to be an
elusive target. Not only do we have to contend with regular mortality
(e.g. mnatural suppression) but irregular mortality (fire, insects,
disease, wind, etc.) as well. This paper presents a modelling approach
that specifically addresses two types of irregqular mortality (spruce
budworm-caused and blowdown-caused) for balsam fir (Abies balsamea (L.)
Mill) and vred spruce (Picea rubens Sarg.) during the latest budworm
outbreak in Maine,

The spruce budworm (Choristoneura fumiferana {Clem.)) is a forest insect
that periocdically causes widespread defoliation of host trees over large
areas of eastern North America. Increased population levels of spruce
budworm are generally associated with large areas of mature balsam fir and
spruce (Picea spp.).

lpesearch Associate, Department of Forest Management, Oregon State
University, U.8. Envirommental Protection Agency, 200 Southwest 35th
Street, Corvallis, OR 97333

Although the research described in this article has been funded wholly or
in part by the United States Envirommental Protection Agency agreement
CR813670 to Oregon State University, it has not been subjected to the
Agency's review and therefore does not necessarily reflect the views of
the Agency, and no official endorsement should be inferred.

Presented at the IUFRO Forest Growth Modelling and Prediction Conference,
Mimmeapolis, MN, August 24-28, 1987,
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Previous budworm studies have correlated budworm-caused mortality with a
variety of stand density measures. The modelling efforts have generally
been at the stand level and have usually found balsam fir and spruce
mortality to be positively correlated to host species ba/a and negatively
correlated to non-host species ba/a (Batzer 1969; Batzer and Hastings
1981; Maclean 1980). Mcodels of this nature mask any within plot variation
that may also account for variation in swrvival rates. Past budworm
mortality models project stand losses over an epidemic, but not during the
epidemic. The model to be presented provides estimates of individual tree
survival during the epidemic, not just at the culmination.

METHODS

Data used for this study were derived from the Maine Spruce Budworm Growth
Impact Study?. Plots were remeasured annually from 1975 to 1985 to
document the effect of the spruce budworm on the growth and mortality of
forests in Maine. Measurements were on 1/20 acre plots for all trees
greater than 4.5 inches at dbh. The following records were maintained for
each tree: dbh (to the nearest 0.1 inch), crown position (suppressed,
intermediate, codominant, dominant), tree status (cull, merchantable,
dead), cause of death (budworm, blowdown, harvest, logying damage, other,
unknown) , total height (nearest 1 ft.), crown length (nearest 1 foot),
defoliation of current-year foliage (using classes of (1) none, (2) trace
(1-5%), (3) 1light (6-20%), (4) moderate (21-50%), (5) heavy (>50%)),
defoliation of old foliage where the classification is the same as for
current-year foliage. From 1975-81 the height, crown length and
defoliation measurements where from a 1/50 acre subplot. From 1982~85 all
trees on the 1/20 acre plot were measured for the attributes previously
measured only on the subplot.

The data were subsequently classified by climatic division within Maine
(Lautzenheiser, 1972). The decision to differentiate by climatic division
resulted from an anticipated difference in mortality functions between
climatic divisions. This resulted in 73 plots (357 balsam fir and 230 red
spruce trees) in the Southern Interior Climatic Division (SICD) and 209
plots (1502 balsam fir and 1164 red spruce trees) in the Northern Climatic
Division (NCD) being available for model fitting.

MODEL: FORM

In survival analysis the rate of change of a survival function is commonly
called a hazard function, and is defined as the probability of dying at
time t, given alive before t. In mathematical terms this is expressed as:
6(t)=Pr{death between t and t+1 | survival until t}. o(t) is specifically
the instantanecus rate of death, thus integration of a function of &(t)
over t results in the cumilative swrvival function. The link between the
hazard rate and the cumilative survival function as given by Miller (1981)
is: Let T>0 have density £(t) and distribution function F(t). The survival
function S(t) is,

S(t) = 1-F(t) = Pr(T>t},

2petails of MSBGIS objectives and design have been documented by Brann,
Reams and Solomon (1983). , ' :
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and the hazard rate or hazard function &(t) is,

B(t) = £(t)/1-F(t). ”

The hazard rate has the interpretation,

8(t)dt = Pr{t < T < t+dt|T >t} =

Pr{expiring in the interval (t, t+dt)|surviving past t}.

Integrating &(t),

S(udu=  (f(u)/1-F(u)) du = “109{1“F(U)]]§, = =log [1-F(t)] = -log S(t),
which Jeads to the expression,

S(t) = exp -G oW,

Various parametric and nonparametric models can be used to model the
hazard function. If the assumption that the effect of the covariates is to
act multiplicatively on the hazard function then this relationship
suggests a general model called the proportional hazards model (Cox,
1972).

Parametric regression models such as the exponential, Weibull and logistic
can be used to model the proportional hazards function, but restrictions
on the form of their hazards make them undesirable for modelling spruce
budworm and blowdown mortality during an epidemic. For le, the two
parameter Weibull hazard function is given as: &(t)=6p(dt)P™t, A specific
assumption of the Weibull proportional hazards model (not to be confused
with the Weibull p.d.f.) and also the exponential model because it is a
special case of the Weibull is that the hazard function is monotone
decreasing for p<l, increasing for p >1, and reduces to the constant
exponential hazard if p=1. It is unlikely that during a spruce budworm
epidemic that any of these assumptions about p apply. When the primary
interest is in the effect of regression variables, a variety of approaches
may be considered to achieve greater robustness (Kalbfleisch and Prentice,
1980) .

An alternative approach suggested by Cox (1972) is to use a more general
model that is nonparametric. Cox's PH [1] model can generally be described
as the incorporation of regression-like arguments into life-table

analysis.
6(t;2)=0q(t)exp(ZB) [1]

where 6(t;Z) is the probability of dying at time t, given alive before t,
8p(t) is the baseline hazard at time t, Z is the covariate matrix, and 8
is the vector of regression parameters. The Cox FPH model allows 6(t) to be
arbitrary, that is to increase or decrease at each time t, as opposed to
being constrained for the parametric models. The model assumes nothing
about the shape of the dependent variable's distribution; it only assumes
that the curves for different individuals are parallel. The parametric
models traditionally used assume not only parallelism, but also a specific
shape for the distribution function. The Cox PH model is classed as a
distribution-free model and the estimates of B depend only on the rank
ordering of the dependent variable. As previocusly alluded to mathematical
integration of a function of &(t) over t results in the cumulative
survival function, ‘

S(t72)=Sq (t) &P (ZB) | (2]

where S(t;Z) is the probability of surviving past time t, Sp(t) is the
baseline survival estimate at time t, and Z and B are as defined for [1].
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RESULTS

The data were fit to the Cox PH model using the PHGIM procedure of SAS. A
significance level of 0.05 was used for variable selection. Fram a
preliminary analysis it was evident that differences by death cause
(budworm-caused and blowdown-caused), species (balsam fir and red spruce)
and climatic division did exist, and that cause-specific hazard functions
by species and climatic division would be necessary. This resulted in
fitting eight separate hazard functions [1] and survival functions [2].
Table 1 contains the baseline hazard 8g(t) and baseline survival estimate
Sp(t) for each time t (t=1,...,9) for each of the eight cause-specific
mortality models, and Table 2 contains the parameter estimates of ZB for
the eight models. Negative regression coefficients correspond to increased
survival rates and positive coefficients to decreased survival.

The modelling results of this study indicate differences in survival rates
between balsam fir and red spruce trees during a spruce budworm epldanlc.
These differences by species and death cause are:

(1) Red spruce is much less vulnerable to spruce budworm-caused mrtallty
than is balsam fir.

(2) Red spruce is less likely to blow down than balsam fir, although this
difference is much less than for budworm mortality.

Regional differences in mrtality rates for each species were also found:

(3) Balsam fir trees in the SICD are more vulnerable to budworm mortality
than in the NCD.

(4) The vulnerability of red spruce to budworm mortality is approximately
equal in the two climatic lelSlOl’lS

(5) Both balsam fir and red spruce trees have a greater chance of blowing
down in the NCD than in the SIC’D.

The annual baseline hazards estimated for each of the e:Lght models
indicate:

(6) The red spruce blowdown hazard function for the SICD was the only
model that exibited a monotone baseline hazard. This indicates that
parametric models that constrain the hazard to monotone are inappropriate.

(7) In both the NCD and the SICD the probability of spruce budworm—caused
death of balsam fir increased after year 2 and peaked in year 7.

(8) The baseline hazards for the two red spruce-spruce budworm mortality
models indicate a delayed response to increased mortality. In the SICD the
hazard dces not increase appreciably until year 9. The hazard in the NCD
mcreasedsubstantmllymyearSandpeakedlnyears?thrmmgh&.
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Table 1. Baseline hazards (5p(t)) and baseline survival estimates (Sp(t))
for each time t (t=1,...,9) for the eight cause-specific mortality models.

South North
t Spft) Solt) So(t) Solt)
Spruce budworm model

-~Balsam fir—-
1 0.999988 0.00001218 0.921079 0.08290
2 0.999950 0.00003751 0.889377 0.03400
3 0.999751 0.0001%9620 0.749205 0.17030
4 0.999172 0.00055147 0.489364 0.41847
5 0.998525 0.00061263 0.312791 0.43937
6 0.997598 0.00085847 0.176041 0.56133
7 0.996301 0.00116562 0.059935 1.03072
8 0.995204 0.00100353 0.030252 0.66468
9 0.994046 0.00105495 0.011754 0.90926

-~Red spruce-—
1 1.0 0.0 0.986695 0.013391
2 1.0 0.0 0.960510 0.026885
3 0.999999996 0.0000000038 0.960510 0.026885
4 0.999999992 0.0000000042 0.896583 0.068794
5 0.999999992 0.0000000042 0.859741 0.041930
6 0.999999992 0.0000000042 0.767696 0.113025
7 0.999999983 0.0000000088 0.588605 0.264474
8 0.299999978 0.0000000049 0.450353" 0.266539
] 0.999999928 0.0000000491 0.351426 0.247016

Blowdown model

--Balsam fir-—
1 0.838968 0.174915 0.999242 0.000756
2 0.647023 0.258330 0.997682 0.001553
3 0.491466 0.273353 0.997175 0.000507
4 0.430277 0.132581 0.994740 0.002420
5 0.430277 0.132581 0.992435 0.002298
6 0.405197 0.059978 0.989302 0.003122
7 0.405197 0.059978 0.987737 6.001573
8 0.405197 0.059978 0.987517 0.000222
9 0.405197 0.059978 0.983487 0.004022
1 0.9992118 0.000881 0.974210 0.026093
2 0.998636 0.000482 0.952927 0.022063
3 0.998636 0.000482 0.935884 0.018030
4 0.998149 0.000487 0.893752 0.045954
5 0.998149 0.000487 0.872957 0.023513
6 0.998149 0.000487 0.844380 0.033227
7 0.998149 0.000487 0.828245 0.019274
8 0.998149 0.000487 0.820171 0.009791
9 0.998149 0.000487 0.753015 0.085051
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Table 2. Parameter estimates of Z8 for the eight cause-specific mortality
models.

Balsam fir-spruce budworm model (South)
ZB= - 0.43211(S) + 0.07369(SBA) - 0.08611(HBA) + 1.70346(0D) + 3.47622(ND)

+ 0.00025(FBA) (HBA) - 1.18306(0OD) (ND) - 0.01902(OD) (SBA)
+ 0.01944 (OD) (HBA)

Balsam fir-spruce budworm model (North)

728= - 0.68882(D) (ND) - 0.41999(I) (ND) — 0.15263(S) (OD) + 0.01693(S) (SBA)
+ 0.00974(I) (SBA) - 0.88294(0D) + 0.56555(0D) (ND) + 0.01106(0OD) (FBA)
+ 0.02128(0D) (HBA) - 0.02675(FBA) — 0.09027 (HBA) + 0.00022 (FBA) (HBA)

0.01163 ($FBA) - 0.01568 (ND) (FBA) - 0.01123(ND) (SBA)

0.01911(ND) (HBA) + 0.00018(ND) (FBA) (SBA)

Red spruce-spruce budworm model (South)
ZR= + 0.70833(S) (OD) + 0.00684(0D) (SBA) + 3.52952(OD)

Red spruce-spruce budworm model (North)

ZB= — 1.49138(D) + 0.24098(S) (OD) + 0.01911(FBA) - 1.36954 (OD)
+ 3.49515(0D) (ND) — 10.34842(ND) - 0.03903(ND) (FBA)
+ 0.00032(ND) (FBA) (SBA)

Balsam fir-blowdown model (South)
ZB= - 0.08379(FBA) + 0.00082 (FBA) (SBA) - 1.18573(0OD) + 0.10014 (3FBA)

Balsam fir-blowdown model (North)

ZB= + 0.72949(D) + 0.84921(0D) - 0.00891(%FBA) + 0.00007 (FBA) (SBA)
+ 0.00024 (FBA) (HBA) - 0.36393(OD) (ND) - 0.00689 (OD) (HBA)
+ 0.01954 (ND) (HBA)

Red spruce-blowdown model (South)
28= + 2.58365(S) + 0.00966 (0D) (HBA)

Red spruce-blowdown model (North)

Zp= - 0.30709(I) (OD) + 0.07879(FBA) = 0.08676(SBA) -~ 0.11241(HRA)
- 0.02657(0OD) (FBA) + 0.02552(0D) (SBA) + 0.02952 (OD) (HBA)
- 0.04910(ND) (SBA) + 0.00066 (ND) (FBA) (SBA)

where, D=1 if dominant tree, 0 otherwise, I=1 if intermediate tree, 0
otherwise, S=1 if suppressed tree, 0 otherwise, FBA is the initial balsam
fir ba/a, SBA is the initial spruce ba/a, HBA is the initial hardwood
ba/a, ND=1 if the tree is on a plot that has at least one fir or spruce
tree with >50% defoliation of current-year foliage for more than 5 years,
0 otherwise, OD is the nine year average (1976-84) of the average annual
cumulative plot defoliation ratings. The average annual cumulative plot
defoliation is the average of the anmual cumilative defoliation ratings
over each spruce and fir tree rated on the plot.

(9) The _baseline hazard for both the red spruce and balsam fir blowdown
models in the SICD peaked early in the epidemic. For balsam fir no
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blowdown occurs after year 6 and for red spruce no blowdown occurs after
year 2.

(10) The baseline hazards for both the red spruce and balsam fir blowdown
models in the NCD indicate cyclic trends that coincide with one another.
It is thought this may be associated with the windstorms.

The influence of the independent variables on mortality rates for each of
the eight models fit can be generalized as follows:

(11) Budworm-caused death of balsam fir in the SICD is generally greatest
in stands with high levels of fir and spruce ba/a and low levels of
hardwood ba/a. Mortality increases with increasing cumulative plot
defoliation. Suppressed trees have the greatest chance of survival.

(12) Budworm-caused death of balsam fir in the NCD is greatest in stands
with low levels of hardwood ba/a and is least in starnds with high levels
of hardwood ba/a. High levels of fir and hardwood ba/a are also associated
with increased tree mortality. High 1levels of spruce ba/a increase
mortality rates for suppressed and intermediate crown classes much more
than for domianant and codominant trees. Mortality generally increases
with increasing cumlative plot defoliation.

(13) Budworm-caused mortality of red spruce in the SICD increases with
increasing cumulative plot defoliation and spruce ba/a. Suppressed trees
have the greatest chance of dying.

(14) Budworm—caused mortality of red spruce in the NCD is greatest at high
levels of spruce and fir ba/a.

(15) Blowdown mortality of balsam fir in the SICD is the only model where
all crown classes have equal probabilities of mortality. The probability
of blowdown increases as spruce ba/a and the percentage of fir ba/a
increase, and decreases with increasing cumilative plot defoliation.

(16) Blowdown mortality of balsam fir in the NCD increases with increasing
cumilative plot defoliation. Trees on plots with ND=0 have a greater
chance of blowing down than when ND=1. When ND=0, blow down increases with
increasing levels of fir and spruce ba/a. When ND=1, the greatest chances
of blowdown are associated with high levels of fir, spruce and hardwood
ba/a or high levels of just fir and hardwood ba/a. The lowest rates of
blowdown are associated with high levels of fir and spruce and low levels
of hardwood ba/a. Dominant trees are most likely to blowdown.

(17) Blowdown deaths of red spruce in the SICD increase as cumulative plot
defoliation and hardwood ba/a increase. Suppressed trees are most likely
to blowdown.

(18) Blowdown deaths of red spruce in the NCD generally increase as

cumulative plot defoliation increases. Trees on plots with ND=0 have a

ter chance of blowing down than for trees on plots with ND=1.
Intermediate trees are least likely to blow down.
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CONCLUSION

Only cne of the eight models fit exibited a monotone baseline hazard. This
indicates that parametric models that constrain the baseline hazard as
monotone are inappropriate. The Cox PH model allowed greater refinement in
assessing mortality trends than the traditional stand-level analysis. The
annual baseline hazards provide explicit estimates of the rate of change
of budworm and blowdown mortality throughout the epidemic.
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FUNCTIONS FOR FORECASTING OF TIMBER YIELDS
Ulf Sdderberg

ABSTRACT. This paper describes a method of constructing functions for
long-term forecasting of timber yields. The functions are based on
sample trees from the National Forest Inventory in Sweden. The species
included are Scots pine, Norway spruce, birch, beech, oak and other
broadleaves. A growth model is used as a basis for constructing the
functions.

Individual tree growth is estimated from five-year "normal" basal area
increment over bark. Volume and volume increment are estimated by
means of form hejight functions. Special attention has been paid to
effects of earlier treatments on growth in the data set and on effect
of thinnings on form height, when the form height functions are
applied. The functions are based on undamaged trees only, while the
damaged trees are used for estimating the effects on growth of differ-
ent types of damage.

A study on tree mortality, based on unthinned permanent plots has
been employed.

A growth simulator was constructed. Comparison was made with yield of
permanent plots and yield tables for spruce, birch and beech. The
results indicate that the growth simulator estimate growth and yield
satisfactorily. Standard deviation between observed and estimated
growth is about 10 per cent.

INTRODUCTION

The forecasting of growth and yield has been a substantial part of
forest research since the beginning of the 19th century. The methods
used have developed with the use of statistical methods and computers.
Regression analysis was first used by Petterson (1932) and Ndslund
(1935) to develop increment functioms.

In spite of the fact that there has been much research into forest
growth and yield, our knowledge of the capacity for growth and yield’
of many types of forest and treatment is still limited.

Various methods are used for forecasting timber yields. Two main
methods are used: modelling of tree growth and modelling of stand or
plot growth. Munro (1974)- categorized growth simulators according to
the unit of growth used for prediction and according to the spatial
arrangement of the individual trees. Tree growth models are divided
into distance-dependent and distance-independent models.

Researcher, Department of Biometry and Forest Management,
Swedish University of Agricultural Sciences; S-901 83 Umed, SWEDEN.

Presented at the IUFRO Forest Growth Modelling and Prediction
Conference, Minneapolis, MN, August 24-28, 1987,
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The method used here can be categorized as a distance-independent model.
It is based on a method developed by Jonsson (1974, 1980).

The species included are Scots pine, Norway spruce, birch, beech, oak
and other broadleaves, and the functions cover the whole of Sweden.
These functions are constructed with the aim to be used as a component
in two different forest management planning systems in Sweden.

MATERIAL AND METHODS

This study is based on sample trees collected by the Swedish National
Forest Inventory (NFI) during the years 1973-1977. The NFI is an
annual inventory covering the whole of Sweden, the design of which is
systematic cluster sampling, where the cluster is a square with a side
length of 1 000~1 600. Along the sides of the square 3-5 plots with a
radius of 10 metres were laid out systematically.

The data used here are confined to forest land. Sample trees are
selected, with a higher probability for large trees, and no sample
trees are taken of diameter less than 5 cm. The sample trees are
measured to determine volume and an increment core is taken, which is .
measured for age and increment at the department of Forest Survey.
Damage and its causes are noted for the sample trees.

The material is representative of the population of Swedish forests
which is an advantage for this study. A shortcoming of the material is
ments is insufficient. The composition of the data is presented in
Table 1.

Table 1. The distribution of the number of sample trees by species
and by damaged and undamaged trees

Species Undamaged Damaged Total

Scots pine 10 615 1 014 11 629
Norway spruce 14 721 1 464 16 185
Birch 3 460 394 3 854
Other broadleaves 1 148 190 1 338
Beech 219 6 225
Oak 292 11 303
Total 30 455 3 079 33 534

The data set was first adapted for the final analysis. Some of this
work:

- estimation of site index

- determination whether the plots are fertilized or not
- correction for weather conditions (annual ring indices)
~- generalization from sample trees

was done within the Hugin-project and briefly presented in Higglund
(1981). o :
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A set of bark functions was developed and used in comnection with the
reconstruction of trees and plots. Since the growth period of functions
is set to five years, growth is reconstructed up to five years before
the date of plot measurement. The growth of sample trees is recon-—
structed by means of the measurements of the increment core, and only
calipered trees are reconstructed by generalization from sample trees,
whereby the state of the plot can easily be calculated.

A method to test whether the data set contains data resulting from

record or measurement error has been developed. Test quantities are

established from standard deviations and from the partial correlation
coefficients of simple functions which have been derived. At the used
limits of test quantities, a greater proportion than could be expected
by chance, was revealed by the test. This indicates that record errors
exist. The trees outside the limits were eliminated from the data set.

A growth model developed by Jonsson (1969, 1980) is used as a basis

for constructing the functions. In the increment function, five-year
"normal” basal area growth over bark is used as dependent variable.

The increment is expressed as a function of the following factors:
basal area and age of the tree, density of the plot (basal area m?/ha)
combined with earlier treatments of the plot, the social rank of the
tree on the plot, proportion of different species, site index referring
to most suitable species, other site factors such as mineral soil or
peatland, soil moisture, surface/surface water flow, forest type (vege-
tation type), inclination and direction of slope. Geographical location
is described by using latitude, altitude and climatic regions. A total
specification of the model can be found in S&derberg (1986).

Separate functions have been derived for northern, central and southern
Sweden. Within these regions the data set is divided into two age-
groups, with the point of division at about 50 years at breast height,
and separate functions are derived for the two groups, for most
species. Functions have been constructed for the following species:
Scots pine, Norway spruce, birch, beech, oak and other broadleaves.

The functions are based on undamaged trees only, while the damaged
trees are used for estimating the effects on growth of different
types of damage.

The specification of the growth model, concerning density of plot
combined with historic treatment of the plot, is based on the character
of the data set as well as on the fact that the effect of thinning on
the growth of a tree is desribed, Jonsson (1980). The thinning response
functions are shown to be dependent on thinning grade and varies with
time. The response to thinning varies with site index.

The material is not entirely suitable for estimating the effects of
thinning on growth. It is possible, however, to distinguish between
the growth of trees not affected by thinning and the growth of trees
affected by thinnings. , A ‘ ‘
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Volume and volume increment are estimated by means of form height
functions. The form height functions are based on the state of the
tree at the time of measurement and are therefore static. The model
is specified using the same variables as in the growth functions,
Special attention has been given to changes in form height due to
thinning. The data set used here is not suitable for analysing the
effects of thinning on form height. Several reports (Ndslund 1942,
Petrini 1936, Abetz 1976, Vuokila 1960) show that form (form height)
will deteriorate as a result of thinning. For this reason, the form
height functions are constructed in such a way that form height
deterioration is generated with the help of the variable of plot
basal area in connection with thinnings.

A study on tree mortality has also been performed, in which material
from permanent research plots has been used. Unthinned plots only have
been used. The number of measurements per plot varies between 1-11 and
in all, 532 measurements from 82 plots have been used. The oldest plots
have been followed for more than 70 years.

From the point of view of silviculture, the data set used refers to an
extreme population, since no treatments have been applied. To define
the proper application of the mortality functionm, a function which
estimates the "maximum'" plot basal area has been derived from the same
data set. In a forecast the basal area estimated by this function is
compared with the basal area generated by the growth functions, and if
the latter is the greater, then the above-mentioned mortality function
is used, otherwise other mortality functions are applied.

In the basal area function, basal area (m?’/ha) is estimated by means of
total age, site index, number of stems and the proportion of different
species. The dependent variable is transformed by the natural loga-
rithm.

The dependent variable of the mortality function is annual mortality,
as a proportion of basal area. Mortality is estimated by total age,
basal area, site index and proportion of different species.

RESULTS

As a result of specifying the model, 20 basal area increment functions
for individual trees were developed. The dependent variable is trans-
formed by the natural logarithm. The residual standard deviations of
the functions are between 0.4-0.6 (40-60 Z), where the functions for
broadleaves generally have the greatest standard deviation, since they
include several species. The increment of several trees can, however,
be estimated with fairly high accuracy.

The functions are derived from undamaged trees, to exclude the in-
fluence of damaged trees onu.partial relationships and on the increment
level of the functions. This means that the increment level of the
functions is not affected by damage to trees in the data set. This
approach makes it possible to estimate the effects of different types
of damage on tree growth, and in addition, a greater flexibility is
attained in applying the functions.
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The proportion of damaged trees is generally close to 10 7 in the
treated units of the data set, with the exception of birch and other
broadleaves in northern Sweden, where the proportion is about 25 Z.

On the average, the reduction of increment due to damage is ca 20-25 7
for conifers. For broadleaves the reduction is more variable. This
variation is probably due to the fact that several species are included
in this group and that these species have different growth rates. Fast
growing species are shown to have twice as high a proportion of damaged
trees as undamaged ones.

The specification of the model of the form height functions has resulted
in 12 derived functions. The residual standard deviations about the
functions for conifers were 0.11-0.13, for broadleaves 0.14-0.19.
Residuals of the functions were examined, and no signs of systematic
errors were found.

Special attention has been paid to the effect of thinnings on form
height. Plot basal area is used as a variable in the form height
functions. The reduction of plot basal area when thinnings are per-
formed, will cause a slight reduction on form height of the trees after
thinning.

The form height functions have been tested with other data than those
on which they are based. One of these studies has been presented by
Lindgren (1984), who studied the use of the form height functions as a
method of estimating volume of a compartment, as compared to con-
ventional methods. He stated that the use of form height functions in
this way is very efficient. In addition, a comparison has been made
with volume functions for small trees (Andersson 1954). This comparison
indicated that the form height functions can be used for trees less
than 5 cm at breast height, for some purposes. In all, the functions
seem to work reasonably well.

COMPARISONS WITH MEASURED GROWTH AND YIELD

A growth simulator was constructed. The fundamental feature of the
growth simulator is as follows. From an initial state the basal area
increment of the trees on the plot is estimated. This increment is
added to the initial basal area of the tree and this together with the
new state of the plot constitutes the initial state of the next growth
period. Volume is estimated by the form height functions at the start
and at the end of the growth period, and volume increment is calculated
as the difference in volume at these points in time. Mortality is
incorporated for every growth period.

To estimate growth after the plot is thinned, thinmning response
functions (Jonsson 1980) are used to describe the development of a
tree after thinning. The applications of the thinning response
functions implies that the increment of a tree in the absence of
treatments has to be known. Therefore, the increment functions are
applied as though no treatment has been carried out. Thus the growth
of a plot after thinning consists of increment generated by the.
increment functions, added to the thinning response for the trees
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left after thinning.

The growth according to the functions is compared with measured growth
on permanent plots. In the selection of plots the intention has been
to use plots proportionately extreme as compared with the data set
used to develop the functions. For most of the plots, not only can the
initial state of the plot be regarded as extreme, but also the treat-
ments. The selection of plots also aimed at using as long series of
observed developments as possible. The period of observation varied
between 19-63 years, and the average period was 45 years.

Table 2 shows the estimated and observed annual basal area for the
plots. On the average for all plots, the increment was overestimated
by 4.3 %. The standard deviation about the mean was 11.8 %Z. On four of
these plots, however, there were signs of damage to the trees (root
rot and pitchy wood). This damage causes a marked reduction of the
increment of a tree, as shown earlier. It is therefore natural that
the growth of these plots is overestimated by the functions. If the
damaged plots are omitted, the mean is underestimated by 0.7 Z. The
standard deviation is 6.9 7.

Table 2. Observed and calculated annual basal area increment during
the observation period on' the compared plots. The difference
is presented in m?/ha and in per cent of the observed incre-

" ment. Permanent plots

Annual basal area increment (m?/ha)
Plot no. Observed Calculated Difference Diff.,7 Remark

611:2 0.15 0.13 0.02 11.1

629:2 0.34 0.42 -0.08 -24.3 Pitchy wood
632:2 0.34 0.32 0.02 4

265:3 0.37 0.39 -0.02 -6 .6

3:3 0.42 0.40 0.02 4.2

608:3 0.43 0.40 0.03 5.0

740 1.20 1.29 -0.09 -7.0

22:2 0.26 0.29 -0.03 -11.1

718 0.84 0.84 -0.00 -0.6

58:1 0.35 0.35 0.00 0.9

383:1 0.47 0.58 -0.11 ~25.0 Root rot
382 0.38 0.35 0.03 7.8

278 0.43 0.39 0.04 8.9

503 0.39 0.44 -0.05 -12.5 Root rot
222 0.60 0.64 -0.04 ~7.3 ’

71 0.41 0.42 -0.01 -1.8 -
44432 0.44 0.55 -0.11 ~-26 .4 Root rot
T4:2 1.17 1.17 -0.01 -0.9

Plots of Scots pine situated in northern Sweden were also compared.
The period of observation was between the years 1963-1982, and the
plots were remeasured in the same way as the permanent plots. The

remeasurement made it possible to compare three growth periods. The
last growth period was not corrected by annual ring indices, since
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these were not available for the last years of the period. For the two
first growth per®ods, ring indices were taken into account. In total,
the increment according to the functions was 1.8 7 higher than the
observed increment for the wholé period of observation.
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A GROWTH AND YIELD MODEL FOR EUCALYPT PLANTATIONS IN PORTUGAL

Margarida Tomé (1)

ABSTRACT. A distance-independent growth and yield model 1s being
developed based wuponm measurements of 120 permanent plots (area about
1000 m?). These plots are annually remeasured, with all trees tagged,
and established in Eucalyptus globulus plantations in Central and North
Portugal. The number of remeasurements ranges from 3 to 16. Plots
cover a wide vrange of situations, namely: different geographic
locations, coastal, inland and coastal-inland; spacings ranging from
2.02.0 to 5.0%4.0 m; dominant heights at age 10 between 12 and 28 m;
basal area at age 10 between 8 and 32 m?. Particular emphasis is being
put on influence of site factors i1n both growth functions and
relationships between variables (taper curves, height-diameter curves)
to make the model flexible enough to be used in different situations.

INTRODUCTION

Bucalyptus ssp., exotic trees originally from Australia, were first
introduced in Portugal as ornamental near farmhouses, in roadside
plantations or as windbreaks. The first eucalypts to be planted in
Europe are thought to be those planted in 1829 at Vila Nova de Gaia near
Porto, but reliable records are not available before 1852 ( Pimentel,
1876; Fao, 1981). From 1885 large plantations began to be established
in several regions of the country, but without any previous research
about what species or silvicultural techniques should be applied in each
particular environment. After the second World War, expansion of the
pulp industry in Portugal lead to an increase of eucalypt plantations,
95% of them being made of E. globulus. With the increasing demand for
~uenlv-t yood by the pulp industry there has .heen 2 shift towards an
intensive silviculture and improved forest management practices. As a
consequence of this fact, forest managers are faced with evaluation of
different management alternatives and the need for growth and yield
forecasts becomes essential.

Some growth information on E. globulus can be found in Portugal
{Tomé, 1983), but most of the published works were based in old

plantations {(with a high number of trees per ha and poor soil
mobilization at planting, conditions somehow different from the present
ones), limited to restricted areas and most of them were based in
graphical techniques. Pulp industries have played an important role in
eucalypt growth studies, establishing permanent plots in  their
plantations. CELBI's earlier permanent plots date from 1970. Several
remeasurements of these permanent plots are now available and, as a

(1) Departamento de Engenharia Florestal, Instituto Superior de
Agronomia, 1399 LISBOA CODEX, PORTUGAL. This vork is part of a
cooperative research program betveen DEF and CELBI, with partial
financial support from JNICT and INIC. The author ackowledges CELBI
for making the data used herein available.

Presented at the IUFRQ  Forest Growth Modelling and Prediction
Conference, Minneapolis, MN, August 24-28, 1987. ,
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consequence, a broad research program on growth and yield of eucalypt
plantations is being developed at the Department of Forest Engineering
(ISA, Lisbon) in colaboration with CELBI. The objective of this project
is to develop several growth projection systems for eucalypt
plantations, according with specific objectives. Obviously these
systems are not mutually exclusive and some of the programs and/or model
components are common to different systems. According to the principal
problems arisen for eucalypt silviculture, three main objectives have
been selected for development of growth projection systems:

. Forecasts of future wood supply for the pulp industry, based on
forest inventory data.

. Optimization of forest management techniques and study  of
alternative ways of managing eucalypt stands for uses other than

pulp.

. Study of the impact of insect (Phoracanta semipunctata) infestations
on yield of stands.

This paper describes the MOPREU system and presents a preliminary
version of the SICREU subsystem for lst generation stands, designed to
meet the first of the above objectives - to project inventory results
for forecast of future availability of wood for pulp mill industries.
Due to the rapid expansion of the pulp industry which has not been
adequately compensated with compatible afforestation rates and/or
improvement of existing stands, the annual cut is thought to equal or
even exceed the annual growth of our forests. The programming of future
activity of the pulp industry is highly dependent on projecting
consistently the existing stands, under alternative scenarios of
exploitation, vhich can only be accomplished with a consistent. growth
model. !

STRUCTURE OF THE SYSTEM

The MOPREU system has been conceived in an hierarchical structure
vith three levels - tree, stand and region - as schematized in figure 1.

REGION LEVEL

CLAPES - classification of stands by strata
MOPREU - simulation of all stands in the region

! STAND LEVEL

INICIA - isitialization and/or geaeralion of new stands
SICREU - growtb of the stand by integration of individual
tree growth, complemented by two stand level
equations ©
.Dominant height growth
Survival function

TREE LEVEL

Set of equations to simulate the growth of
individual trees :

.Diameter growth

Height/diameter equations

Volumie equations/Laper curves

FIGURE 1. Hierarchical structure of the MOPREU system
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TREE LEVEL. The tree level consists of a set of growth functions and
relationships between variables (allometric or others), which simulate
the growth of individual trees:

1. Diameter growth
2. Height-diameter equations

3. Volume equations and/or taper curves

As regeneration of eucalypt stands can be made by seedlings (lst
generation) or sprouting (2d, 3d and 4th generations) at least two
different sets of these equations are needed on this level. It is also
desirable to have different equations according to different site
factors as eucalypt seems to be particularly sensitive to environmental
variation.

STAND LEVEL. The stand level (figures 2 and 3) consists of two FORTRAN

programs:
Control Plot
variables variables
Hra
INPO INPARC
Input of stand Input of plot
Stand data data
variables
N 0/‘, Simulator Simulazof
T' of new sprout- of new seedling
gl()eVn ‘ /./‘ ing stands stands
\__ /////////// SINOHAT \\\\ SINOPS
AN J( A
File ‘
{ ARVn
. _/ | INICIA
File File File )
POV1 ARV1 PARC
SICREU

FIGURE 2. INICIA - initialization of tree, stand and plot files

1. INICIA, INICIAlizagdo de ficheiros (initialization of tree, stand
and plot files) - input of data and simulation of new stands both
for 1st generation - simulation of a new stand based on site
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characteristics

such as site index and initial number of trees per

ha - and 2d, 3d or 4th generations - simulation of a new sprouting

stand based on

site

characteristics, characteristics of previous

stand and a stumps mortality rule (figure 2).

SICREU, SImulador para o CRescimento do EUcalipto (growth
of eucalypt) - simulates
1,2,3
growth (site index

equations
height

level
dominant

function (figure 3).

the growth
;complemented

simulator
of each stand based on tree
by stand level equations:
equations) and a mortality

]

File
ARV

INICIA ”“"W“”ilv
////’ghw
Selection

of tree/stand growth func-
tions and equations, ac-
cording to plot variables

SELFC

Updating

of principal variables, us-
ing selected growth func-
tions

L

ACTVAR

Indirect updating of sec-
ondary variables, based on
values of principal vari-
ables

File
FCRES

CALVAR
ANNUAL
Qutput output
SAIDA .1_
SICREU

FIGURE 3. SICREU - growth simulator of eucalypt
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ﬁEGION LEVEL. The region level consists of two FORTRAN programs (figure
):

1. CLAPES, CLAssificacdo dos Povoamentos em EStratos (classification of
stands in strata)

2. MOPREU, MOdelo de PRodugdo para o EUcalipto (yield model for
eucalypt) - using stand level components INICIA and SICREU and

management options (such as spacing, stumpage age, new plantations
per year ...) projects all stands in a region.

ﬂ;;:\\\\ﬁ
w Classification of stands
by strata

CLAPES

POV POV . POV
(strata 1) (strata 2) . (strata n)

-~

MOPREU

Managemen INICIA
options OUTPUT

SICREU ‘—*\_——

FIGURE 4. MOPREU - yield model for eucalypt (region level)

DATA BASE

Data for this study came from CELBI’ s permanent plots, established
from 1970. These plots are located throughout most of the eucalypt area
of northern-coastal (region 1), central-coastal (regions 2,3) and
central-inland (regions 4,5,6) Portugal and have been annually
remeasured several times, with some exceptions of longer periods. Most
of the plots were established in the 1st generation (84%), some of these
being now in the 2d generation (table 1). Table 2 sumarizes number of
observations per plot and ages of first and last remeasurement.

BUILDING THE MODEL

The model described above is a very large project whose - complete
execution has not yet been accomplished. In order to get useful results
as soon as possible, we programmed the building of the model in such a
way that preliminary results could be used before the conclusion of the

project.
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TABLE 1. Number of plots (total,still existing) available for the study

Gan. Region 1 Region 2 Region 3 Region 4 Region 5 Region 6
1 12 2 51 44 - - 10 - 4 3 7 5
1-2 4 20 12 2 2 - - 3 2 - -
2 - 7 1 4 1 - - 6 - - -
2-3 - - 1 1 - - - - - - - -
3 - - 1 - - - - - - -~ - -
3~4 - - 1 1 - - - - - ~ - -
4 - - - - - - - - - - - -

TABLE 2. Characterization of plots available for the study

Age lst remeasurement Age last remeasurement
Gene N. of observations min med max min med max
ration min med - max (years) {years)

REGION 1

1 3 6.8 11 2.7 10.1 17.0 11.5 16.1 19.8

2 1 3.2 8 3.6 4.6 7.2 3.6 7.2 15.6
REGION 2

1 4 6.7 16 3.8 7.7 15.8 10.7 13.8 24.7

2 by 3.9 10 1.5 5.0 10.0 3.6 8.2 2.2

3 4 4.7 5 3.6 7.6 11.1 ) 11.6 12.3 13.8

4 5 5.0 5 3.6 3.6 3.6 11.6 11.6 11.6
REGION 3

1 10 10.0 10 4.7 4.7 4.7 14.5 14.5 14.5

2 3 5.3 7 2.6 7.0 9.2 4.5 12.3 17.6
REGION 4

1 6 6.6 7 6.2 8.1 9.2 13.2 14.6 16.2
REGION 5

1 10 12.0 15 0.8 2.7 6.5 11.2 14.0 16.0

1 4.2 6 2.4 7.2 10.2 2.4 10.2 13.8
REGION 6

1 2 7.0 9 1.2 2.9 7.0 1.8 11.4 14.6
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As all published works on growth of eucalypt in Portugal and most
of the data base available refer to lst generation stands (as well as
most of existing stands), the first submodel chosen was a preliminary"
version of SICREU to be used for 1st generation stands in the
northern-coastal region (regions 1,2,3), which is ecologically more
suitable for eucalypt and to which belong 78% of the permanent plots
available for the study. Site index for these plots (base age 10)
ranges from 12 to 28m and spacings from 2.0X2.0 to 4.0X5.0 m

This model is now available using the following equations:
Surviving:

N 0.9877 N

t+l”
Site index:

-1 -1
HDt+1= 1.0842 HDt(0.9794+1.1365(At —At+1))

Dbh increment:
DBHIN = -1.5402+0.5663 MAID+4.6188 INVBAS-12.6520 MBAS+0.4242 LOGHD

wvhere A is age at time i; N, is number of trees per ha surviving at age
A,; HD is dominant heig t at age A,; DBHIN is annual increment
iﬁ dbh it time t; MAID is mean annual incrément in dbh at time t; -INVBAS
is inverse of basal area per ha at time t; MBAS is mean basal area at
time t; and LOGHD is logaritm of dominant height at time t.

These equations have been selected among several other candidates
based on their statistical qualities, biological behaviour and
simplicity. Some of these equations can probably be improved, but were
thought to be precise enough for this preliminary version of SICREU. as
projections behave well when compared with real growth of wvalidation
plots that have been withheld for this purpose (figures 5a,b,c).
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- ~ 35 ¢
© E
C 40 p
N 30 F
"]
5 £ 25
~— o -
30 ¢ -
!
g 2 2o}
bt !
20 F o
@ c 1S F
~ < !
° : S 1ok !
9 10 | ! = . Observed geoe !
© 4 Observaa i ‘0 5 Simulated f
@ Simulected i a _J
o} L L 4 14__.__.' o i L 1 1 N
0 S 10 15 20 25 (o] 5 10 1S 20 25
Age (years) Age (years)

FIGURE 5a. Observed and simulated basal area/ha and dominant height for
" some of the plots of the validation data set (spacing 3x3 m)
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As improved equations are obtained they can be easily incorporated into
the model, given the modular structure of the program.

Volumes per ha (total and/or merchantable) can

volume equations published by Leal (1982).
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FIGURE 5b. Observed and simulated basal area/ha and dominant height for
some of the plots of the validation data set (spacing<3x3 m)

50 40
BI-18, 23, 22, 28 = BI-18. 23, 22. 25 ®
- 35 ¢
° £
c 40 B
~\ 30 o
»
N | ‘ c
E o 25 F
- 30 | ' s wt
] 1
4] .
© ) c 20 18
[
o 20 £ 1s F
Q
~ A
© ~ C 10}
@ 10 I Obasrved oowoe
a Obsarved oooe o s L Bimuleted
@ Biauleted fa
o 1 PR | " doa ) )1 O 1 1 1 i
5 . 10 15 20 25 o S 10 15 20 25
Age (years) ige (yesars)

FIGURE 5c. Observed and simulated basal area/ha and dominant height for
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DEVELOPMENT OF A GENERALIZED GROWTH MODEL FOR MIXED TROPICAL
FORESTS OF PENINSULAR MALA.YSIA1

Wan Razali Bin Wan Mohd and Krishna P. Rust:agi2

ABSTRACT. Models for predicting diameter growth and non-catastrophic
mortality in the mixed tropical rain forests of Peninsular Malaysia by
broad species groups are presented. In the absence of quantitative
measures of site, density and/or inter-tree competition, the past rate
of diameter growth was found to be the most significant predictor of
future diameter growth in a weighted 1linear regression model.
The logistic model for predicting tree mortality gave satisfactory
results for only two of the four species groups.

INTRODUCTION

The literature on growth and yield of tropical rain forests is sparse,
and most of the work so far is preliminary (Wan Razali 1986). The
reasons for this are not hard to find. First, there is a continuum of
specles diversity with the result that no two stands are alike. Second,
measures of site productivity, which are taken for granted elsewhere,
are almost impossible to quantify. Finally, field work involving
species identification, as well as diameter, height and site indicator
measurements is not easy. The diameter measurement is complicated by
fluting of stems and formation of buttresses, the shape and size of
which changes over time. The tops of trees in the upper -~anopy are not
visible which makes measurement of total tree heights difficult. The
concept of site index, as applied in temperate forest, is not applicable
to mixed tropical forests. Other means of expressing potential measure
of site have to be derived. The problems with diameter and height
measurements are, perhaps, the main reasons for lack of precision in the
volume tables for tree species in the tropical rain forests. The
development of growth and yield models for these forests will, there-
fore, be a slow process.

The study reported here deals with only a small segment of the growth
and yield modelling in tropical rain forests. The analytical experience
of predicting diameter growth of individual trees and prediction of
their non-catastrophic mortality is presented here. The data used came
from the tropical rain forests of peninsular Malayasia. Ten-plot
clusters, with total area of 0.4 ha (20m x 200m) were used. Only trees
20cm and larger in diameter were measured on all 10 plots. Trees with
diameter 10cm or larger but less than 20cm were measured on only 4 plots
(20m x 20m each) per cluster. Trees 5cm and larger in diameter but less
than 10cm were measured on 8 plots (10m x 10m each).

1 This paper summarizes results from the Ph.D. thesis by Wan Razali
(1986). Presented at the IUFRO Forest Growth Modelling and Prediction
Conference, Minneapolis, MN, August 2427, 1987, : :

2 ‘Director of Forestry Research, For. Res. Inst. Malaysia; and
Assoc. Prof., College of Forest Resources, Univ of Washington.
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A total of 54 such clusters were used in this study which had minimum of
3 and in most cases up to 6 measurements. They have been measured at
intervals varying from three to nine years. Out of these, 36 were
randomly selected and used for model development. The data from the
remaining 18 clusters was used for validation purposes.

The number of specles in tropical rain forests is large and rarely does
a single species constitute more than 107 of the total stand basal area.
Therefore, species are generally grouped, based on their growth charac~
teristics and general properties. Four such groups were identified and
used in this study. These are:

Dipterocarps (DIPT)

Light hardwoods (LHW)

Medium hardwoods (MHW) (NON-DIPT)
Heavy hardwoods and other misc. spp (HHW)

DATA ANALYSIS

In view of the fact that only stem diameter information was available,
the dependent and independent variables in the analysis were diameters
or their functions. The number of surviving trees by size class was
additional information which was also used in the analysis. The analy-
sis was limited to:

a) Prediction of annual or periodic diameter growth. Because of the
nature of mixed tropical forests and the management practices used,
aggregate basal area growth has 1little practical use. Trees are
harvested using selection system and trees above certain diameter
only are harvested. An updated diameter class distribution list,
therefore, has definite use in management planning and yield
forecasting.

b) Prediction of non-catastrophic mortality. Besides suppression
mortality, selection harvest in tropical forests induces mortality
in the residual stand, which is not always confined to the smallest
trees. Accounting for this mortality is, therefore, essential in
updating of stand tables.

Though ingrowth is an important element in stand table projection, it
was not part of this study. It was felt that the yield projections will
be made only to the end of the next cutting cycle, on which ingrowth
would have little impact.

PREDICTION OF DIAMETER GROWTH

There is no conclusive evidence that diameter growth or tree basal area
growth perform better as the dependent variable (Hegyi 1973, Lanford and
Cunia 1977, Opie 1968 and 1972, Moore et al. 1973, Stage 1973 West 1980,
Manley 1981). Preliminary data analysis suggested that diameter growth
was a better dependent variable than basal area increment and its
logarithm.
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As stated earlier, no quantitative measure was available to reflect
either the site productivity or the stand density. The tree basal area
and various forms of 1ts aggregation were used as independent varilables
with the hope that these measures would, to some extent at least,
indirectly capture the essence of these two important factors in growth
prediction model.,

The regression models tested included: linear unweighted and weighted
models, and weighted nonlinear models. The regression analysis showed
that weighted linear regression models performed better than the other
two both in terms of mean square of the residual and the homogeneity of
variance. Using 'all possible subset’ regression program of the BMDP
statistical software (Dixon 1983), the following model was finally
selected as best for diameter growth for Dipterocarps:

§D = ,149914 <+ ,02053524%D -~ ,0001612%D* + ,928187%RS
- ,0011628*GRBA -~ ,0111762*D*RS + ,0000108*D*GRBA
where

8D ~ periodic annual diameter growth (cm/year)
D ~ tree diameter (cm)
RS — ratio of species group basal area to the total plot basal
area
GRBA - species group basal area per plot * (dm?/plot)

All of the above regressors were significant. Multicolliniarity was
unavoidable and the R? value came out to be only 0.19518 with the
standard error of estimate equal to 0.40490lcm. Similar expressions
were obtained for the other species groups.

The R? wvalue 1is disappointingly low. The scatter-plot of diameter
growth over diameter hardly shows any trend. Unless explicit ex-
pressions for site productivity, stand density and/or some measure of
inter~tree competition within and between species groups, can be quan-
tified and used as independent variables in the regression model, it
would be almost impossible to account for large variation in diameter
growth,

How much improvement in prediction of diameter increment if past diam-
eter and basal area growth rate are used as a regressor? Using the past
annual growth rate in individual tree diameter and basal area, specles
group basal area and total basal area as lagged variables, improvement
in the prediction of tree diameter growth rate was remarkable. Again
using linear model and weighted regression (with inverse of diameter
squared as weight), the following weighted model was identified as
providing the most satisfactory fit for DIPT:

§D = ,1123 + ,0085569%*D + .0000496*D2 + ,63472*LDG ~ .0001057*BAT
- ,0020857*LBAG - .965438E~-5*LTBAG + .0001357*D/RS

where, in addition to the variables defined earlier,

LDG =~ -annual tree diameter growth rate during the previous
measurement period (cm/year)
BAT - total plot basal area (dm?/plot)
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LBAG - annual tree basal area growth rate during the previous
measurement period (cm?/year)

LTBAG - total annual basal area growth of all species per plot
during the previous measurement period (cm?/year)

The R?® value came out to be .48653 with standard error of estimate
0.3234cm. Similar improvements were noticed in the prediction of
diameter growth of other groups, the selected model in each case exhib-
iting minor differences in the overall model. The past rate of diameter
growth fairly well reflects the impact of site productivity and inter-
tree competition. Therefore, unless quantitative measures for these
variables can be developed, past rate of diameter growth remainsg the
best predictor of future diameter growth In the mixed tropical rain
forests.

PREDICTION OF NON-CATASTROPHIC MORTALITY

It was decided to use logistic model with non-~linear regression in this
study. There were two reasons for that. One, the logistic model
ensures that the predicted probibilities are non-negative and do not
exceed 1; and two, logistic models generally exhibit improved
statistical properties over ordinary linear regression models (Hamilton
and Edwards 1976),

In view of the fact that trees with less than 10cm diameter will not be
able to reach the 30cm diameter threshold -- the minimum tree diameter
currently considered for planning selection harvest during the next
cutting cycle —- in less than 20 years, the 5-10cm class would in no way
affect the harvesting decisions for the next cycle., Therefore, the
modelling for mortality was limited to trees lOcm and larger. Further,
as all trees 10cm and larger were measured on only 4 out of 10 plots per
cluster, the data from these 4 plots only was used for this analysis.

Three measurements per plot were needed for logistic modelling: the
first two measurements provided the diameter and basal area growth,
which were used as predictors. The third measurement provided the
survival status (dead or alive), which served as the dependent (binary)
variable. As each plot-cluster had 3 to 6 measurements, it was decided
to use only one set of three measurements per cluster.

The general form of the logistic model is:
P(X) = exp{U}/[l+exp{U}] + e

where P(X) is either 0 or 1, U is a linear function of independent
variables and e is the random component.

The independent variables included both tree attributes, such as D, D?,
6D, 8BA, and plot attributes such as GRBA, BAT and RS. Another variable
RD was computed as the ratio of total plot basal area to square-root of
average diameter to reflect stand density (Curtis 1982). The variables
which were significant and showed up in the final model are:
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Spp group Independent variables

DIPT D D? 6D and ¢BA
LHW D D? and RD

MHW D*RS and RS

HHW D D2 &BA and BAT

The logistic model was fitted in a stepwise manner to the data sorted by
species group using the program PLR of the BMDP software. Several
criteria were used in selection of variables and in the stopping rule.
These included: improvement chi-square; Brown's goodness-of-fit test
(Prentice 1976); and the t-value. The program PLR generates all these
statistics, and based on these criteria, the fitted logistic model
appeared satisfactory for DIPT and LHW., The model did not fit the data
well for species groups MHW and HHW, No attempts were made to improve
the fit for these two groups. The fitted models for each species group
showing the regression coefficients and corresponding goodness~of-fit
chi-square are given in Table 1.

Table 1: Summary of stepwise logistic regression for Dipterocrps
(DIPT) and non-Dipterocarps (LHW, MHW and HHW).

2
Spp. Step Variable Coeff. t Improvement1 Brown's Pearson's3

group no. Xi bi value chi-sq chi-sq chi~sq
(p-value)
/
DIPT 1 D -0,145 =5,240 55.55
2 D2 0,001 3.370 28.58 0.491 4.91
3 éD -4,262 -4.,070 12,23 (0.783) (ns)
4 6BA 0.045 3.352 10.81
(const) 1.896  3.344
LHW 1 D -0,224 -8.880 132.95
2 D? 0.002 6,940 47,04 0.686 9.63
3 RD -0.012 -3.,260 11.12 (0.710) (ns)
(const) 4,640 5,530
MHW4 1 D*RS -0,303 -7.920 62,28
2 RS 8.177 4,630 23.77 3.147 47,32
(const) -0.129 -0,540 (0,209 (*%)
HHW 1 D -0.112 -5.990 47.86
2 D? 0,002 5.630 15,38 1.046 20.47
3 §BA -0.025 -3.090 8.05 (0.593) (*%)
4 BAT -0.002 -2.230 6.95

(const) 2.453 3.880
1. Improvement chi-sq = 2*[Ln(MLR)]
2. In Brown's test, a large chi-sq or small p-value indicates
that the logistic model is not appropriate.
3. (ns) - not significant; and (**) - highly significant.
4, For MHW, D entered the model at step !l but was
subsequently removed by program PLR.
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VALTIDATION OF RESULTS

There were no indications of negative predictions or signs of unsatis-
factory model behavior as judged by the scatter-plot of residuals. Lack
of similar growth models in the mixed tropical rain forests, made it
impossible to compare our results with any other alternate model.

Checking the predictions against observed results provides a simple and
reliable method of judging the validity, reliability and accuracy of the
model., The data from 18 ten-plot clusters, which was set aside for this
purpose, was used to compare predicted diameter growth as well as
mortallty against observed values,

Before carrying out comparative analysis of the model, both data sets
were examined in detall to identify any dissimilarities. Though rela-
tive frequencies of diameter distribution were more or less identical
for each species groups in both data sets, there were considerable
differences in the distribution pattern of basal area.

VALIDATION OF DIAMETER GROWTH

The following comparisons were carried out between calilbration and
validation data set:

a, Average of predicted minus observed diameter growth over all trees.
This was zero for every species group in the calibration data set
and very close to zero for the validation data set. Breakup by
plot basal area into low (< 650 dm®), medium (651 - 900 dm?) and
high (> 901 dm?®) failed to indicate any significant departures from
zero. However, when the trees were classified by diameter class
and species group, the wvalidatlion data set exhibited larger de-
partures from zero.

b. Residual root mean square error. The root mean square error for
the validation data set did not materially differ from that for the
calibration data., Grouping of the data by low, medium and high
total basal area plots did not materially change the results.

c. Observed versus predicted diameter growth. Comparison of predicted
with observed dlameter growth showed consistency even when the data
was grouped by species group and diameter class; as well as basal
area level and diameter class. When plotted against RS -~ the
ratio of specles group basal area to the total basal area -~ the
results were not materially different for both data sets.

‘In summary, the diameter growth model exhibits satisfactory behavior.
The major drawback of the model is that past rate of diameter and/or
basal area growth is needed for predicting future diameter growth,

VALIDATION OF MORTALITY MODEL

This was accomplished by carrying out Pearson's chi-squared test on the
validation data set. The stem frequency tables with 5 cm diameter
classes (10-15, 15-20, etec.,) were prepared using the observed mortality
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data from both sets of plots (calibration and validation). The expected
frequencies were computed by summing up probabilities using the initial
stem frequencies. The chi-square test on the validation data set was
insignificant for DIPT, LHW, and HHW, and significant for MHW.

CONCLUSTIONS

The results reported here, lack the precision of similar work in the
temperate forests and there 1is considerable scope of improvement and
refinement in the two components (diameter growth and non-catastrophic
mortality prediction) presented here. Eventually, the ingrowth
component must also be incorporated in the model as the long-run stand
table projection would not be complete without it.

In the tropical rain forests, the mortality problem is further compound-
ed by damage to the residual stand caused by selective logging. Tang
and Wan Razali (1981) have reported that logging induced mortality is a
significant component of total mortality in these forests.

This study also brings out problems with and deficiencies in the data
which limited the analysis. These issues must be addressed, if meaning-
ful improvements are to be made in the modelling of tropical forests.
These include:

1) From the data currently being collected in the research plots, it
is not possible to quantify site productivity and density. Both
these attributes are known to have considerable influence on
diameter growth rate and non-suppression mortality. Soil charac-
teristics, topography and precipitation may be more suitable in
characterizing site in these forests.

2) Measurement of tree diameters and heights in the mixed tropical
forests require attention. Inconsistencies in diameter measure-
ments were not uncommon. These measurement errors may have made a
significant contribution to the poor fit of the diameter growth
model,

The problem of modelling growth and yield in mixed tropical forests is
too complex and beyond the resources of any one country in the tropical
region. A viable alternative would be for these countries to pool their
resources under technical guidance of some internmational agency.
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THE CACTOS SYSTEM FOR INDIVIDUAL-TREE GROWTH SIMULATION
IN THE MIXED CONIFER FORESTS OF CALIFORNIA

Lee C. Wensel and Greg S. Biging!

ABSTRACT.

The California Conifer Timber Output Simulator, CACTOS, can be used to simulate
changes in a forest stand due to growth and harvest. The growth simulation uses an
individual-tree model based upon site index curves and species-dependent functions of tree
size and competitive position within the stand. The harvest simulator in CACTOS enables
the user to simulate thinnings in silvicultural prescriptions. The CACTOS system includes
a program to generate missing tree measurements and programs to summarize and compare
simulations with actual growth measurements,

INTRODUCTION

Changing age class distributions and changing forest practice rules in California led to the
development of a University-industry cooperative research effort to study stand dynamics
in uneven-aged, mixed-species young growth forest stands. This effort, started in 1974
with work in the redwood region on California's north coast, was joined by an interior
northern California effort in 1978. The initial objective was to build a model to predict the
development of forest stands under alternative management strategies. An additional
objective was to standardize measurement and sampling procedures to facilitate the pooling
of data across ownership boundaries so that future yield studies would have a credible data
base.

The forests of northern California are characterized by stands of mixed species as well as
mixed ages and sizes. "Mixed conifer” describes forest stands that are at least 80 percent
conifer with no single species comprising more than 80 percent of the stand by volume.
The other conifer stand types recognized here are Douglas-fir, ponderosa pine, and true fir.
While the first two stand types, Douglas-fir and ponderosa pine may occur in even-aged
stands, they are usually of uneven ages and sizes, the product of years of harvesting
merchantable timber and leaving the smaller trees as growing stock. These stands were
allowed to remain uneven-aged, rather than converting them plantations, but California
foresters have only had limited experience to guide them in making optimum silviculture
prescriptions. How would the existing stands develop under alternative levels and types of
thinnings and partial harvests? In the absence of cutting trials, a model was needed to
explore this question.

Working with the industry members of the Northern California Forest Yield Cooperative,
the California Conifer Timber Qutput Simulator, CACTOS, was developed to meet this
need (Wensel and others, 1986). The objective here is to introduce the CACTOS System,
that is the simulator and its supporting programs, and to discuss it's modelling approach.
The operation of the CACTOS System for MS-DOS personal computers will be

1 Associate Professors, Department of Forestry and Resource Management, University of
California, Berkeley, CA 94720 ,

Presented at the TUFRO Forest Growth Modellmg and Prediction Conference, Minneapolis,
MN, August 24-28, 1987. Thanks to David Bruce, U.S. Forest Service, for his helpful
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demonstrated in the poster session and sample output is given in these proceedings
(Meerschaert 1987).

THE CACTOS SYSTEM

The CACTOS System includes the simulator, CACTOS, and a number of utility programs
that prepare data for CACTOS and to summarize the results for multiple plots within a
given stand. The general flow of information in the CACTOS System, illustrated in
Figure 1, starts with providing CACTOS with a representation of the stand to be
simulated. If individual measurements, or all measurements for a variable (except species
and DBH), are missing, the stand generator, STAG, is used to complete the representation?
CACTOS then simulates the sequence of 5-year growth cycles, with or without intervening
thinnings. This produces a yield stream for each stand description / silviculture alternative
chosen. These yield streams can then be averaged using the yield averager, YDAVG, to
form a yield summary for all plots in a given stand. For cases where yield data are
available from actual field trials, the program COMPARE facilitates the comparison of
predicted yields with actual yields.

Central to this system is the representation of the stand to the simulator. This is discussed
below, followed by a description of the components of the CACTOS System and its
modelling philosophy.

Stand { STAG, fill in ]
~g- description p{  missing data J
B for plot i ‘
o
=
n Y
2 | o)
2
P
o b Yol o new stand
for ploti description
YDAVG, SDAVG
average average
yield stand
files descriptions

Figure 1. Structure of the CACTOS System

STAND DESCRIPTION

The stand descriptions used in the CACTOS System includes both plot and individual tree
components. At the plot level, stand productivity is expressed by listing the site indices for
all species present. This is important because the competitive advantage of one species
over another varies from one area to another. In addition, age may be added for any
species where it is a relevant label (say, for any even-aged stand component). For tree
information, the varied sizes and uneven ages of the forest stands require that the stands be

1 STAG is ,described further in these proceedings (Biging and Wensel 1987)
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described for modelling by the inclusion of both diameter and crown information. Thus,
the stand description used by CACTOS has the following tree information: species,
diameter at breast height (DBH), total height (H), height to the crown base (HCB) or live
crown ratio (LCR), and number of trees per acre (TPA) represented by each tree.

While the location of the tree would complete the 3 dimensional stand description, tree
coordinates are generally not available in operational inventories. Thus, the only locational
information used is that the trees are assumed to be on the same sample plot, an assumption
that invalidates averaging plots to get an average stand description for growth simulation.

PROGRAM STRUCTURE

As illustrated in Figure 2, the simulation operations carried out by CACTOS are of two
types: growth projection and harvest simulation. In addition, report generation and a
number of utility operations can be performed. Growth is simulated in 5-year cycles and
optional harvests (thinnings) can be done in any of the 5-year intervals. The various
reports are used to provide the user with important data summaries to be used in choosing
the alternatives to be simulated and to record the results of the simulation. All commands to
the simulator are issued by typing two-letter commands in response {0 computer prompts.
Alternatively, commands can be put into a command file for batch processing of multiple
stands with the same prescription or for multiple prescriptions.

Welcome »
14 o i
| CACTOS J

Enter filename of Initialize
stand description (optional)

( MAIN PROGRAM MENU )@

A4 v
write enter harvest
reports ingrowth (or thin)
grow Utility
trees commands

3 vy

Figure 2. Structure of CACTOS, the California Conifer Timber OCutput
Simulator ‘

GROWTH PROJECTION

In each of the 5-year growth cycles the current tree height and diameter growth are
computed as a product of the tree's potential growth times a factor based upon the competi-
tive position of the tree in the stand (Wensel and others, 1987). This process is similar to
that used by a number of researchers (see Monserud 1975, Belcher and others 1982, and
Krumland 1982.) The approach used to model height growth and DBH growth are similar.
Both have potential and competition components and they use similar theoretical model
forms. However, the data bases for the models are different and they were fitted
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differently. Here we'll only describe the process used to fit the height growth curves. The
process used to fit the DBH growth curves is described in Wensel and others (1987b).

POTENTIAL

Height growth potential is expressed as a function of the height growth on site index trees
developed by Biging and Wensel (1987) using a modified version of the Chapman-
Richards function (Biging 1985). This relationship was then used to determine the
physiological age in a manner similar to that of Monserud (1975) as illustrated in Figure 3.
That is, the physiological age A is the age corresponding to that of a "site" tree of the given
height for that site index. The predicted potential height of the tree 5 years later, at
physiological age A + 5, is then estimated by projection onto the height curve and potential
height growth is estimated by subtracting the current height.

total height
oo}

o

_ A breast height age
Figure 3. Potential height growth from site index curve.

This process of getting the potential height growth has several weaknesses, some of which
we can deal with and some that we can't. Foremost of these is the general inability of site
index curves to represent how trees grow, particularly where there were periods of
suppression

A more tangible problem with the above procedure is the fact that site index reflects the
average height of dominant and codominant trees and, therefore, the potential height
growth could be somewhat higher than that obtained by this procedure. As a result, site
index adjustment may be necessary. In the current study site index adjustments were
necessary for pines.but the estimated adjustments for the other conifer species were not
statistically significant.

A further adjustment of the potential tree height growth is necessary to take into account the
tree's history. If the tree was recently released it may not have sufficient crown volume to
take advantage of the growth potential for that species at that location. We've found that
there is a steep decline in the ability of the tree to respond as the tree drops below 40% live
crown ratio (LCR). While there was considerable variance in the coefficients, they were
similar among species and all were statistically significant. As a result, the potential height
growth was reduced based upon the function of the live crown ratio (LCR) shown in
Figure 4. A similar relationship existed for potential diameter growth but with a much
greater effect. This is consistent with the accepted idea that density, which reduces the
LCR, has a much greater effect on diameter growth that it does on height growth.
Consequently, the reduction shown for DBH growth is greater than that for height growth.
Also, for DBH growth the amount of the reductions were not peculiar to the various conifer
species modelled. .
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Figure 4. Adjustment to potential height growth based upon LCR

Adjustments in the models used by other authors have been based upon either soil series,
slope, aspect, and habitat type. We see the potential for using some these same elements in
a future modelling effort that uses soil and location variables. Soil / site relationships with
height growth potential, while more difficult to estimate, will continue to gain favor. Work
is currently under way to develop such relationships from soil data collected at each of our
stem analysis locations by the Soil Conservation Service.

COMPETITION

A variety of competition measures have been proposed by other researchers, each with its
own set of objectives and opportunities. Point density measures require that tree DBH and
stem position be measured for each tree. Plot density measures, such as total basal area or
basal area of trees larger (BAL) than the subject tree (Monserud 1975), require only tree
DBH for each tree on the plot. Crown closure estimates add another conceptual element to
the estimation process. They allow one to visualize how the stand canopy is being affected
by either growth or partial harvests (see below). However, to calculate crown closure,
total height and height to the crown base must be measured.

Total crown closure is an important component of the overall crown density. The crown
density as it affects the growth of an individual tree depends upon the relative position of
that crown in the canopy. This is expressed in CACTOS as a function of the the crown
closure at 66% of the tree's height (CC66) and, for ponderosa pine, the proportion of the
basal area (PBA) in that species. The PBA has the effect of habitat type used in
PROGNOSIS (Wycoff and others 1986). The quantity CC66 is illustrated for three trees in
Figure 5. In Figure 5(a), the center tree is shorter that the others, giving it a higher value of
CC66 than for the left tree in Figure 5(b) or the right tree in Figure 5(c). Estimates of
CC66 depend upon the availability of crown models to estimate the cross sectional area ata
given height in the tree. These models were developed in separate studies using the crown

profile data from the same stem analysis trees used for the growth study (Van Deusen and
Biging (1984) and Biging and Wensel (1987)).

100

T

@ ® , ©
Figure 5. Cross sectional area at 66% of shaded tree's height.
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The growth models used in CACTOS continue to evolve as additional data become
available. For individual users, these data can be used to develop calibration factors to be
entered into CACTOS. However, we expect to use the latest remeasurement of our
network of permanent plots to completely reestimate the growth rates, including localizing
the estimates, where necessary, and testing alternative model formulations.

MORTALITY

The current estimates of mortality in CACTOS are now just "borrowed" from CRYPTOS
(Wensel and others 1987a) and can be turned on and off at will. While one could argue
that this is of little importance in heavily managed forest stands, it is currently a weakness
that we hope to remedy with the permanent plot remeasurement data that we are now
getting from our industry cooperators. However, mortality estimates will require additional
user input because mortality is a very local phenomenon.

HARVEST

The ability to simulate various thinning procedures is an important part of any timber output
simulator. Since the stand description contains tree height and height-to-the-crown-base
information as well as DBH, it is possible to simulate rather involved thinning
prescriptions. CACTOS has 4 alternative cutting routines that can be invoked in any one of
the 5-year cycles. These include cutting with (1) DBH control, (2) basal area control, (3) a
"free" cut, and (4) a sanitation cut. While under DBH control, one can cut (or retain) all or
any proportion of the trees in any DBH class or range of classes. Under basal area control,
the user may specify the basal area to cut (leave) and can mimic a cut from below or from
above based upon a function of the DBH and LCR. The "free" cut allows the user to create
up to 24 variable-width diameter classes and harvest in any of these classes, selecting trees
according to DBH and LCR. Finally, the sanitation harvest removes the trees with LCR
less than or equal to the user-specified LCR. The "free" cut or the sanitation harvest may
be used in lieu of simulated mortality to give the user greater control over the trees that are
"killed". There is a problem, however, in matching simulated thinnings to actual thinnings
where trees that are not in the prescription are cut because they are in the way. On the
ground the prescription would be altered to account for this. Also, thinning to achieve
specified spacings cannot be effected with distance-independent models.

DISCUSSION

Users have found the CACTOS system easy to use, largley because it was designed with a
lot of help from users who were computer novices. It is easy to run a stand description
through a variety of silvicultural precriptions in a "game" atmosphere. In fact, the users
tend to get carried away and push the system far beyond its designed limits. Thus it is
important to note that CACTOS is also designed with the ability to calibrate projections
with local growth data, making the final projections the responsibility of the user.

Experience with the CACTOS System and other simulators coincided with changing
economic conditions in the forest industry. This led to pressure for extension of the
original objectives to include a system for making the economic evaluations necessary to
evaluate management strategies for both short and long range planning. Here the forest
manager is faced with the problems of predicting the growth and future yields of forest
stands under a number of alternative management strategies over a rotation or over an entire
planning horizon or cutting cycle. These predictions are then evaluated to estimate the
economic and other returns for each strategy by applying prices, penalties, or both to the
yield estimates. Aggregating these alternative returns for all forest stands in the forest is
then the basis for finding the optimum strategy to best meet the forest management
objectives of the ownership.
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However, CACTOS was designed as an interactive system and, in this mode, the user can
exercise some judgement in selecting the operations to be applied to each stand. We have
extended CACTOS to permit "batch" operation to generate multiple stands to be operated
on by multiple silvicultural prescriptions. This places additional responsibility on the user
to ensure that the combinations of growth, mortality, ingrowth, and thinning prescriptions
that are applied to each stand prescription are reasonable. In fact, what is needed is an
"expert system”. Professors Larry Davis and Keith Gilless are leading efforts to use the
output of the CACTOS system to develop the economic planning models. This extension
points to the crying need for reliable, accurate, and robust yield models.

The CACTOS System continues to evolve as our data bases mature and our understanding
of the system crystalizes. While tests have shown that the growth estimates are unbiased
with respect to tree size but the growth rates for plantations, are under estimated and the
estimates. still need to be localized to improve the accuracy of the predictions. Also, there
is still insufficient response information to know how well it predicts the effect of release.
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SOFTWARE

Program name: The CACTOS System, including programs CACTOS, STAG,
YDAVG, SDAVG, COMPARE

Programmers: Greg S. Biging, Kenneth Brown, Peter J. Daugherty, James R.
Koehler, Bruce E. Krumland, Walter J. Meerschaert, Mark E. Teply,
Tim A. Robards, Paul Van Deusen, and Lee C. Wensel

Hardware and software requirements:

IBM PC or compatible, with math coprocessor

Operating System .. ... ... ... DOS 3.0 or higher

Memory required . . ... 512k

Disk drives required . ... ....... 2 floppies or hard drive

Printerrequired . .. ............ no; output is to disk for
later printing, to the screen,
or both

Apple Macintosh 512, Plus, or SE

Operating system . .. .. ........ Finder 3.0 or higher

Memory required . .. .. ..o 512k

Disk drives required . ... ....... 2 floppies or hard drive

Printerrequired . . . ............ no; output is to disk for
later printing, to the screen,
or both

Additional information: Developed at the University of California in cooperation with the
Northern California Forest Yield Cooperative

Program available from: The Biometrics Program
: Department of Forestry and Resource Mgt.
University of California
Berkeley, CA 94720
Media: floppy disks and user's manuals

Cost: $125, checks payable to Regents,y University of California
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REPRESENTING SITE QUALITY IN INCREMENT MODELS:
A COMPARISON OF METHODS

1
William R. Wykoff and Robert A. Monserud

ABSTRACT. Alternative site measures were compared by fitting separate
diameter increment models to Douglas-fir increment data from the
northern Rocky Mountains. The first model used site index while the
second used habitat type and abiotic site descriptors such as
elevation,

slope, aspect, and location to express site productivity effects. The
models were compared by analyzing prediction errors for an independent
collection of long-term permanent plots. The models behaved similarly
and explained about the same amount of variation in diameter increment.

INTRODUCTION

The Quixotic search for a single measure that integrates the effects of
soil and climate on tree growth continues to be a primary focus of
mensurational research. More often than not, the variable of choice
has been site index, and it has proven to be an effective predictor of
tree growth in numerous growth and yield studies.

The Prognosis Model (Stage, 1973; Wykoff et al., 1982) was developed to
_represent a forest region that is characterized by a great deal of
variability in species and age composition in both natural and managed
stands. Frequently, suitable site trees are not available. Further,
proper application of site index requires accurate age determination.
Age may be expensive to inventory when stands are not even-aged or date
of stand origin is unknown. Monserud (1984a) has summarized other
problems with site index. Some of these will be mentioned in passing.

Partly as a result of the above considerations, the Prognosis Model is
one of the few examples of a growth model that does not use site index
as a predictor variable. Instead, site descriptors such as habitat
type, location, elevation, slope and aspect are directly incorporated
in the prediction equations. The assumption that site effects are
adequately represented without site index has been frequently disputed
but never directly tested.

The objective of this study was to compare two disparate approaches for
incorporating site effects into growth models. The first approach
(which is used in Prognosis) eschews site index, relying instead on a
linear combination of habitat type and several abiotic site descriptors
(elevation, slope, aspect, location). The second approach (termed
Potential and Modifier) relies on site index to determine the maximum
growth possible; this potential is then modified (or reduced) by
incorporating non-site effects due to tree size and stand density.

1. . . .

Principal Mensurationists with the USDA Forest Service,
Intermountain Research Station; located at the Forestry Sciences
Laboratory, 1221 S. Main St., Moscow, ID 83843.

Presented at the IUFRO Forest Growth Modelling and Prediction
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METHODS

Alternative diameter increment models were fit to individual Douglas~fir
(Pseudotsuga menziesii var. glauca [Beissn.] (Franco) trees sampled in

a Douglas~fir site index (DFSI) study (Monserud, 1984b). The models
were evaluated by comparing performance on an independent sample of
Douglas~fir from the Intermountain Research Station's permanent sample
plot (PSP} collection (Haig, 1932).

For comparative purposes, residuals were computed and evaluated for both
the PSP and DFSI datasets using the diameter increment model implemented
in version 5.2 of the Prognosis Model (NI52) (Wykoff, 1986). Parameters
for NI52 were estimated from a larger data base (N=12313) combined from
the USDA Forest Service Northern Region timber management inventory and
a research study of young, managed stands.

THE DATA

DFSI-~The 135 DFSI study sites are distributed throughout northern Idaho
and western Montana and sample a variety of forest types. The selected
stands are generally composed of mixed species and multiple-age

classes, although roughly a third are even-aged. Site selection was

not constrained by stand structure but was based only on availability

of suitable Douglas-fir site trees. In addition, a conscious effort

was made to avoid geographic clustering of the study sites. The
sampling framework is therefore ideal for developing a model that can

be generally applied to the proscribed region.

Habitat type, slope (SL), aspect (ASP), National Forest, and elevation
(EL) were recorded for each DFSI study site. 1In addition, each site was
sampled with a cluster of four 20 basal area factor (baf) variable
radius plots, and all "in" trees were measured for diameter breast
height (DBH), species, crown ratio (CR), height, and 10-year diameter
increment (DG). Increments were measured from increment cores, and
Douglas~fir site index (SI) was determined by stem analysis of selected
site trees. Crown competition factor (CCF) (Krajicek et al., 1961),
stand basal area (BA), and the distribution of tree basal areas (PCT)
were derived from the point sample inventory and backdated to the start
of the growth period using the procedures described by Wykoff et al.
(1982).

PSP--The permanent sample plots are concentrated in the Priest River
and Deception Creek Experimental Forests in northern Idaho.

Composition of the stands varies widely, but generally four to six
species are present. At the time of plot establishment, at least 15
percent of the stems were in an essentially even-aged western white
pine (Pinus monticola Dougl.) component. Because of accelerated.
mortality of white pine due to blister rust and succession to more
tolerant species, the current age and species structure of these stands
is quite complex.

The permanent sample plots have been remeasured at 5- or 10-yr intervals
since the time of establishment. To minimize serial correlation and
confounding due to variation in climate, only the measurements for the
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10-yr period that most closely corresponded to the decade sampled by
Monserud (1966-1976) were used. Inside-bark (ib) diameter increments
were computed by subtracting successive DBH measurements and adjusting
for bark thickness (assuming an ib/ob ratio of 0.867; Monserud, 1979) .
White pine site index was determined at the time of plot establishment
using Haig's (1932) method. Steele and Cooper's (1986) relationship
was used to estimate Monserud's site index from white pine site index
for the PSP data.

The PSP data provide a good test of the extrapolative capabilities of
the models. The stands in this sample have lower site indices and
higher basal areas, and the Douglas-fir are smaller in diameter, have
much smaller crowns, and generally occupy more subordinate positions in
the canopy. In contrast to the DFSI plots, which all contained
dominant Douglas-fir, only 35 of the 102 permanent sample plots had any
living Douglas-fir at the last measurement, and in only 14 of these
plots were the Douglas-fir in dominant crown positions.

ANALYSIS

The first model (NIDFSI, eq. 1) is styled after the regression model
that is implemented in the Prognosis Model (Wykoff 1983, 1986). The
dependent variable in this model is the natural logarithm (1n) of
periodic change in squared diameter (DDS).

In(DDS) = HAB + LOC + bl'ln(DBH) + b2°DBH2 + b3°BAL

+ b, *BAL/In(DBH+1) + b CR + bé°CR2 + b_*CCF

5
+ b_ °SL°cos(ASP) + b9°SL°sin(ASP) + blo'SL +

8
+ b, st + b, _°EL + b._EL? (1)
11 12 13
where
b b13 are regression coefficients,
L&C ="intercept dependent on plot location (National Forest),
HAB = intercept dependent on habitat type,
BAL = estimate of stand basal area represented in trees that are
larger than the subject tree,

and all other variables are as previously defined.

Site index is not used in this model, but site effects are incorporated
by using intercepts that are dependent on habitat type and location,
along with transformations of elevation, slope, and aspect.

The second model (POTMOD) is a potential-and-modifier model similar to
that described by Hahn and Leary (1979) and Holdaway (1984). This
style of model was selected for comparison because it uses site index
in a theoretically appealing manner. In our formulation, potential
(eg. 2) is a function of site index and diameter at the start of the
growth period. This model form produces a flexible unimodal curve
that can readily assume the shape of a typical increment curve (Wykoff,
1983) ., :

i | . . ® : . c
POT = Cq + exp(c1 + c, In(DBH) + 3 DBH 4) (2)
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where

POT = potential DDs,

and {co—c4} are site index dependent parameters.
The modifier (eq. 3) is a function of diameter, crown ratio (CR), and
basal area in larger trees (BAL).

MOD = . » ° °
c5/{1 0 + exp(c6 + < DBH + Cg°BAL + <, CR) ] (3)

The resulting prediction is the product of these two submodels:
DDS = POT°MOD (4)

Note that the intent was to isolate all site effects into the potential
function. Although simple in concept, the overall model (4) is complex
and the fitting procedure approaches the mystical. The fact that the
true petential is never observable is a considerable complication.

Models (1) and (4) were compared by evaluating the magnitude and distri-
bution of residuals for the test dataset on two scales. The diameter
increment scale was selected because it can be readily visualized,
However, for statistical comparisons, residuals on the 1n(DDS) scale are
a better measure because the variance of the distribution of these
residuals is more nearly independent of the predictor variables.

RESULTS AND DISCUSSION

When the potential function in POTMOD was fit to the data for site
classes, all of the parameters exhibited trends relative to site index
(Table 1). There is no doubt that a more parsimonious representation of
the relationship could be developed. However, the behavior of the model
for feasible values of SI and DBH appears acceptable. Potential is
unimodal relative to DBH and increases with increasing SI. Keep in mind
that potential is a mental construct that cannot be observed. The
purpose of specifying a potential is to identify a reasonable, albeit
arbitrary, standard for evaluating the effects of competition and vigor.
While not elegant, the model as formulated provides such a standard.

TABLE 1. Final estimates for the POTMOD coefficients.

Potential Modifier
coeff. (eqg. 2) Value coeff. (eg. 3) Value
S, exp[-20.,94 + 5.41°1n(SI)] Cq 1.8
¢y ~0.34415 + 0.04575°SI e 2.4553
<, 1.225 =~ 0.003°SI ¢, 0.0214
C3 ~0.000152°exp (0.0582°81) Cq 0.0056
4 2.425 - 0.015°SI Cq -1.4279
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When attempts were made to simultaneously estimate all parameters of the
modifier function, the regression would not converge. Constraining ¢
to slightly exceed the largest ratio of observed to potential DDS
produced rapid convergence. The coefficients thus estimated for BAL,
DBH, and CR in (3) are highly significant and have reasonable signs.

5

When parameters were estimated for NIDFSI {(eg. 1), the coefficients fox
CCF were nonsignificant. A correlation between site and density was
suspected (good sites should be capable of supporting more biomass than
poor sites, and in undisturbed stands a natural correlation between site
and density could result). However, in a simple linear regression, site
index explained less than 1 percent of the variation in CCF for the DFSI
data. Thus, other model parameters were estimated holding CCF
coefficients at the NI52 values. All other effects were significant and
coefficients had acceptable signs.

A comparison of the model used in Prognosis (NI52) with the version
fitted to the DFSI data (NIDFSI) revealed two general differences.
Whereas the effects related to tree size, competition, and vigor appear
“to be expressed more strongly in NIDFSI, site effects are more important
in NI52 (Table 2). The data used to estimate NI52 parameters were
considerably more extensive than the DFSI sample and included a wider
range of forest types with greater diversity in stand structure.

TABLE 2. Coefficients for NI52 (Wykoff, 1986) and NIDFSI (Model 1).
Habitat and location effects are shown only for habitat type 520
(Abies grandis/Clintonia uniflora) on the Clearwater National Forest.
NIDFSTI contains 11 additional coefficients that represent other
combinations of location and habitat type. Coefficients assume that
BAL, CCF, and EL have been divided by 100.

Coefficients Coefficients
vVariable = NI52 NIDFSI Variable NI52 NIDFSI
1n (DBH) 0.5689 1.0452  sin(ASP)°SL 0.0629  0.0402
CR | 2.0685 2.9197  SL 0.7818  0.6641
cr? -0.6236 ~-1.3466  SL’ -1.1238 -1.1435
BAL 0.5020 ~-0.2526  CCF | -0.0905 ~0.0905
BAL/In(DBH+1) -2.1159 -0.7615  DBH -0.0004 ~0.0008
EL  0.0259 0.0022  Habitat type  0.4778 =-0.1561
gL / -0.0004 -0.0002  Location 0.5036 0.2168
cos (ASP) *SL  -0.0456 =0.1226




NIDFSI and POTMOD residuals for the DFSI data were unbiased on both the
DG and the 1n{DDS) scale and showed no significant trends relative to
any predictor variables (Tables 3 and 4). Of particular interest, site
index explained only 1.8 percent of the residual variation (0.6 percent
of the total variation) in NIDFSI 1n(DDS) predictions. Obviously, the
addition of a site index term to the explicit site variables already in
the model would not improve model performance.

TABLE 3. Proportion of variation explained by
alternative models.

Proportion of variation explained

DFSI data PSP data
Model DG 1n(DDS) DG 1In(DDS)
POTMOD 0.352 0.628 0.295 0.629
NIDFSI 0.365 0.658 0.267 0.593
NI52 0.244 0.595 0.333 0.646

TABLE 4. Proportion of variation in residuals explained by tree and
stand variables by simple linear regression [1ln(DDS) scalel].

Proportion of variation explained by

Data Model 1n (DBH) SI PCT EL CR BAL Age
DFSI: POTMOD 0.001 0.012 0.005 0.007 0.009 0.002 0.000

NIDFSI 0.000 0.018 0.004 0.000 0.000 0.000 0.006

NI52 0.039 0.016 0.106 0.006 0.008 0.076 0.007

PSP: POTMOD 0.034 0.118 0.059 0.155 0.002 0.035 0.020

NIDFSI 0.007 0.052 0.008 0.204 0.068 0.000 0.002

NI52 0.065 0.004 0.079 0.045 0.004 0.042 0.001

Because NI52 parameters were not optimized for the DFSI data,
predictions were not as well behaved. On the average, predicted DG was
0.2 inch greater than observed DG, and there were significant diameter
and relative size trends. Again, however, site index explained little
of the residual variation.

Although there was some degradation in fit, POTMOD and NIDFSI
extrapolated reasonably well to the PSP data (Tables 3 and 4). Poorer
performance may be partly attributed to the methods by which increment
data were collected. The PSP increments were determined by subtraction
of successive diameter tape measurements, whereas the DFSI increments
came from cores read on a microscope. Partially as a result, the PSP
data were almost a quarter more variable than the DFSI data--0.89 vs
1.09 for variance of 1ln(DDS).

Of note is the apparent importance of site index and elevation for

explaining residual variation in both the POTMOD and NIDFSI predictions
for the PSP data (Table 4). The marked difference in stand structure
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between the studies was probably incorporated in the site effect, and
model extrapolation was thus inhibited. NI52 was fit to a more general
and far larger data base and the PSP residuals for NI52 are more nearly
independent of site effects. Regardless of how site is represented in
the model, the data used to develop the model must reflect the range of
conditions for which the model will be applied.

CONCLUSIONS

In spite of their diverse origins, the alternative models exhibit
remarkably similar behavior. The actual shapes of the increment curves
differ somewhat, but both model forms correspond. to accepted growth
‘theory. The trends relative to basal area, crown ratio, relative size,
and DBH are in accordance with expectations (Figure 1). Given the large
amount of unexplained variation in the data, differences in curve form
were expected. The rather close correspondence is somewhat surprising.

The collection of site variables used in NIDFSI and NI52 appear to
represent site effects about as well as the POTMOD formulation that is
based on site index. The models explain about the same amount of total
variation in diameter increment, and little of the residual variation is
associated with site effects. Although the number of parameters could
probably be reduced, the POTMOD potential function gives evidence to the
complexity of site effects; many parameters were required to elicit the
desired site index-related model behavior.

Decisions on representing site effects should be based on availability
of site measures that can be faithfully reproduced using standard
inventory procedures. Site index makes a lot of sense for plantations
and monocultures, but it makes less sense for the irregular stand
structures typical of northern Idaho.
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52 20 PCT=95 20 PCT= 95 20 BA =50 BA =400
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FIGURE 1. For both NIDFSI and POTMOD, predicted diameter increment is
unimodal relative to DBH. As stand density increases,
increment slows; the increase in density affects the growth
of suppressed trees more than it affects dominant trees.
Regardless of density or relative size, trees with large
crowns grow faster than trees with small crowns. Predictions
are for a Thuja plicata/Clintonia uniflora habitat type on
the St. Joe National Forest. Site index is assumed to be 70.
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PREDICTING STEM DIAMETER DISTRIBUTIONS
FROM
GROWTH PROBABILITY EQUATIONS

G.M. Bonnor and S. Magnussen'

ABSTRACT. One method of predicting stem diameter distributions for
unevenaged forest stands is to develop empirical growth probability
matrices based on past growth, and apply them to current diameter
distributions. The purpose of this paper is to determine if this matrix
approach can be improved by deriving growth probability wvalues from
equations in which growth probability is functionally related to stem
diameter.

Using permanent sample plot data from an unevenaged, mixed forest in
Eastern Ontario, the relationships between five-year growth probability
and 1 cm stem diameter classes was explored. It was found that such
relationships could be expressed by simple first- or second-degree
polynomials, or by constants.

Growth probability equations were calculated by major species groups, and
the values derived from them were used to project stem frequencies and
volumes from 1985 to 1995.

While the absence of long-term basic data prevented an assessment of
accuracy, the method proved to be feasible and yield good results. |

INTRODUCTION

As intensive forest management in Canada increases, so does the need for |
better information about the forest. One such type of information is the
growth and predicted future yield of the forest. Many different types of
models have been developed for making such predictions. This paper ]
focusses on diameter distribution models using probability matrices. 1In |
this approach, growth probability matrices showing the growth and

mortality of trees by diameter classes are constructed from past growth

1Research Scientist, Canadian Forestry Service, Pacific Forestry }
Centre, Victoria, formerly at Petawawa National Forestry Institute, Chalk |
River, Ontario; and Research Fellow, Royal Veterinary and Agricultural
University, Copenhagen, Denmark. Present address: Petawawa National Forestry
Institute, Chalk River, Ontario

Presented at the IUFRO Forest Growth Modelling and Prediction Conference,
Minneapolis, MN, August 24-28, 1987
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records and applied to current diameter distributions to yield future
distributions. The Markov model provided an early theoretical framework
and was used by a number of investigators (Bruner and Moser, 1973;
Roberts and Hruska, 1985). Others (Buongiorno and Michie, 1980; Harrison
and Michie, 1985; Michie and Buongiorno, 1984) used the probability
matrix approach successfully without the constraining assumptions. This
approach was also adopted by the present authors (Bonnor and Magnussen,
1886) in their prediction and analysis of growth and yield of unevenaged
mixedwood forests in Eastern Ontario; the probability matrices for
individual species showed, by dismeter class, the probability of a tree
dying, stagnating, or growing 1, 2 or more classes of 1 em sach. We
noted that, where few trees were sampled, the probabilities for adjoining
diameter classes often differed considerably. This may be explained as
follows: The true probability of a tree in a given diameter class
growing 2 cm may be 0.37 meaning that, on the average, 37% of all trees
in that class will grow by 2 cm. Now, if only one tree is sampled in
this class, the probabilities can only be 0 or 100. If two trees are
sampled, the possible values are 0, 0.50 or 1.00, and so on. Thus, the
fewer trees sampled, the poorer the chance of making the correct
estimate. Further, while the probability of one class may be ©, that of
an adjoining class also with few samples may be 1.00. Such extreme
values or shifts in value are unlikely to reflect reality. A possible
but expensive solution to this problem is to increase the sample size
dramatically. The alternative that we propose is to make use of the
expected correlation between adjoining diameter classes: if the
probability of a given class is 0.37, that of the adjoining classes can
be expected to be near 0.37, not 0 or 1.00,

Thus, the purpose of this study is to develop, for undisturbed, mixed,
unevenaged forests, probability equations to predict stem diameter
distributions. Also, to present an example of the practical applications
of the method. The study is focussed on the development of equations for
predicting survivor growth and mortality; ingrowth is not considered.

The concept and initial work of the study has been presented at a 1986
workshop (Bonnor and Magnussen, 1987). Another recent study using the
equation approach is described by Solomon et al. 1986. They include
stand basal area in the probability equations and account for thinning
effects. While no statistics sre given for the equations, the 15-year
predictions show good accuracy. Ingrowth is difficult to predict
accurately and is accounted for in a separate model.

METHODOLOGY

The basic data came from federal forest lands located in the L. 4C Middle
Ottawa Section of the Great Lakes-St. Lawrence Forest Region (Rowe,
1972), near Petawawa, Ontario. The main species were white pine (Pinus
strobus L.), aspen/poplar (Populus L.), red pine (P. resinosa Ait.), and
red oak (Quercus rubra L.). Stands were predominantly of mixed species
and unevenaged.
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Two sources of data were used:

(L A 1980 management type of inventory. The primary data source
was 341 circular sample plots of 400 m#?, selected by simple
random sampling. Of these plots, 114 were permanent sample
plots (PSP’'s), the balance temporary sample plots (TSP'sg). 1In
each plot, trees 8.1 cm in diameter at breast height {dbh) and
larger were measured for dbh and their species noted. Heights
were measured on a subsample of 6-10 trees per plot.

(2) A 1985 re-measurement of the PSP's. Of the 114 plots, 11 were
found to have been disturbed, by harvesting or windfall. They
were excluded from further analyses.

Additional details on the data sources and the forest are given in Bonnor
and Magnussen (1986).

The basic plot data were checked and verified, then grouped by species .
Average dbh for the nine resulting species groups ranged from 14 cm (for
maple) to 23 cm (for white pine). Maximum dbh was 79 cm. Within each
species, the trees were next grouped by 1 cm dbh classes and two
calculations were made:

-~ for the combined PSP and TSP trees, stem diameter distributions
were derived showing number of trees per hectare, by species and
diameter class;

- for the PSP trees, dbh growth of survivor trees was calculated
for the 1980-85 period, and mortality was compiled from the
number of trees that died during that period.

The following growth classes were established next:
Survivor growth: class 0: tree growth of 0-0.5 cm (stagnation)
class 1: tree growth of 0.6-1.5 cm
class 2: tree growth of 1.6-2.5 cm
class 3: tree growth of 2.6-3.5 em
class 4: tree growth of 3.6 cm or more
Mortality: class M: tree died

Finally, for each dbh class and species group, the proportion of trees
belonging to the above growth classes was calculated. This proportion
was used as an estimate of the probability of future growth. For
simplicity, values were expressed on a percentage basis.

The basic tree data were also used to construct local tree volume
equations from normal equations using the model developed by Honer et al.
(1983) and local height-diameter equations (Bonnor and Magnussen, 1986).

Having thus completed the initial data compilations, a series of
scattergrams were produced to assess the nature of the relationship
between growth probability, dbh class and growth class. An example is
given, for white pine, growth class 1, in Figure 1. For example, the
topmost plotted value shows that, in dbh class 13 cm, the probability of
a tree growing by 1 cm during a five-year period can be expected to be
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Figure 1. Relationship between growth probability and dbh class for
growth class 1, white pine.

.65, or 65% of all trees in the class can be expected to grow by 1 cm.
The figure shows a considerable variation in probability walues, as
expected, but also a definite linear trend: probabilities decrease with

increasing dbh.

Similar scattergrams were plotted for other growth classes and species.
Analyses indicated that fairly simple models, e.g. first- or
second-degree polynomials, described the trends sufficiently well. As an
initial step in the regression analysis, such second-degree polynomials
were therefore fitted to the data. Weighted regrﬁfsion was used, the
weights being the number of trees in the class upga maximum of 10. The
procedure (joint simultaneous regression using dummy variables) was
subject to the constraint that, for each diameter class, the probability
values of the growth classes had to add to 100%. Thus, for each species,

P; = aj + b;D + ciD?

where i = growth class =0, 1, 2, 3, 4, M;
P; = probability value for growth class i (%);
D = diameter class (em); and

regression coefficients for growth class i, with
100, Ib; = 0 and Ic; = O

™
]

e
Wi

The results were next analysed statistically (using SAS computer
software) and inspected visually. The latter revealed - for equations
with a decreasing trend - negative probabilities associated with the
larger diameters. Accordingly, upper limits (Table 1) to the regression
procedure were established and observations beyond these limits were
deleted from the data set. Less than five percent of observations for
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each species were thus deleted. The data were re-run and a new final set
of equations resulted (Table 1). Beyond the diameter limit a.constant
probability, equal to that derived from the equation at the limit, yas
used. As an example, the equation for white pine, growth class 1, is

shown on the Figure 1 scattergram.

TABLE 1. GROWTH PROBABILITY EQUATIONS

Growth Class Multiple
0 1 2 3 " b ] Corrslation Upper
Bquation Cosfficiants Cosfficiant Limit
spacion a » e a b e 2 » e a b e . » e a » e @) Cem)
¥hite Pine 17.06 -0.291 - 55.61 0,933 -~ 19.29 0.363 - 5.24 0.570 - - 038 - 2.80 -0.025 -  0.58 59
Other Pine 41.87 1,05 - 3512 0.440 - 5.93 0.620 - 8.54 - - 7.53 - - 1.02 - - 0.5 39
Spruce 008 - . 43,99 - - 2.21 - - 912 - - ass - - - - - o s3
Other Conifers -~  0.95 ~0.023  30.27 1.52 -0.070 51.45 -2.47 0.093 10.40 - - 5.33 - - 2.5 - - 0.8 30
Aspan/Poplar  4.80 - - 3.12 -0.17 - 31.33 017 - 1570 - - 213 - - 9.32 - - ose 4
Bed Oak 30.20 -0.91 - -15.15 §.34 -0.108 19.91 -1.56 0,050 0.95 - - - - -~ 64.09 -3.69 0,058 0.84 33
Hapla 19.74 - - $%.38 -0.93 - - 0.9% - 3.5 - - - - - 7.32 - - 0.78 30
White Bireh  42.9% ~0.77 - 50.39 -0.22 -  -20.24 1.36 - - - - - - - 16.90 0.37 - on 38
- -~ - 2.1 - - -5.04 1.08 - 0.32 26

Other Hardwood 21.07 - 54,52 -1.08 - 15.53 . - 11.14

Nodol: P » asdDecD” whaew P« probability value (%)
P s dimmatar class (cm)
a, b and ¢ - cegressicn coefflciamts

For each species, the equations were now used with the 1980 stem diameter
distribution to produce stem diameter distributions for 1985, 1990 and
1995. The procedure was similar to that used with probability matrices
(Bonnor and Magnussen, 1986) in that the 1980 diameter distribution
vector was multiplied by the probability matrix to yield a 1985 diameter
distribution vector, and so on. The difference was that values of the
probability matrix were derived from the equations.

Next, the new stem diameter distributions were applied to the local
volume equations, and volume and stem frequency summaries prepared for
1985, 1990 and 1995. : S

RESULTS

As shown in Table 1, nine species groups were included in the data set,
and calculations were made for all nine groups. However, in the interest
of clarity and brevity, many of the results are given only for the
dominant species, white pine.
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Figure 2 shows, for white pine, the relative magnitude of the growth
probability classes derived from a cumulative plotting of the equations.
Mortality is low and relatively constant throughout the diameter class
range; stagnation and 1 cm growth are high at the lower diameters but low
at the upper diameters, while 2, 3, and 4 cm growth are the reverse.
Overall, a growth of 1 or 2 cm is most common at the lower diameters and
a growth of 2 or 3 cm is most common at the upper diameters.
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Figure 2. Variation in growth probability with tree diameter for white
pine.

Frequency distributions (Figure 3) show, as expected, a general shift to
the right between 1985 and 1995. This shift includes several
irregularities in the 1985 distribution, one of which (at 30 cm dbh)
accounts for a higher frequency in 1985 than in 1995. The left side of
the 1995 curve is artificially low since ingrowth is not included.

The procedures were applied to all species and species groups, and the
results summarized by stand growth components and species groups (Fig.
4). The first column shows that, for all species combined, net growth is
3.9 m®/ha.yr and mortality is 2.0 m®/ha.yr, for a gross growth of

5.9 m®/ha.yr. Most of the net growth is in the conifers (3.3

m®/ha.yr, col. 2), particularly the white pine (2.1 m3/ha.yr),

while most of the mortality is in the hardwoods (1.6 m3/ha.yr), 50%

of which is in aspen/poplar.
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Figure 3. Frequency distribution, 1985 and 1995, White Pine
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Figure 4. Volume growth by stand components and species groups, 1985-95

‘DISCUSSION AND CONCLUSIONS
The approach to stem diameter distribution predictions used in this study

makes sense at the intuitive level: growth rates of adjacent diameter
classes can be expected to be similar. Abrupt changes are unlikely to
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reflect "real 1life"; more likely, they are artifacts of sampling,
particularly small sample size. By making use of these relationships in
the prediction equations, accuracy can be improved at no additional
cost. The existence of small sample sizes, and resulting poorly defined
observations, is also taken into account by using weighted regressions.

Utilizing the relationship among diameter class probabilities is one way
to obtain better estimates. Another relationship which could be used is
that among the growth classes, If both are used, a bivariate model would
result. Similarly, it might be possible to utilize the relationship
among species.

Increasing sample size per class by increasing class width improves the
accuracy of the class estimate. This approach, which applies to diameter
as well as growth classes, must be balanced against the need to preserve
a certain minimum number of classes to define the trends and yield good
overall estimates. For given species, model application and sample size,
optimum class widths can likely be derived. Combining data for
individual species is another possibility for improving the estimates
given that the species have similar growth characteristics and that
separate estimates are not required.

A third method of improving the accuracy of the estimates is to include
additional, easily obtained variables in the equations. One such
variable is stand basal area, which would account for variations in stand
density (Solomon et al., 1986).

The sensitivity of the estimates to errors varies considerably. For
example, if the predicted number of white pines in diameter class 40 cm
and growth class 2 is in error by one tree, the effect is an error of
0.15 m®, the growth of that tree over the specified period. On the
other hand, if the "growth class" is M = mortality, the effect is a much
larger error of 1.3/m3®, the total volume of the tree. In the present
kind of modelling, events such as mortality are rare, few sets of
observations are available and they are not well defined. As a result,
prediction equations may be poorly defined and may change significantly
as various models are tried, particularly in the presence of
constraints. Such changes are often accompanied by significant changes
in stand component growth estimates. The conclusion is that particular
attention should be paid to the generation of accurate mortality
estimates. Another rare event — with associated data deficiencies and
modelling inaccuracies - is the growth of large-diameter trees. The
approach taken here to use a constant probability, is a technically
simple interim solution. A better approach might be to use splined
equations, with one equation asymptotic to the X-axis.

As previously noted, ingrowth is not included in this study. As
indicated by Bonnor and Magnussen (1986), this exclusion has had no
significant effect on volume predictions, while stem frequencies are
adversely affected. Over longer periods, volume predictions will of

course also be affected.
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Therefore, ingrowth must be part of a complete projection system. Other
researchers (Buongiorno and Michie (1980), Solomon et al. (1986)) have
found ingrowth difficult to predict.

In conclusion, the concept of using growth probability equations to
predict stand growth by stem diameter distributions is in the
developmental stage. Considerable additional work is required to improve
the methodology. At the same time, it appears to yield good results, it
makes sense biologically, and it affords an opportunity to analyse and
quantify the growth process.
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MODELLING MIXED SPECIES STANDS
WITH SCHEFFE'S CANONICAL POLYNOMIALS

Kadiroo Jayaraman and Robert L. Bailey1

ABSTRACT. Stand models for mixed species stands based on static yield
functions, transition matrices and difference equations are not
satisfactory in many instances. Quite often they do not adequately
incorporate information on species composition. A new model form is
proposed which relates the increment in biomass or growing stock to
present species composition. Proportions of the growing stock in the
various species are incorporated into a regression-type model as
predictors with the use of a class of Scheffe's canonical polynomials.
Since the species composition can exist under different stocking levels,
the initial stocking levels become process variables (Cornell 1981).
Stand top height can be used as a self-calibrating variable to account
for productivity variations in different stands.

INTRODUCTION

Management of uneven-aged mixed forests have gained importance in the
recent past due to a number of reasons, the prominent one being the
increased public concern and involvement in forest management decision
making. Attempts on modelling the growth of such forests have been few
in the past and satisfactory simulators are lacking in many cases. The
present work is an attempt in this direction.

A mixed forest in the context of this work implies any forest in which
the individual stands that compose the basic mensurational unit contain
‘a mixture of species. Typically a mixed forest will have an uneven-~aged
structure. The different species may be ecologically quite similar or
composed of several ecological groups with each group tending to be
dominant in a particular stratum of the canopy or on particular
microsites or in different successional phases following gap formation
or harvesting operation (Alder, 1980).

A reviéw of literature is completely avoided here for lack of space
except to mention that many of the models for mixed stands have been
found based on static yield functions, transiticn matrices and

1The authors are Forest Biometrician, Kerala Forest Research
Institute, Kerala 680 653 India and Professor of Forest Management/
Biometrics, School of Forest Resources, The University of Georgia,
Athens, GA 30602 USA. This paper was prepared while the first author
was a Ford Foundation Fellow at The University of Georgia. The research
was supported by grants from the USDA Forest Service, So. For. Exp. Stn.

and the Ga. Forestry Commission.

Presented at the IUFRO Forest Growth Modelling and Prediction
Conference, Minneapolis, MN, August 14-28, 1987.
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differential equations. It has been found that the problem of species
composition has not been effectively tackled in these models.

A NEW MODEL FOR MIXED STANDS

A distance independent whole stand growth model which is directly
adaptable to simulation works is proposed in the following.

Let there be an uneven-aged mixed stand having g components, with
respect to the species, growing in a uniform site. The proportions of
the total growing stock occupied by the g components are denoted by Xl’
Xor eees X o The model in its simplest form is

I =f@&)ii=1 ..., q (1)

where Ii is the increment w.r.t. a measurable characteristic for the ith

species,

x' = (x., x,

q
veo L =
X 1 2 ' xq) and : X 1

An error term is supposed to be included in eqg. 1 and all such equations
following. This is omitted for the sake of convenience in presentation.
Moreover f(*) represents a general functional form rather than any
specific one.

~

The set of equations in (1) is constrained by I

A A

q

L I, > 0 where I
i=1 i

(x")

L]

i
represents the total predicted increment from I £
To account for the uneven-aged structure, the vector x may be expanded
by the diameter class proportions for each species as follows:

eee X veer X ) (2)

' =
x' (uneven) (x 1r’ q1’ xq2' qr

11, x12' s o p X
where LI indicates the proportion of the total growing stock occupied
by the ith species in the jth diameter class.

The eq. (1) is found to belong to the class of mixture models expounded
by Cornell (1981). For instance, consider an mth degree polynomial in
X

i
s, q N qq 9qaq
+ I X, + L Z 8 3 X, X, + L I.Z 8 X, x + use (3)
i=1 T g 173 ieysx "

The parameters 8 . B, associated with the terms are not

unigue because of the conslralngk
q
z X5 = 1
i=1

202



An alternate to eq. (3) is derived by multiplying some of the terms by
the identity (x. + x_ + ... + x ) = 1 and simplifying. The resulting

equation has beén ca%led the cafonical polynomial or simply the {q, m}
polynomial.

For example, with m

]
oy

g9
n=8_+ I B. x. (4)

and upon multiplying the B8

term by (x1 + X
resulting equation is

0

2 + oaes + xq) = 1 the

q q a ,
n=8y (I x)+ I B x; = IB x (5)
i=1 i=1 i=

*
where B, = B_ + 8. for all i.
i 0 i

Similarly the general second degree polynominal in q variables can be
transformed to

* *
n=2= Bi X, + Tz Bi. X, X, {6)

* *
where Bi = (Bo + Bi + Bii) and Bij = Bij - Bii - Bjj i, 4=1, .. q,

i<,
* * . .
The terms Bi X and Bij X, xj in {q,1} and {q,2} polynomial equations
*
have simple interpretations. The parameter Bi represents the expected
*
response to pure component i and pictorially Bi is the height of surface
*
above the simplex at the vertex where x, = 1l for i =1, 2, eoeys d» Bij
represents the interaction among the components and could indicate
synergistic or antagonistic effects depending on the sign.
Eq. (1) essentially tries to explain growth in terms of species
composition. But variables like stocking, site quality and age
structure could influence the growth and accordingly their effects are
to be incorporated. In the parlance of mixture models they are called

process variables. The process variables are not linear functions of
the mixture components and will be denoted by Zj'

In line with Cornell (1981) the equation (1) is modified to
I, =£f (2., x") : (7)
i joo-

In particular if the initial stocking in basal area of all species (B)

is considered a process variable and no species interaction is
envisaged, eq. (7) may take the form
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q
= ¢ v B+ v BY x, (8)
i . i i i
i=1
where the part of the function relating to the process variable now
correspond to the growth rate equation of the Richard's function. The
above discussion may suggest the following equation as well which is an

extension of the Richard's function to the case of multiple species

4 W (2) 2

q
- m (1)
I= L v, Bxi + .2 Yi (Bxi) + ? ? eij B

xix‘+ Iz Oig)Bzm(xix.)m (9)
i=1 * i=1 i<j I i J J

i<j
q
where I = I I

The first two terms on the R.H.S. indicate the sum of catabolic and
anabolic rates and the last two terms represent interaction among
anabolic and catabolic rates respectively.

When uniformity of the site cannot be assumed a method to discriminate
the productivity levels will have to be evolved. In the case of
even-aged stands, the development of site index equations proceeds by
establishing a height/age relationship followed by a prediction equation
of the form

s=f (H, A, AO) (10)

where S = site index (i.e., the height attained at a reference age AO),
and H = average or top height of the stand at age A.

In an uneven-aged mixed stand under natural regeneration, the stand age

() is not defined and therefore a proxy to age has to be found. 1In the
case of undisturbed stands, it can be safely assumed that the basal area
(B) is a function of age, i.e.,

B = ¢(A) (11)

where ¢ need not be linear. Now, if we can find ¥(B) such that ¥(B) is
proportional to A, then Y(B) qualifies as a proxy to age. For instance
take the simple example wherein we have

InB = BA *

Loas™t | (13)

(12)

(1nB)-

and thus (1nB)~1 is a proxy to age.

Now a site index system similar to (10) can be tried in the present case
like ‘

s =f (H, Y(B), ¥(BL)) | i | | (14)
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where H, the top height is allowed to cover the dominants and
codominants in an extended scale to take account of the mixed nature of
the stands. (Extended to mean a larger portion of the population. This
will include more species than the few isolated that are very tall). 1In
particular, consider the following height/age relation under an
anamorphic system of site index curves

H. =k, e (15)

Substitution of (lnB)-l for A in (15) gives the following equations.

ln H = By * By ln B (16)
- B
In S=1nH - B.1n (=) (17)
1 B
0
where S is the site index at B = BO.

When species composition is included in predicting the site index the
following equations may result

q
ln H = Yo * .2 [YilnB] X (18)
i=1
q -~ q o)
Ins=1nH- I {yilnB]xi + I [yilnBO] X0 (19)
i=1 i=1
where x, , i=1, ..., g indicates a reference species

composition.

Inclusion of process variables like site index may call for additional
equations of the form

st+1 = £ (st) (20)

for the purpose of simulation.
MODEL VALIDATION

Results of some preliminary investigations with the above model are
reported herein. The results are in no way complete and further works
are in progress. These are presented to serve as guidelines in

analysis.

The data were obtained from permanent sample plots maintained by a large
forest products company in Southwestern Georgia. The measurements were
spread over the past twenty-five years at five-year intervals. The one
hundred and thirty plots in which no cutting was done were used in our
analysis. The plot size was 0.0578 ha. The species were grouped into 5
broad classes: (1) pines, (2) oaks, (3) soft hardwoods, (4) hard
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hardwoods and (5) miscellaneous and understory species. The species
composition (xi's) was expressed in terms of basal area.

The following equation was fitted through nonlinear least squares.

_ (1) (2) _m (1) (2) m
I, = [Yi B+y,” B 1 X, + [Y(-i) B + Y (-i) B ] X(-1)
+ [@él) B+0® B oxx, .+ce (21)

-1 i(-1i i7 (-1 .
(-1) (-1) (-1) i21, . g
where I, is the mean annual increment in the basal area over five-year
period tor the ith species.

B = total basal area of the stand.
The Adj R2?'s are reported in Table 1.

Top height for each plot was computed as the mean height of the tallest
twenty-five percent of the trees in the stand and eq. (18) was fitted
which gave an Adj R2 of 0.4017. It is intended to calibrate the
residual variation of this fitted equation through site index. Site
index was computed through eq. (19) and formed the additional variable
in the following set of equations. The x. 's were fixed at the mean
species composition over all the plots and®8_ at 30 m2 /ha.

0
_ (1) (2) m (3) (1) (2) m (3)
Ii = [yi B + Yi B + Yi S]xi + [Y(-i) B + Y(—i) B + Y(—i) S]x(_i)
(1) (2) m (3)
P BT Oy Bt Oy ST R Xy te « (22)

The results are given in Table 1. There seems to be partial improvement
in the R2 values by adding a linear term of site index.

The variability in the age/size of trees could also influence the growth
process and accordingly a linear term involving the coefficient of
variation (C) of tree basal area was also included in eq. 22. The
results are available in Table 1. The overall variability in the stand
seems to have little influence on the increments after that accounted by
the species composition and site index.
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TABLE 1. Adj R2? values for the fitted models (Adj R2 = 1 - [error mean
square] /[total mean square]).

Groups Dependent Process variables involved
variable m m
(8, B) (B, B", ) (8, 8", s, C)

ceecacenseecsessAd] R%2.. .. iiinennnanans

Pines Il 0.6174 0.6860 0.7033
Misc &

Understory spp. 12 0.9093 0.9290 0.9350
Oaks I3 0.4904 0.4880 0.5139
Soft hardwoods 14 0.4733 0.4906 0.4852
Hard hardwoods 15 0.7059 0.8020 0.8395
Total I 0.2332 0.2889 0.3285

A

If £ I, happens to be negative, one of the equations in (7) may be
replaced by

I=f (B, s, C, x") (23)

q
where I = [ I

Since eq. (23) involves a large number of terms, model reduction
techniques are to be used. It may be noted that for the process
variable part, i.e., I = £(B, S, C), different combinations of these
variables involving crossproduct and higher order terms can be
considered. A stepwise regression could be carried out before the
aspect of species composition is included in the model. BAs for the
mixture related variables (xi) Cornell (1981) gives some screening
procedures based on the effects (Ei) of each x, on the dependent
variable. Starting with a planar model like

q
I= % B.x. , the E,'s are defined as

. i"i i

i=1
1_ 3 (24)

E. =R, [b, = = % Db.] 24
-1) .5

i i1 (g-1) 371 3

where Ri = range of X; bi = Bi

Components having similar effects could be merged thereby reducing the
number of components. In the present case calculations showed that the
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components x,, x, and x_ could be combined and alsoc the resulting groups
do not interact. Thus ghe following equations were fitted. 1

3

1 T [yél) B + yi(z) B™ X, (25)
i=1

where x3 =1 - (x1 + x2)

, ;

I= I [yim B+ yim B® + 71(3’ s1 x, (26)
i=1
3

I= % [yi(l) B + yf) ™ 4 yi(3’ S + yi(‘“ cl x, (27)
i=1

The results are reported in Table 1. It seems harder to predict the
total increment rather than the increment in the individual components.

Some of the low values for Adj. R2 in Table 1 are suspected to be due to
considering the net increment as the dependent variable which included
the ingrowth. The net increments were arrived at as follows

I =1IN + SR - MR (28)
IN = Ingrowth

SR = Survivor growth
MR = Mortality

i

In fact the ingrowth and survivor growth are supposed to be responding

in opposite directions to the initial stocking and would have disturbed
the strength of the relations considered here. In future trials growth
components rather than net growth are suggested for dependent variables.

Finally, a first order difference equation was fitted between successive
site indices as

St =0 + B St—l + € | (29)

with an Adj. R2 value of 0.7830.
More detailed results will be published shortly.
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GROWTH PROJECTION IN MIXED DIPTEROCARP
FORESTS IN SOUTHEAST ASIA

Guillermo A. Mendoza and Roberto B. Rapera

ABSTRACT. Growth projection for mixed dipterocarp forests
in Southeast Asia is still in its early developmental stage.
To date, most of the research works on growth and yield
modelling are pioneering efforts based primarily on methods
developed in the U.S. and Europe.

This paper provides an overview and a synthesis of the
approaches and results of some forest growth modelling
studies within the region, particularly for the dipterocarp
forest; the most dominant and economically significant
forest in the region. Moreover, the paper also examines
existing growth and yield models and suggests some
strategles and recommendations to improve them. Emphasis is
given to growth projection and development of logged-over,
uneven-aged and mixed dipterocarp forests. Results from
some studies in the Philippines and Indonesia are described.

Assistant Professor, Department of Forestry, 110 Mumford
Hall, University of Illinois, Urbana, IL 61801; Director,
Instltute of Forest Conservation, College of Forestry,
University of the Phillipines at Los Banos, College, Laguna,
Philippines.

Presented at the IUFRO Forest Growth Modeling and Prediction
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INTRODUCTION

The mixed Dipterocarp Forests of Southeast Asi§ extend from
Southern Thailand through Sumatra, West Malaysia, Borneo and
to the Philippines. They form the main vegetative type on
the western portion of the Indo-Malayan Rain Forest block.
Because they contain species of high commercial values, they
have been exploited heavily since about 1960 and have
contributed significantly to the development of the
economics of the Southeast Asian region.

Current Cutting Systems

Since the primary focus of this paper is growth and yield
prediction on mixed, cut-over uneven-aged dipterocarp
forests, a brief desription of the harvesting systems within
the region is described in this section.

There are at least two major cutting systems that have
evolved in the region, namely: The Philippine and the
Indonesian Selective Logging Systems. Both systems rely
heavily on the yield of the residual stands.

The Philippine Selective Logging System is both a
silvicultural and a harvesting system. As a silvicultural
system, it requires the following treatments: 1) tree
marking to identify both the trees to be cut and those that
are to be left as residuals, 2) residual inventory to
evaluate the status of the logged-over forest and the
residual trees, and 3) timber stand improvement. As a
harvesting system, it specifies the type and number of trees
to be harvested (based on diameter size), as well as the
number of residual trees. The cutting cycle ranges from 30
- 45 years depending on climatic (or geographical) region.

The Indonesian Selective Logging System is also a diameter-
based selection cutting system. The diameter limit of trees
to be cut is 50 cms, while the cutting cycle is 35 years for
commercially valuable trees like the dipterocarps. The
system also requires at least 25 trees with diameter 35 cm
or bigger to be marked as residuals. Enrichment planting is
required mainly in open areas caused by cableways, tractor
maneuvers, and log yards. Timber stand improvement must be
conducted to improve the condition of the stand and the
survival of the residual trees.

GROWTH AND YIELD STUDIES
PHILIPPINES
Early growth studies on the Philippine dipterocarp (mixed)
rainforests were made in 1920. The final results of these
studies were expressed in simple growth percent of the
growing stock which ranged from 1.38 to 1.91 percent. 1In
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1954, in connection with the formulation of the Selective
Logging System as the management system to put the
Philippine dipterocarp forests under initial regulation,
another growth study was started in selectively logged
dipterocarp forests in southern Philippines. This was
followed by the establishment of permanent growth plots
throughout the cut-over forests of the country. As of
today, there are some 3,000 such growth plots.

Results of analysis of growth data from the first subsets of
these plots were reported by Reyes (1968). The diameter at
breast height (DBH) periodic annual increment (PAI) of the
commercial tree species were determined from free-hand
curve values. Growth projections were made based on
estimates of the number of years for a tree to stay in a DBH
class, the "age" of a tree when it reaches a DBH class, and
the DBH reached after so many years form an initial DBH
class.

Chinte (1970) analyzed the growth of logged-over mixed
species groups from 63 growth plots within the timber
concession a company located in southern Philippines. From
this study, the average periodic annual diameter growth of
the different species groups were estimated.

In 1975, two similar studies were conducted for two
companies located in southern Philippines. One study was
done by Revilla, et. al. (1976) at the initiative of the
company's management, and the second study by Canonizado
(1976) . One hundred forty eight measurements from 51 plots
and 242 measurements from 50 growth plots were used for both
studies, respectively. There were at least two measurements
of the growth plots used in these studies; and the data
covered as much as 20 years after logging.

In these studies, the authors wanted to develop yield
prediction functions which include the major factors
affecting stand growth/yield, notably: time, stand density
and site quality; something that has not been done before in
the tropical mixed uneven-aged forests. Their biggest
problem was the absence of a ready measure of site quality
in the Philippine dipterocarp forests. The use of site
index was not possible because of the inability to determine
the age of trees in the natural stands. Four alternative
ways were considered and after a thorough analysis, the mean
total height (MTH) of the biggest residual trees (i.e. 60 to
70-cm. DBH in the case of the first study and 60 to 80 cm
DBH in the case of the second study) were found to be
significant explanatory variables in the merchantable height
equations for the different species groups and in the stand
yield equations in both studies. As such, MTH was
considered an acceptable indicator/measure of site quality
for the purposes of these two studies.
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Growth and Yield Equations

For the first study (Revilla et al, 1976), the following
yield equations were derived;

log YLDT = 0.7416 + 7775 log BO + 0.3952 log (YEAL + 1)
+ 0.008105%S) (YEAL +1) + 0.1589 log BO log S
R = 0.88; MSE = 0.007225; n= 148

where: YLDT is the total yleld from 15 cm DBH and bigger
trees from all species; BO is the initial stand density in
sq m/ha; S is the site quality indicator (i.e. siticator) in
meters; and YEAL is the number of years elapsed after

logging.

This equation is valid statistically and satisfies
adequately the desirable criteria of a yield prediction
function.

To obtain some insights on the development of the
dipterocarp component of the stand, an independent yield
prediction equation for the dipterocarps (primarily
Philippine mahogany and apitong [Dipterocarpus] species)
based on BPO (dipterocarp basal area at YEAL = 0), YEAL, and
siticator was derived. The prediction equation is as
follows:

log YLDP = 0.8429 + 0.4046 log BPO + 0.3367 log (YEAL + 1)
+ 0.4629 log BPO log S
R = 0.95; MSE = 0.03648; n = 153
In the second study conducted for another company in
southern Philippines (Canonizado, 1976), the final equation
adopted is as follows:
log Y = 2.6469 + 1.5696 log B, log S - 0.0256 (t + 15)*
logB; - 1.4015 log S + 0.0352 By2/(t + 15)2
= 0.0211 (t + 15) |
where Y is net volume yield of dipterocarp trees in cu m/ha;
Bl is basal area of dipterocarp spp. at plot establishment
in sq m/ha; S is the siticator or mean total helght of
'Phlllpplne mahogany spp (57.6 - 92.5 cm in DBH) in meters;
t is time elapsed in years from the base measurement.
Mendoza and Gumpal (1987) developed a growth progectlon

model for a selectively cost-over dlpterocarp forest in
northern Philippines. ,
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Iin deyeloping the model, different variations of the general
functional relationship between stand yield as a dependent
variable and initial basal area, site quality and time as
explanatory variables were tested. The final form of the
functional relationship is a linear model involving the
logarithm of stand yield as a function of the logarithm of
the %nitial basal area and time, and the ratio of site
quality and time. A set of abstracted time series data from
sample plots based on actual logging settings was used.

Time was expressed in terms of the number of years elapsed
after logging operations. A site quality indicator for the
selectively cut-over dipterocarp forest was developed using
the average total height of the dominant and codominant
dipterocarp trees which were left after logging. The final
yiel equation is;

log YLD = 1.337 + 0.39%log (By) + 0.34*log T + 0.002%(S/T)

where: YLD is the yield of dipterocarp trees 15 centimeters
and bigger in diameter; B, is the initial stand basal area
of dipterocarp trees 15 centimeters and larger in diameter
based on the residual inventory after logging (in sq m/ha);
T is the time elapsed or number years after logging; S is
site quality indicator or mean total height of dipterocarp
trees 50 to 80 centimeters in diameter (in meters).

Growth Simulation for the Philippine Dipterocarp Forests

Revilla (1978) developed a stand growth simulator (GYSIM)
primarily to evaluate the Philippine Selective Logging
System and other timber management strategies. This is the
first comprehensive growth simulation model for logged-over
dipterocarp forests in Southeast Asia.

GYSIM is a simple probalistic model. It looks at individual
trees in the stand, determines by means of a mortality
function and a random number generator whether or not a tree
survives the growing period, and grows the survivor tree
into the next period or generates a number of established
reproduction based on the size of the tree that dies. A
survivor tree is grown into the next period by a DBH growth
equation with DBH and stand basal area or stand treatment,
DBH, and YEAL as explanatory variables. Periodic ingrowth
is based on the number of established reproduction after
logging and those which take the place of trees that die at
various points in time.

INDONESIA

One of the concerns in implementing the harvesting
guidelines of the Indonesian Selective Logging‘System as
formulated in 1972, is its capability to sustain future
harvests. 1In addressing this issue, Mendoza and Setyarso
(1986) developed a transition matrix forest growth model to
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evaluate the harvesting guidelines of the Selective Logging
System and other alternative harvesting schemes 1n
Indonesia. The model developed is an adaptation of the
model described by Buongiorno and Michie (1980).

The transition matrix growth model G is expressed as;

Diameter classes 1 2 3 ... 1 ... n
1 al
2 bz az
i bi ai
n bn an

where b; is the probability that a tree belonging to
diameter class i will remain in the same diameter class
after the growth period; and aj; is the probability that a
tree belonging to diameter class i will move to the next
higher diameter class after the growth period.

Given the growth transition matrix G, the form of the growth
projection model is;

Y(t+6) = G(Yt) + C

where Y is a vector representing the projected diameter
distribution after the growth period 6; Y is the diameter
distribution at time t; C is the constant ingrowth. Hence,
given an initial condition of the stand Y_, the projected
diameter distribution after k growth periods, each of length
O can be estimated by the functional relationship;

k k=1 4
Y = G(Yg) + igoG c

In examining the Indonesian Selective Logging System
relative to the sustainability issue, a case study involving
a forest concession located in East Kalimantan was used. A
comparison was made between the projected stand structure at
the end of 35 years, and the initial structure prior to the
first harvest. Results show that there is no significant
difference between these two stand structures. Hence, it
can be observed that the system can support the second
harvest. However, analysis of the third cutting cycle (i.e.
after the second harvest) show that if an equal volume of
harvest (i.e. the same as the first period harvest) must be
removed during the second harvest, the required growing
stock at the start of the second period is twice as much as
the amount prescribed by the selective logging system.
Hence, it is apparent that the volume of harvest cannot be
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sustained after the second cutting cycle, if the residual

growing stock prescribed by selective logging system is
implemented.

Alternative Harvesting Schemes

The preceeding discussions and evaluations suggest that the
system may not be able to sustain future harvests on a
longer term. Hence, for the company considered in the case
study, adjustments must be made on the volume of harvest
during the second and succeeding cutting cycles in order to
provide sufficient growing stock for future harvests.

Harvest scheduling problems involving constraints such as
sustainability and volume of harvest can be analyzed using
mathematical programming techniques. Mendoza and Setyarso
(1986) developed a linear programming model to determine the
number of trees to be cut in each harvest, and the
associated diameter distribution of the residual growing
stock. Relative to the Indonesian Selective Logging System,
the model developed is intended to determine the minimum
residual growing stock that can sustain a given volume of
future harvests. The mathematical model for optimizing the
residual stand structure is formulated as follows:

Minimize 2 = 1'(¥g - h) X k-1 (1)
subject to: (I - G)¥y + G'h < = clc (2)
i=1
V.o:i, <Vh < V (3)
mn_ - - max
h < Yo? (4)
Yo,h > 0

where: h is the harvest vector which denotes the number of
trees cut in each diameter class; v is the vector
representing the volume of cut in each diameter class; and
Vnins Vmax are minimum and maximum volume constraints,
respectively.

The formulation in (1) - (4) allows for the evaluation of
various harvesting schemes. For instance, the diameter
1imit of 50 centimeters required by the system can be
modelled by expressing the harvesting vector h as:

h' = [0,0, ..., hgo-55/ Ds5-60s Deo-65: *- 7 B>70] (5)

Other diameter limits may be evaluated and optimized by
formulating the harvest vector h in the same manner as in
equation (5). The length of the cutting cycle may also be
analyzed by looking at various gime periods expressed as
multiples of the growth period O. :
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CONCLUSIONS

Growth projection for mixed dipterocarp forests in Southeast
Asia is still in its early developmental stage. 1In general,
existing growth models in tropical mixed forests within the
region, particularly for logged-over dipterocarp forests
lack comprehensiveness and depth. For instance, an adequate
measure for site quality and its effect in growth projection
has not been sufficiently studied. Moreover, current models
within the region are, in general, static and lack the
capability to assess the effects of alternative management
regimes with various intensities.

Although these models appear to be inadequate, they are
nevertheless useful at least for the purpose they were
intended for. Refinements can still be made to make them
more dynamic and accurate as the need for more precise
estimates become more important within the region.
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A GROWTH AND YIELD MODEL (FIBER) FOR MULTIPLE SPECTES STANDS
WITHIN DIFFERENT FOREST TYPES

Dale S, Solomon and Richard A. Hosmerl

ABSTRACT. Predicting growth and yields for spruce-fir, northern
hardwood, and associated forest types of different species mixtures can
be accomplished with a two-stage matrix model, FIBER, Changes in stand
growth of multiple species composition are presented as ingrowth,
probability of survivor growth, and probability of mortality. These
anmual transition probabilities are expressed as functions of tree size,
basal area, and species composition. The model uses diameter
distributions of classes ranging from 12.7 to 76.2 centimeters for each
of the commercial species in these forest types. Thirming and harvest
yields are obtainable for managed and urmanaged stands, both even-aged
and multi-aged, over a range of densities, site inhdices, and
intermediate treatments. The model is evaluated using independent data
sets for different species compositions, densities, silvicultural
treatments, and harvesting practices across forest stands within a
region of different forest types. FIBER is user friendly, written in
Fortran 77, and is available for IBM compatible microcomputers.

INTRODUCTION

In northern New England, United States, and the Maritime Provinces,
Canada, spruce-fir and northern hardwood are the major forest types. The
many different species result in different stand compositions of
predominately hardwoods, softwoods, or mixed species from both types.

To predict the growth response of these forest stands, a modeling
framework was developed to include the interaction of different species
 on the growth of stands with different levels of density, silvicultural
treatments, and management practices (Solomon et al. 1986).

The initial development of the model, FIBER, was based on the growth of
stands without catastrophic stress from the enviromment such as insect
attacks, diseases, drought, and so on. By combining data from growth
studies, more than 3,000 remeasured plots from Nova Scotia, New
Brunswick, Maine, New Hampshire, Vermont, and northern New York were
used to further develop the model FIBER (Figure 1). These growth plots
were measured in 5-year intervals at various times between 1950 and 1980
and were from both managed and urmanaged stands covering a wide range in
species compositions, sites, management options, and densities (Solomon
et al. 1987). The model is being modified and tested to include the
regional extent of the spruce-fir, northern hardwood, and associated
types in the northeast. Further expansion will provide a basis for
testing spatial and temporal differences required within the forest
response program of the National Acid Precipitation Assessment Program.

1 Research Forester, and Computer Programmer, Northeastern Forest
Experiment Station, USDA Building, Orono, ME 04469.

Presented at the IUFRO Forest Growth Modelling and Prediction
Conference, Mimneapolis, MN, August 24-28, 1987.
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Figure 1. Dotted area is geographic region of growth plot data used for
model construction and modification.

MODEL DEVELOPMENT

FIBER is a two-stage matrix model that uses transition probabilities of
trees remaining in the same diameter class, increasing to a larger
diameter class, or dying from one inventory to the next. One stage of
the model is to predict the transition probabilities using stand
parameters of stand density, tree size, and proportion of hardwoods.

The other stage is to incorporate these probabilities into growth
matrices (G,.) that are used to project a diameter distribution over time
in 5-year iftervals (Solomon et al. 1986).

The initial input for the model is a species specific diameter
distribution that can be given as a vector y, where y._1is the number of
trees in diameter class i at time t. The trees withifi each diameter
class can survive and stay in the class (with probability a, ); survive
and grow one diameter class larger (b, ); survive and grow two diameter
classes larger (c. ); or die (m;, ) tfees are assumed not to grow three
diameter classes Ha 5-year peHod. By conbining each of these
probabilities with the vector of the mumber of trees in each diameter
class and including the ingrowth (I) that grew into the 12.7-cm class by
time t+5, the model can be written in matrix form:

» -1 - ° . .‘ = = -3 ™
Y5, t45 a e 00 | 0 Vs, ¢ I]
Y6,t45 | bg o 8 ¢ 0 0 Yo,e | T 0
. C,S,t ‘b6,t a7’t .l . .
Va5 (0 0 ¢ C8ePoe®0d [T (2
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Mortality (m. ) appears implicitly in the model since the matrix is a
survivor matPx withm, = 1.0 - a,_ - b, - c,_.

it it it it

The mortality and growth rate of different species are altered as the
species composition and density change before and after thinning
(Solomon 1977, Solomon and Frank 1983). To provide a flexible model
that can reflect different growth rates, the a, b, ¢, and m
probabilities were each expressed as functions of initial basal area,
residual basal area after thinning, size of diameter class, and the
proportion of hardwoods (Solomon et al. 1986; Solomon et al. 1987).

Ingrowth into the beginning diameter class was estimated from regression
equations. After testing mmerous variables, the best relationship with
ingrowth was residual basal area, the proportion of hardwoods, and the
percentage of the species in the stand (percent basal area).

The data sets used did not have site index recorded for all plots,
therefore, site was not included as a variable in the prediction of the
transition probabilities. However, softwood stands were considered to
have average site indices of 40 to 50 for red spruce at base age 50, and
hardwood stands had site indices of 50 to 60 for sugar maple at base age
50, To model the changes in growth rate due to site, the b and ¢ values
were modified proportionately using a base of site index 50 for softwood
stands, 60 for hardwood stands, and 55 for mixed species stands.

MODEL RELIABILITY

Spruce-fir and mixed species (0.08-ha plot) data from the Penobscot
Experimental Forest, Bradley, ME, were used to test FIBER for different
management schemes: an unregulated harvest system (20 plots), a
selection system (21 plots), and a diameter limit system (13 plots)
(Figure 2). All plots were harvested initially and then remeasured at
5-year intervals for 25 years. The selection system had intermediate
thirmmings at years 10 and 20, and the diameter limit harvest had one
additional thinning at 20 years. The unregulated harvest did not have
any intermediate thinnings.

The model accurately predicts the total volume (m3/ha) for these three
different management schemes within 10 percent or less difference.

Field measurements were not taken at exactly 5-year intervals, therefore
the predicted value does not consistently match the actual value each
year. FIBER is currently being modified to allow for estimates of less
than 5 years using a method developed by Harrison and Michie (1985).
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Figure 2. ComparlsonBOf 25 year average actual (A) and predicted (P)

volumes (m”/ha) for the unregulated system, selection
system, and diameter limit system of management.
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For a broad-base regional validation of the model, the growth components
from a subset of US forest survey permanent plots from 1960 to 1970 were
developed (Ferguson and Kingsley 1972). Plots with more than 20 square
feet of basal area and classified as commercial forest land were used
for the data set for Maine. The 694 plots were grouped by species
composition of softwood (> 65 percent softwood species), hardwood (< 25
percent softwood species), or mixed hardwood-softwood (between 25 to 65
percent softwood species). Beginning with the 1960 data, the model was
used to project each plot for 10 years, and the average predicted
volumes by species are compared with the average actual volumes in 1970
(Table 1).

The summary of the forest survey of Maine cannot be directly compared
because of different mumber of plots, volume equations, and forest type
grouping. However, when the actual volume was compared to the predicted
volume from the model FIBER, the results are less than 1 percent
difference. The grouping of the plots into forest type by species
composition indicates that the model will predict well on a regional
basis. Predictions for most of the individual species are close to the
actual after 10 years of growth and most of the yields are within 10
percent of the actual. As might be expected, the category of other
softwood and other hardwood indicates some differences between actual
and predicted because of the different species in the category.
Similarly, aspen was also under-predicted possibly because of the data
set used in model construction.

APPLICATION

The model's ability to incorporate the interaction of different species
compositions on the growth response of the stand as the diameter
distribution changes provides a reliable method of predicting forest
yields. Predicting the transition probabilities as a stand grows from
one diameter distribution at time t to a second diameter distribution at
time t+5 can be applied to any representative inventory. The
construction and development of the matrix model FIBER has provided
forest managers and educators with a tool for reliably predicting the
growth and yields of stands and forest types in the Northeast. The
model has progressed from a stand model that follows the growth response
of intensively managed stands to a model that reliably predicts the
growth response of large regional areas with mixed species forest types.
The model is being used as the base growth predictor of the commercial
spruce-fir forest of the Forest Response Program for the National Acid
Precipitation Assessment Program. Modifications are being applied to
the transition probabilities as a method of testing for temporal or
‘spatial differences in forest stands. FIBER allows the flexibility of
testing for stress on specific species while concluding the growth

~ interaction of other species in the stand.
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SOFTWARE
Program Name: FIBER 2.0
Programmer(s): Richard Hosmer

Hardware and Software Requirements:

Computer model .....eiiiiiiiiiiiiinane IBM PC or compatible
Operating SYSteM .....covevevsecananes DOS 2.1 or higher
Memory required ........cceievnennoneson 256 K

Disk driver required .........c.c00ennne 1 floppy or a hard drive
Printer required ........oeiieunenccnns recommended

Program Available From:
Dale Solomon or Richard Hosmer
Northeastern Forest Experiment Station
University of Maine
Orono, ME 04469

Media: Floppy disk and user's manual
Cost: blank diskette
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DETERMINING FAMILIES OF TREE GROWTH CURVES
CONSISTENT WITH STOCK TABLE DATA

A. J. Thomson?

ABSTRACT. Stock tables are commonly used to show the distribution of
tree sizes at different stages of a stand's development. A lodgepole
pine stock table is used to illustrate a general method by which a stand
table can be disaggregated into tables showing the number of trees which
remain in a size class, the number of trees moving to a larger size
class, and the number of trees which die. From such tables, a family of
individual tree growth curves and survivorships compatible with the
original stand table can be generated.

INTRODUCTION

Stock tables give the number of trees in a particular size class at
different stages in a stand's development. An entry in the stand table
represents a net balance of trees dying, trees remaining in a class from
one period to the next, and trees moving up to the class from smaller
classes. Once the mortality has been determined from an appropriate
species-specific mortality model, the other categories of trees follow.

Assuming that trees do not change their relative ranking in the size
distribution, a procedure has been developed which will give the
individual tree growth curves and survivorships compatible with the
original stock table. Individual tree height growth curves may be
determined by assuming a linear height-dbh relationship.

The purpose of this procedure is as follows. Stock tables are often
developed for unmanaged stands or stands unimpacted by pests or diseases
or management treatments. The data used to construct the stock tables
may not include individual tree growth measurements, as it is possible to
construct such tables from measurements of size distributions given
different average ages and sizes. Growth curves may be determined for
that unaffected condition to a particular point in time, and thereafter
the curves and survivorships may be modified to reflect pest or '
management effects. Stock tables can then be generated from the modified
data to reflect the impact of the new conditions on the original stock
table.

An example of the method is presented based on variable-density yield

1Research Scientist, Canadian Forestry S?rvice, Pacific
Forestry Centre, 506-West Burnside Road, Victoria, B.C. V8Z 1M5 Canada.

Presented at the IUFRO Forest Growth Modelling and Prediction Conference,
Minneapolis, MN, August 24-28, 1987.
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Table la. Stems/ha by 2.5 cm dbh class.

Av. Av. total 2.5 cm dbh class
dbh age stems 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0

2.5 20 11834 8438 2615 781 0 0 0 0 0 0 0
5.0 29 8967 3497 2986 1838 619 27 0 0 0 0 0
7.5 44 6043 858 1488 1883 1265 483 66 0 0 0 Y
10.0 64 4037 174 497 958 1148 800 363 97 0 ¢ o
12.5 89 2843 34 134 367 644 738 539 287 100 0 G
15.0 3 25

120 2265 0 0 129 281 483 550 435 249 11

Table 1b. Mortality by 2.5 cm dbh class and increase in age.

Av. Av.
dbh age total 2.5 cm dbh class
stems 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0
2.5 20 11834 2867 0 0 0 o 0 0 0 0 4]
5.0 29 8967 1577 1347 0 0 0 o o0 0 0 0
7.5 44 6043 407 706 893 0 0 0 . .0 0 0 o
10.0 64 4037 75 214 412 493 0 (o] 0 0 0 o}
12.5 89 2843 10 40 111 194 223 0 0 0 0 0

Table lc. Stems/ha moving tokaklarger class, by 2.5 cm dbh class.

Av. Av. total . .2.5.cm dbh class
dbh age stems 2.5 5,0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0

20 11834 2074 1703 646 O 0 O

2.5 0 0 0 0
5.0 29 8967 1062 1213 1168 522 27 o. ©0 0 0 0
7.5 44 6043 277 562 594 711 394 66 0 o -0 0
10.0 64 4037 65 214 393 404 466 290 97 0 0 0
12.5 0 0 0

89 2843 24 94 245 414 446 435 287 10

Table 1d. Stems/ha remaining in their 2.5 cm dbh class.

Av. Av. total ’ 2.5 cm dbh class
dbh age stems 2. 5.0 7.5 10.0 12.5 15.0 17f5 20.0 22.5 25.0

2.5 20 11834 3497 912 135 o o0 0O O 0. O O
5.0 29 8967 858 42 670 97 o O O O O O
7.5 44 6043 174 220 396 554 8 0 O O O O
10.0 64 4037 34 69 153 251 33 73 o O O O
12.5 89 2843 O O 11 3 69 104 0 0 0 O
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tables for natural stands of lodgepole pine in Alberta (Johnstone 1976).
For a range of site productivity (PI) indices (0.8 (pcor) - 1.2 (good))
and density levels, variables such as average dbh, average height,
density, basal area and volume were tabulated at 5-year intervals. The
tables were also expressed in the forms of equations including one to
generate the number of trees in specified frequency ranges of the dbh
distribution. Based on a comparison of Johnstone's tables with those of
Smithers (1961), Thomson (1987) extended the range of applicability of
Johnstone's tables to age 120, with PI values down to 0.7, and for
densities up to 2500 stems/acre at age 70. A metric version of these
extended tables has been developed and was used to generate the stock
table which forms the basis of this presentation.

GENERAL PROCEDURE
STOCK TABLES

The first stage in the procedure for generating individual tree growth
curves was to generate the stock table on which they were based. Table
ia shows a stock table developed for an average site (PI=1.0). An
initial stand density of 11834 stems/ha at age 20 was used, giving a
starting average dbh of 2.5 cm.

Table la illustrates several requisites for stock table construction.

a) An appropriate period between rows of the table must be selected.
With a fixed age increment, there is only a relatively small change
in numbers per class in the later periods, so in this example, ages
were selected which gave a 2.5 c¢m increment in the average dbh.

b) Appropriate class intervals must be selected. The present example
was based on increments of 2.5 ecm. With larger increments there is
less movement of stems from one class to another, while with
smaller increments trees may move over several classes from one
time period to the next. The optimum class size will vary with the
change in average size between successive rows of the table. The
class size should be less than or equal to the difference in
average size between successive rows.

¢) In generating dbh distributions, some classes may have very few
trees. As in the present case a density limit may be imposed to
avoid “"tails™ to the distribution representing very few stems/ha.

From one period to the next, there are three alternative states for
the trees in a class to enter : (a) a tree may move to a larger
class, (b) a tree may remain in the same class, or (¢) a tree may
die. The same stock table may result from different patterns of
mortality and growth.

In the present system, a pattern of mortality is specified. Once the
mortality has been determined (Table 1b), the number of stems moving
to larger classes or remaining in a class can be derived (Tables
le,1d). For this lodgepole pine example, mortality was assumed to
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occu? in the smaller classes, at a rate proportional to the class
density, as suggested by Lee (1967), although alternative mortality
models could be easily incorporated.

As an example of use of Tables la - 1d, consider the tables at age 29
when the average dbh was 5.0 cm. The 9867 live stems are distributed
over four dbh classes. Of the 3497 stems in the smallest class, 1577

die before age 44, 1062 grow to enter a larger class, and 858 remain
in the smallest class.

CENERATING INDIVIDUAL TREE SIZES

Once the stock table has been produced, individual tree sizes for each
row of the table may be generated. Assume that the smallest tree in
the distribution is at the lowest limit of the smallest non-zerc class
and that the largest tree in a class is at the upper limit of the
class (e.g., 3.75 cm, 6.25 cm ...). A cumulative distribution may
then be produced in which the sizes of the trees at the class limits
are known. For trees between the class limits, sizes may be obtained
by interpolation.

As an alternative to the above procedure, a Weibull distribution can
be calculated (Shifley and Lentz 1985). The size of a tree at a
particular percentile of the distribution may then be determined.

INDIVIDUAL TREE MORTALITY

When the individual tree sizes at a particular age have been assigned,
mortality over the next period is determined in the following manner.
The probability of mortality of a tree in a particular class in that
period is obtained from the information contained in Table 1b.

Cycling through the trees in a class, mortality occurs first in those
tree which grow slower than a specified threshold rate, and thereafter
a random number is compared with that probability to determine if a
particular tree dies. This procedure is continued until the required
level of mortality for the class has been reached. For each period of
the stock table, therefore, the distribution of individual living tree
sizes is produced.

TREE DIAMETER GROWTH CURVES

From one period to the next it is assumed that a trees' relative rank
in the distribution does not change, thus the j*th surviving tree from
period i grows to become the j'th tree of the distribution in period
i+1 (Figure 1). Table 2 indicates the form of the output array from
the procedure.
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{a) | dbh IN PERIOD i 367 | 357 | 358 |3.58|3.58| 359359

{b) | ASSIGN MORTALITY 357 00 | 0.0 {358 | 0.0 | 3.59 |3.59

3 L. L. A -
- /
{eeeeommsiraranee]
— -1
(c) | LINK SURVIVING TREES 1 / T — ]
dbh IN PERIOD i +1 472|472 472 (473473473 | 474

Figure 1. Diagram of the method of linking diameter distributions in
successive periods. a) Dbh distribution at start : all trees
alive. b) Trees dying by start of next period are set to zero,
and ¢) surviving measurements of first period are linked to
measurements of next period. '

TREE HEIGHT GROWTH CURVES

Once the individual tree dbh growth curves have been determined, height
growth curves can be obtained by developing height-dbh relationships for
each period if the average tree height is known. A reference point on
the height-dbh curve is obtained from the site index height (top height)
which is the average height of the largest 100 stems/acre (247
stems/ha). The average dbh of these trees can be obtained from the
individual tree size distribution. A linear height-dbh relationship is
assumed. Figure 2 illustrates a set of possible lines passing through
the reference point. Heights for each tree were estimated assuming a
line passing through the reference point with slopes ranging from 0.025
to 0.800, and the average height using each slope computed. The ratio of
the computed average height to the expected average height is used to
indicate the appropriateness of that slope value. The ratio of this
computed average height to the expected average height is used to
indicate the appropriateness of that slope constant. An interpolation
procedure is then used to estimate the slope of the slope of relationship
which gives a mean height equal to the expected average height, i.e. with
a ratio of ‘computed and expected average height equal to 1.0.

DISCUSSION
Changes in the number of trees per size class with age of a developing

stand result from varying proportions of trees in a class dying, growing
to a larger size class, or remaining in their present class. By
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Table 2. Extract from file of individual tree growth profiles.
The initial density at age 20 was 11834 stems/ha.
Zero's indicate stem mortality.

Tree Diameter at age

ranking 20 29 44 64 89 120
4 1.25 0.00 0.00 0.00 0.00 0.00
5 1.25 1.25 1.25 1.25 1.25 0.00
6 1.25 1.25 1.25 0.00 0.00 0.00

5005 2.73  3.59
5006 2.73 3.59
5007 2.73 0.00

.00 0.00 0.00 0.00
.29 .91 8.70 10.91
.00 0.00 0.00 0.00

o uno
o

11000 6.20 8.49 10.69 12.58 14.18 16.19
11001 6.20 8.49 10.69 12.58 14.18 16.20

11833 8.75 13.66 16.21 18.72 21.22 26.15
11834 8.75 13.75 16.25 18.75 21.25 26.25

height

dbh

Figure 2. Example of the estimation procedure for height-dbh curves. Solid
lines are test relationships and the dashed line is the true
relationship. All lines pass through the reference point. The
proportion of the calculated and expected average height which
results from such test lines is indicated in parentheses.
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specifying the pattern of mortality, the numbers growing or remaining in
each class can be calculated. Assuming that trees retain their relative
positions in the size distribution, sizes in successive periods can be
linked such that indivdual tree growth curves compatible with the
original size distribution are produced. Once the dbh growth is defined,
the height growth can also be determined.

The procedures described allow individual tree growth patterns to be
estimated from tables based on data which contained no growth
measurements. These individual tree growth curves may then be
manipulated to reflect pest and disease effects or forest management
practices.
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DEVELOPMENT AND APPLICATION OF A STAND-BASED
GROWTH MODEL FOR MIXED HARDWOOD STANDS

David 0. Yandle, John R. Myers,

Jefferson H. Mayo, and Neil I. Lamsonl

ABSTRACT. A model for predicting growth in mixed hardwood stands is
presented. The model, based on the assumption that future diameter
growth is related to past diameter growth, is proposed for projecting
the moments and functions of moments of tree diameter frequency
distributions over time. Projections are made for stand attributes
including basal area, board foot volume, and cubic foot volume in tree
distributions of even-aged, mixed-species hardwood stands. The model
incorporates a measure of shade tolerance to partially account for
species growth differences. Further model enhancements are suggested.

INTRODUCTION

A stand-based growth model for mixed hardwood stands has been developed
and tested on two different data sets which have quite different species
compositions.

Portability of the model to provide for its application in stands that
differ in composition from the species mix in the stands in which the
model was developed is achieved by the use of shade tolerance classes.
Hardwood species are grouped by tolerance classes and then measures
based on the classes are included in the model.

The model is essentially that introduced by Yandle (1978), but with a
newly-developed equation for estimation of growth rate and with
appropriate forms for ingrowth and mortality.

In this paper we treat only the prediction of single quantities such as
average basal area or volume per acre at a future time. Such quantities
are predicted by projecting a linear function of one or more moments of
the present diameter distributiom, without the necessity of first
estimating the parameters or other properties.of the future
distribution. Thus, the characterization of the model as presented in
this paper does not fit neatly into either of the categories of
parameter prediction model (PPM) or parameter recovery model (PRM) as
given by Hyink and Moser (1983). However, extensions of the model that
predict for other than point functions are in the PRM category. The
prediction of a future probability density fumction (p.d.f.) for

lpavid 0. Yandle is professor of forest management and biometrics,
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merly graduate research assistant, Division of Forestry, West Virginia
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Forest Service, Northeastem Experiment Station, Parsons, WV. ‘
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diameter or prediction of areas (distribution function) representative
of proportions in given diameter classes have been studied and will be
presented elsewhere,

THE PROJECTION METHOD

Stand—based models are based on current stand measurements as usable
past measurements or quantifiable stand history are normally
unavailable. In order to use only current stand information, we can make
use of the fact that the average past periodic growth of a tree is a
relatively good index to its future growth. That is, trees that have had
better growth in the past will have better growth in the future than
trees that had less growth in the past. This is not to say that the rate
of growth of a given tree in the future will be the same as in the past
but only that those trees that have been more successful than their
competitors in the past can be expected, on the average, to be more
successful in the near future. Since present diameter is the sum of past
diameter growth, we can express this idea in the following relationship:

I3 =DbKD (1
where I, = average dbh increment over L for trees with Dy = Dy

Dli = dbh of tree i at present time

b®" = proportionality constant (slope)

K° = L/A

L = length in years of the projection period

A; = age in years of tree i (Ai = A for even-aged stands)

The dbh increment, during the period L, for a given tree is given by
Yli = Id + eli = b’K'Dli + eli s (2)

where e;; is a random component of dbh growth by which tree i deviates
from the mean of all trees having the same initial dbh. Thus the dbh at
the end of the projectiom period is:

Dg; = Dpj + Y33 = (L + DRIDY; + ¢ 3)

In general, a direct mathematical treatment of the transformation
expressed by equation (3) will require a complete handling of the
probability density functions for b” , D; , and e; (or their joint
density function, if they are not all independent.) A direct anmalytic
solution will be difficult, if not competely intractable; however, the
expected value of the future diameter, E[DZ], can be expressed as a
function of the present diameter, Dy:

E[Dz] = E[(l + b'K')Dl + ell .

-~

If E[ell = 0 is asgumed and b” replaced with an unbiased estimator, b~

then an estimate, Dy , of EIDz] is given by: ’

D, = (1 + bXIEID,] . (%)
Thus, the mean, E[Dzl; of the future diameter distribution can be
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directly estimated as a functiom of the mean, E[DI], of the present
diameter distribution.

Returning to equation (1), we can examine the relationship for the
squared diameter in a manner analogous to that developed for diameter.
Adding Dj to each side of equation (1) and squaring each side gives

(1g + 0% = (1 + bRDZ2 . (5)

Also, note that as the diameter incrsasea from Dy 2\:0 Dy + Id)’ the
square of diameter increases from D;° to (Dl + Id) s thus the increment
of the square of diameter can be expressed as:

Igg = (Ig + D2 - D2 . (6)

Thus, equation (5) can be converted by subtracting Dlz from each side to
give ‘

Idd = [(1 + b’K’)z - 1]D12 . (7)
Further, if in equation (7) we set

b= (/&) (1 +bKI2-1] (8)
and K =K", (9
then ‘

Idd = bKDlz ° (10)

Thus, the direct relationshi? for the increment of the square of
diameter as a function of D;“ is expressed in the same format as for
diameter increment. We now see that the diameter squared for tree i at
the end of the projection period is

D2i2 = (1 + bK)Dliz + e2i (11)

where eq; is a random component of the growth, of the square of
diameter, by which tree i deviates from all treei having the same
initial diameter. Thus, the expected value, E[D,“], of the square of
diameter in the future distribution of the square of digmet‘er can be
expressed directly in terms of the expected value of D;“ in the present
diameter distribution as

E[D,2] = (1 + bR)E[D;?] , | (12)

and for E[e2] = 0 and b an unbiased estimate of b, an estimator, 522 R
of E[Dzzl is given by '

322 = (1 + gK)E[DIZI - (13)

We also have need to examine other estimators that are constructed as
functions of tree diameter or diameter squared. First, because basal
area is the square of diameter multiplied by pi/576, equatiom (13) can
be modified as follows to give an estimator of basal area per acre at
the end of the projection period:

B = (W/S)(pif576)(1 + BRIEID;Z] , | (14)
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where N = number of trees in the stand at the end of the period
S = gsize of the stand in acres.

Other stand attributes that can be expressed as functions of tree
diameter are also of interest. For example, for known coefficients ay
and a,, let

Fij = ap + agB;
= a; + a,[(pi/576)(1 + bKRIDy;2 + g5 , (15)
then a per—acre estimator of F; is given by:
F = (N/S)[a; + ap(pi/576)(1 + BRIE(D;?)]
= (N/S)ay + a,B . (16)

It is obvious that if F expresses a "local-use" volume equation, then
equation (16) is an estimator of volume per acre at the end of the
projection period,

APPLICATIONS

Two sets of growth data were obtained for use in the study: one set was
provided by the Muskingum Watershed Comservamcy District, an Ohio public
corporation engaged in land and water management; a second set was
furnished by the U. S. Department of Agriculture, Forest Service,
Northeastern Forest Experiment Station, Fernow Experimental Forest, near
Parsons, West Virginia. '

Muskingum Watershed Data

The Muskingum Watershed Comservancy District manages forest lands
located in the Muskingum River watershed in east central Ohio. Permanent
1/5-acre plots located on these lands have been remeasured on a regular
periodic basis for more tham 25 years. The present study has made use of
a part of these data for plots located in even~-aged, mixed hardwood
stands, and covering two 10-year growth periods: 1960 to 1970 and 1970
to 1980.

Both stand and individual tree measurements and information were
recorded at each remeasurement. Plots that had had major disturbance
such as recent logging or known disease losses were omitted from this
study, as were plots containing too few trees to be useful in the model
fitting process. Plots that were used contained at least 10 merchantable
trees (dbh equal to or greater than 5.5 inches) and a minimum of 3
sawtimber sized trees (dbh equal to or greater than 11.5 inches.)

The reduced data set was comprised of 63 plot records each of which
consisted of measurements made at the beginning and again at the end of
a 10-year period. The 63 plots were randomly divided into 2 groups. One
group of 32 plots was used for model development and a second group of
31 plots was reserved for later use in model validation.
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Fernow Experimental Forest Data

The Fernow Experimental Forest is in the mountains of north central West
Virginia and is located approximately 140 miles southeast of the
Muskingum watershed.

The method of measurement and collection of the Fernow data differs from
that used to obtain the Muskingum data. The Femow data set consists of
15 plots in previously unmanaged stands. Plot size is variable, ranging
up to several acres, with 100-percent tree inventories made at each
measurement time. Diameters are recorded by 2-inch classes and tree
counts are summarized on a per—acre basis. Periods between
remeasurements were of variable length. Individual tree identity was not
maintained from one remeasurement to the next.

Fitting the Model

The process of fitting the model is one of using the stand variables to
estimate the slope, b, in equation (8). In order to do this, it is
necessary, in each plot, to have the individual tree diameters at both
the start and the end of the period, and thus the perodic increment of
growth. This form of informatiom is available in the Muskingum data, and
thus, that data was used for developing the model fit.

The first step in the analysis was to calculate, separately for each of
the first 32 Muskingum plots, values of the slope, b, using the
individual tree data within each plot. Because the stands are considered
to be even-aged and the projection period is fixed at 10 years, the
value of K = L/A was treated as a constant, thus the 32 slopes were each
expressed as Z = Kb to incorporate the constamt. ‘

The next step was to determine how to use stand variables to predict Z.
Regression analyses using the 32 values of Z as observations of the
dependent variable and various combinations of stand variables as
independent variables were made. The final regression form that was
determined is

7 = 0.01191496 - 0,00111439(IBA) - 0.00377597(TBA)
- 0.00254829(MBA) + 0.00356842(SI) - 0.00075542(NT)
+ 0.00217498(AGE) + 0.00743148(QMD) (17)

where IBA = basal area of intolerant species as a percent of the basal
area of all trees of merchantable size
TBA = basal area of tolerant species as a percent of the basal
area of all trees of merchantable size
basal area of all trees of merchantable size

MBA =

SI = site index

NT = number of merchantable trees at start of period
AGE = age in years of the stand

QMD= quadratic mean diameter of treesoftolerant species.
All variables in the equation are on a per-acre basis, measured at the

beginning of the projection period. Shade tolerance ratings are those
given in the Forestry Handbook (Wenger, 1984), The coefficient of
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determination for the fitted regression was 0.65.
Applying the Model to the Muskingum Data

The model was applied to each of the 31 reserved Muskingum plots to
predict growth for the sawtimber class.

Ingrowth into the sawtimber class for each plot was estimated by
calculating the minimum diameter that any tree less than sawtimber size
at the start of the period must have in order that it be expected to
reach sawtimber size at the end of the period. This was accomplished by
calculating Z for the plot and using an algebriac modificationm of
equation (4) such that

dbh(min) = 11.5 / [1 + 211/2 |

where ff term, 1 + BK", in equation (4) is replaced by the estimator
1+ Z] for the plot. Any tree on the plot with a diameter at the
start of the period equal to or greater than dbh(min) was included as
ingrowth in the projections for the plot. All plot values were converted
to a per-acre basis after adjusting for ingrowth to permit adding an
adjustment for mortality. The per acre conversion also facilitated the
fitting of the Jobnson Sy p.d.f. (Johnson, 1949) for the projection
process. (The Wiebull p.d.f. was also tried in the initial testing, but
was found to be not as satisfactory as the Johnson in this application.)

Actual mortality percentages in the 32 Muskingum plots used to fit the
model were calculated for each l-inch dbh class. A Jomson Sy p.d.f. was
fitted to these points to produce a smooth mortality curve. Mortality
values read from this curve were applied to the 31 Muskingum plots for
which predictions were made.

The per—acre values adjusted for estimated ingrowth and mortality were
then fitted by the maximum likelihood method for the Jolmsons Sy g d.f.
(Schreuder et al, 1978) and the expected values, E(DBH) and E(DBH )
obtained. These values were then used to make growth projections for
sawtimber basal area and board-foot volume per acre. :

Applying the Model to the Fernow Data

The minimum dbh used to determine estimated ingrowth for the Fernow data
was calculated as it was for the Muskingum data; however, it was used to
determine the percentage of the 2-inch dbh class that would be moved
forward, rather than for individual trees. This was necessitated because
individual trees were not identified at both the beginning and end of a
growth period.

The mortality curves developed from the Muskingum data were refit on a
2-inch dbh basis and directly appl:'.ed to the Fernow data.

Variations from the shade tolerance ratlngs in the Forestry Handbook are

given in Trimble (1975) for species in Appalachian hardwood stands and
were used for the Fernow stands.
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Basal area predictions were made for the sawtimber class and for the
class of all merchantable trees. Volume predictions were not made
because there is no actual volume data for comparisons.

Equation (17) as developed from the Muskingum data —- without changes in
required slopes needed to make the growth projections for the Fernow
stands. A1l other steps in the projection were carried out the same for
the Fernow data as has been described for the Muskingum data.

Coefficients of variation shown in Table 1 are om a per-plot basis - not
for means — and were calculated from the differences in predicted and
actual plot values.

RESULTS AND DISCUSSION

The overall results as summarized in Table l. indicate that the model is
well-behaved and is a good predictor of growth for mixed hardwood
stands.

The model, including the slope estimation equation (17) as developed
with the first set of Muskingum data, performed better when applied to
the Fernow data than it did when applied to the validation set of
Muskingum data. Two points concerning this result should be noted.

First, the use of measures of shade tolerance as variables in the
growth-rate part of the model does provide the necessary flexibility to
apply the model in areas having species composition different from that
in the area from which the development data is obtained. A parallel
attempt to develop a model in the same overall manner but with inclusion
of measures of individual species yielded good results when the model
was applied to the validation set of Muskingum plots, but failed when
applied to Fernow plots which have different species composition.

Secondly, the better performance of the model when applied to the Fernow
data than with the validation set of Muskingum data is due to the fact
that each of the Fernow plots contained a number of trees sufficient to
adequately characterize the initial diameter distribution of the plot,
whereas this was not true for all Muskingum plots.

The need for plots in which individual trees are identifiable over time
is essential for the development of the slope equation. However, as in
the Muskingum data, plot data can be suitable for that purpose, but at
the same time small plot size may result in some plots having too few

trees to permit an adequate definition of the diameter distribution in

that part of the model.
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TABLE 1. Results of the projections.

Coefficient

Projected Number Average value of variation
quantity of plots actual predicted (percent)
Muskingum data

Basal Area (sawtimber) 31 55 55 17

Basal Area (sawtimber) 17 75 14 13

Board-foot volume 31 6165 6076 19

Board~foot volume 17 8567 8287 16
Fernow data

Basal Area (all merch.) 9 115 113 14

Basal Area (all merch.) 6 137 145 8

Basal Area (sawtimber) 9 83 83 12

Basal Area (sawtimber) 6 109 114 8

All basal areas are in units of square feet per acre, board-foot volumes
are per—acre values.,

For Muskingum data: values are shown for the total of 31 plots and for
the 17 of those which had 35 or more trees.

For Fernow data: values are shown for the 9 plots that had 10-year
growth periods, and for the 6 of those which had stands 20 years oxr
more in age at the start of the period.
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CONSISTENT GROWTH AND YIELD PREDICTION THROUGH
INTEGRATION OF WHOLE STAND AND DIAMETER
DISTRIBUTION MODELS.

Sun Joseph Chang'

ABSTRACT. Past efforts in integrating the whole stand and diameter
distribution models have largely ignored the proper curvature of the basal
area equation and its consequence through parameters recovery on the yield
prediction surface. In this paper, a guasi-concave function is employed to
estimate the basal area growth equation and the resultant yield predictions
are then examined for desirable properties. Results of the study show that,
with the parameter recovery procedure, proper curvature of the basal area
equation does not necessarily ensure desirable properties in the yield
prediction surface.

INTRODUCTION

Soon after Bailey and Dell (1973) published the methodology to quantify
diameter distribution with the Weibull function, researchers in forest growth
and yield modeling realized that the parameters of the Weibull function can be
recovered from the whole stand attributes. Papers published since 1973 show a
long list of successful applications of the parameters recovery technique to
many different situations (Smalley and Bailey 1974a,b; Strub and Burkhart
1975; Clutter and Belcher 1978; Feduccia et al 1979; Dell et al 1979; Hyink
1980; Frazier 1981; Matney and Sullivan 1982; Cao et al 1982; Burkhart and
Sprintz 1984; Borders and Bailey 1986). Since stand level attributes play a
eritical role in the recovery of the parameters of the Weibull function for
diameter distribution, the estimation of stand level attributes assumes
unparalleled importance. Little attention, however, has been given to the
functional form and shape of these stand level attributes. Indeed, as
Burkhart, Cao, and Ware (1981) pointed out most of the stand models are highly
empirical "best fit to the data". As a result, the diameter distribution
models may display abnomalities in yield predictions as reported by Chang
(1984).

Forest economists, on the other hand, have been trying to introduce the
concepts of the production functions into the development of the growth and
yield model. (Jackson 1980; Nautiyal and Cuoto 1983; Chang 1984). Their main
point is to establish the input-output relationship between yield as the
output of management decision variables such as rotation age and planting
density. Chang (1984) further suggested that the timber yield should possess
the following desirable properties:

1. The yield surface is guasi-concave with respect to both stand age

and planting density.

2. The yield for any combination of stand age and planting density is

also quasi-concave with respect to site index.

1The author is with Department of Forestry, University of Kentucky,
Lexington, KY 40546-0073. Research supported by McIntire-Stennis Forestry

Research Program.
Presented at the IUFRO Forest Growth Modeling and Prediction Conference,
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This paper reports the development of a compatible whole stand and diameter
distribution model based on estimates of basal area employing a quasi-concave
production function. The purpose is to determine if a smooth and well-behaved
basal area equation would ensure the desirable smoothness and proper curvature
in the yield prediction.

DATA AND METHOD.

The data used to estimate the stand level attributes are those published in
Smalley and Bailey (1974a) for loblolly pine in Tennessee, Alabama and Georgia
highlands. The site index ranges from 40 to 70 feet at an increment of 10
feet (base age 25 years); planting density varies from 500 to 2500 per acre
with an increment of 250 stems per acre; stand age ranges from 10 to 40 years
at an increment of 5 years. Altogether, there are 252 observations.

The development of the model consists of two steps. The first step involves
the estimation of stand-level attributes with regression technique. The
second step determines the Weibull parameters so that the resulting stand
basal area and average dbh estimates are identical to those predicted from the
stand level model. By linking these two stages, the size-class distribution
information will provide aggregate basal area value that are consistent with
the over-all stand level attributes.

STAND LEVEL MODEL.

With the exception of the basal area and average stand diameter, other stand
level attributes such as height growth equation and volume equations used in
this paper are the same as those in Smalley and Bailey (1974a).

Basal Area Estimation
The basal area is estimated with the following equation:
BA = BoExp (B1/t2 + Bp/(t*m) + B3/(t*SI) + By/SI2) (1)

where BA is the basal area of the stand,
t is the age of the stand
m is the planty density per acre
SI is the site index and
Bo, By, B2, B3, By are coefficients
to be estimated with Bg> 0 and By - By less than zero.

In equation 1, By Exp (Bu/SIZ) represents the maximal basal area a stand could
attain given a particular site index. Since By is less than zero,
BoExp(Bu/SIZ) increases with increasing SI, first at an increasing rate and
then at a decreasing rate. The coefficient B¢ determines the basic curvature
of the basal area growth curve. This basic basal area growth curve is then
modified for the planting density with Bp. Since By is less than zero, the
smaller the planting density the flatter the basal area growth. The same
basic basal area growth is also modified for the site index with B3. Again,
since B3 is less than zero, the smaller the site index the flatter the basal
area growth curve.

Normally, equations 1 can be easily estimated by regressing the log-
transformed equation:
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1nBA=1nBg + B1/t2 + Bp/(tm) + B3/(tSI) + By/SI® (2)

with the linear regression subroutines of any standard statistical package.

In this case, however, since all the data are generated from a computer
program the hetero-scadasticidy typically associated with basal area no longer
exists. It is, therefore, more appropriate to obtain the non-linear estimates
of coefficients for equation 1. The result of such a regession is as follows:

BA=317.8283 Exp (-25.4545/42-4991.7070/ (tm)-49.3858/ (£tSI)-872.T487/SI2) (3)

Avefage Diameter Estimation

Although it is possible to develop an equation to predict the average diameter
of any particular stand such an approach unfortunately may cause difficulties
later in the recovery of Weibull parameters. As Burk and Newberry (1986) have
suggested that in the process of Weibull parameters recovery, the mean
diameter of the stand i_gust be less than or equal to the quadratic mean
diameter of the stand (X4)Z. Independent estimations of basal_area and
average diameter of the stand provide no quarantee that X ,i(XZ) would indeed
hold all the time. As a matter of fact, preliminary»work_gn Weibull
parameters recovery for this project failed because X <X )% was not met.
In_order to ensure that X _g(Xz)% always hold often a regession of

(XZ)% - X on some independent variables was carried out to enable the
prediction of % based on basal area. (See, for example, Cao, Burkhart and
Leming, Jr. 1982). Examination of the (X2)¥ - X's shows that with the
exception of one zero they are either .1 or .2 and average to be .1266. Thus
the simplest model possible

%= (x2)% - .1266 (4)
was chosen to represent‘the average diameter of the stand.
RECOVERY OF DIAMETER DISTRIBUTION FROM STAND ATTRIBUTES.

The three parameter Weibull pdf employed in this paper to describe the
diameter distribution is:

£(X) = (e/b)((X-a)/b)° Texp(~((X-a)/b)®) (5)

where
is the non-negative location parameter
is the scale parameter
is the shape parameter
- X is the diameter random variable and X>a.
The first two moments of the Weibull distribution are

0O o e

E(X)=i=a+bl"(1+1/c) (6)
B(x2) = X2 = a2 + 2abT (1 + 1/¢) + v2T (1 + 2/¢) (7

where I' represents the gamma function and since English units are used

241



X2 = BA/(.00545L4N) (8)

where N is the number of trees per acre.

S2 = X2- X°= b2 (T(1 + 2/¢) -T 2 (1 + 1/¢)) (9)
and coefficient of variation CV
S (r(1 + 2/e) -p 2(1 + 170))%
CV = = (10)
X -a r (1 + 1/¢)

Given a specific value of a as well as estimates of X and ié, the value for
"C" in equation (10) can be solved fairly easily with many zero finding
subroutines in numerical analysis. Once C is known "b" is solved with

b= (X ~a)r (1 + 1/¢) (11)
Once the three parameters a, b, and ¢ are obtained to specify the Weibull

distribution, diameter distribution is generated to obtained the basal area
according to

BA = .005454N ) X2 £y (12)
Xi = 1
where N is the number of trees

Xj is the midpoint of the ith dbh class

fij = F(Xj + .5)-F(Xj - .5) is the proportion of trees in the ith
dbh class and

F (X) = 1= exp(~((X -a)/b)C) is the Weibull cumulative
distribution function with parameter a, b, and c.

If the basal area obtained through calculation of equation (12) does not equal
that of the whole stand estimate, a refined "a" will be computed and the
parameters recovery procedure repeated until basal area figure from equation
(12) is within .02 square feet of the stand level estimate of the basal area.

Table 1. Yield and Diameter Distribution of a Site Index 70 Stand Age 25
with an Initial Planting Density of 750 Stems per Acre.

SITE INDEX 70
750 STEMS PER ACRE PLANTED

AV, STEMS ALL TREES, S-INCH CLASS AND GREATER TO 0.B. TOPS OF --

AGE DOM.. DBH  PER BASAL AV, TOTAL STEM 2 INCHES 3 INCHES 4 INCHES
HT ACRE AREA  HT. 68 1.8 0.8 B. 0.8 1.8. 0.8. 1.8.
25 70 7 109.9 294 530 8749 636.2 840.9  636.2 822.8 630.% 779.8  596.%
8 142.8 438 62.0 1559'S  1134.4 1494.8 1134.4 14737 1134.4 1423.0 1099.3
9 95.3 32.1 65.0 1380 .7 1004.5 13209 1004.5 1308.7 1004.5 12794  994.3
10 53.2 296 660 983.5 715.6 933.8 715.6 833.9 715.6 92000 715.6
11 27.9 184 680 630.5 458 8 601.9 458.8 599.6  458.8 5941 458.8
12 13.3 105 69.0 363.4  264.5 346.7  264.% 346.0 264.5 344.2 264.5
13 5.0 s5 71.0 197 2 1435 1881 1435 187.9 1435 187.5 1435
14 2.6 2.7 712.0 99.0 721 944 721 94.4 721 943 721
1S 1.0 1.3 730 47.0 342 44,8 342 448 33.2 443 342
16 0.4 06 73.0 21.0 153 200 15.3 20.0 15.3 20.0 15.3
17 0.2 0.2 18.0 9.1 8.6 86 6.6 8.6 6.6 8.8 6.6
18 0.1 0.1 15.0 38 2.7 3.6 2.7 36 2.7 36 2.7
19 0.0 6.0 75.0 1.5 1.1 1.4 1.1 1.4 1.1 1.4 1.1
20 0.0 0.0 76.0 06 0.4 0.8 0.4 0.6 0.4 0.6 04
21 0.0 00 760 0.2 0.1 0.2 0.1 0.2 0.1 0.2 0.1
22 0.0 0.0 170 0.1 0.1 01 . 0.1 0.1 0.1 0.1 0.1

453 .6 g0.2 6171.8 4490 .1 5906.7 4490 .1 5846.3. 4484.3 701.4 44

MEAN DIA. 8 6 INCHES, WEIBULL PARAMETERS As 8 73, Ba- 2 08, Covi '3y ° 051
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RESULTS AND DISCUSSION

When the above procedure is carried out, Weibull diameter distribution based
on stand level attributes are obtained. A typical result is shown in Table 1.
When site index is 70, stand age 25, and planting density 750, stand level
estimates of basal area and average diameter are 190.23ft2 and 8.64 inches
respectively. The corresponding figures from the parameter recovery procedure
are, after rounding, 190.2ft2 and 8.6 inches respectively. When the yield for
total stem are tabulated by site index and stand age for a planting density of
750 stems per acre (Table 2), some interesting pattern emerges. As expected,
the basal area figures and changes in basal area as a result of changes in

Table 2. An analysis of Basal Area and Total Stem Yield Growth for Various
Site Indices (Planting Density 750 Stems/Acre).

Age Basal Area Basal Area‘Increment Total Stem Yield Yield Increment

Site Index = T0

10 98.8 46.9 1644.7 1748.8
15 145.4 27.3 3292.9 1460.4
20 172.7 17.5 4853.3 1318.6
25 190.2 12.1 6171.9 1102.4
30 202.3 8.8 7274.3 1012.9
35 211.1 6.7 8287.2 928.3
40 217.8 9215.5

Site Index = 60
10 91.5 43.8 1292.9 1363.5
15 135.3 25.7 2656.4 1139.7
20 161.0 16.5 3796.1 1086.2
25 177.5 11.5 4882.3 896.6
30 189.0 8.3 5778.9 738.2
35 197.3 6.3 6517.1 TU8.7
40 203.6 7260.8

Site Index = 50
10 80.9 39.4 935.8 1022.4
15 120.3 22.2 1938.2 931.5
20 143.5 15.0 2869.7 688.5
25 158.5 10.4 3558.2 658.6
30 168.9 7.6 4216.8 541.1
35 176.5 5.8 4757.9 500.8
40 182.3 5258.7

Site Index = 40
10 64.9 32.3 618.8 644.5
15 97.2 19.3 1263.3 520.1
20 116.5 12.5 1784 .4 490.5
25 129.0 8.6 2273.9 yug.7
30 137.6 6.4 2722.6 298.4
35 144,0 4.9 3021.0 315.7
40 148.9 3336.7
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stand display the desirable smooth curvature. The yield for total stems also
appears to have the desirable property when site indices are 70 and 50
respectively. When site indices are 60 and 40, changes in yield as a result
of changes in stand age decline smoothly until age 35 and rebound between age
35 and 40. While the magnitude of the rebound is not particular significant,
they do show that the yield predictions are not as smooth as one would like
them to be.

As shown in Table 3, the effect of different planting densities are examined
at various ages, when the site index is 70. As Chang (1984) pointed out, when
the yields of two stands with different planting densities are compared, the
current annual increment and/or the periodic annual increment of the stand
with a higher planting density should ascend faster, reach a peak at an
earlier age and descend more precipitiously afterwards. The PAI's in Table 3
show that such is indeed the case until age 30. Between age 30 and 35, the
stand with an initial planting density of 1500 stems per acre, contrary to the
theoretical result, outgrows that of 750 stems per acre. Again, while the
magnitude of the problem may not seem significant, it does point out the
short-coming of the growth characteristics of the model.

Table 3. The Effect of Planting Densities on Stand Yield and
Periodic Annual Increment. (Site Index 70)

Planting Density = 750 Stems/A Planting Density = 1500 Stems/A

Age Yield PAL Yield PAI
10 1644.,7 1748.2 , 2272.7 1913.8
15 3392.9 1460.4 4186.5 1492,2
20 4853.3 1318.6 5678.7 1250.3
25 6171.9 1102. 4 6929.0 1049.0
30 7274.3 1012.9 7978.0 1023.0
35 8287.2 928.3 9001.0 928.1
4o 9215.5 9929.1

Table 4. The Incremental Effect of Planting Densities on Basal Area and Total
Yield for a 20 Year-old Stand. (Site Index 70)

: Change in Change in

Planting Density Basal Area Basal Area Total Yield Total Yield
500 146.3 26.4 4123.9 729.4
750 172.7 15.0 4853.3 315.6
1000 187.7 9.6 5168.9 371.5
1250 197.3 - 6.7 5540.4 138.3
1500 204.0 k.9 5678.7 23.7
1750 208.9 3.8 5702.4 60.8
2000 212.7 2.9 6012.7 249.5
2250 , 215.6 2.4 6054 .4 1.7

2500 218.0
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When the effect of successive increment in planting density is examined, the
increment in yield as presented in Table U4 shows a much more serious problem.
As the planting density increases from 500 to 2500 the increment in yield,
rather than displaying a smooth decline, shows wide fluctuations. The most
serious ones are the big drop between- 750 and 1000 stems and the jump between
2000 and 2250 stems.

CONCLUSION

The focus of this paper is to adopt a guasi-concave function to the estimation
of the basal area and to apply the parameters recovery technique to obtain the
diameter distribution under Weibull function. The intention is to see if the
proper curvature in the basal area growth function would ensure the smoothness
and proper curvature of the total yield of the stand. The results above have
shown that at least for the Smalley and Bailey model examined, the former does
not necessarily ensure the latter. While the results does not shed light on
the causes of such short coming - two causes seems plausible. First, it may
be a problem inherent to the procedure of parameters recovery for Weibull
distribution. Second, it is quite likely that the volume equations used in
the model are responsible for the problem. As the growth and yield model
becomes more complicated it also places more emphasis on the very basis of the
model. In this light, volume equations in general clearly deserve more
careful scrutiny.
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MODELING VOLUME GROWTH FOR ARIZONA'S
PINYON-JUNIPER FORESTS

David C. Chojnacky!

ABSTRACT. Volume growth was modeled for uneven-aged pinyon-juniper
stands. _Growth data were collected at 91 locations throughout northern
Arizona in juniper dominated stands. At each location trees were
measured for basal area growth and current volume using nondestructive
methods. Equations were developed to project future basal area and
future volume. Input variables for the equations were initial stand
basal area, elapsed time and a "site index" measurement. The equations
were combined in a model to provide a rough guide to cubic-foot volume
production for short-term projections. Results indicate most stands
will never produce more than 10 cubic feet of wood per acre per year.

INTRODUCTION

Pinyon-juniper woodlands occupy about 48 million acres in the Western
United States (Burns 1983). Pinyon-juniper sites are among the most
arid of any forest type in the United States. Past management
emphasized tree removal and replacement with range forage. Recent
interest in fuelwood sources and passage of the Forest and Rangeland
Renewable Resources Planning Act of 1974 have created new needs for
pinyon-juniper woodland information.

The Forest Survey Project at the Intermountain Research Station, USDA
Forest Service, now inventories pinyon-juniper woodlands in most of the
counties in the States it surveys (Figure 1). Volume growth is a key
component of these inventories. Usual practice for volume growth
estimation in a forest inventory requires diameter growth and height
growth measurement. For each growth variable, beginning and ending
measurements are then used in a volume equation to get volume for two
points in time. The difference between the two volumes is volume
growth.

However, it is impractical to use this approach for every tree in a
large pinyon-juniper inventory because diameter growth and height growth
are difficult to measure in the field. Pinyon-juniper diameter growth
rings are most easily identified on sanded cores or cross-sections under
magnification. Height growth measurement also requires growth ring
jdentification in destructive stem analysis procedures.

Instead of direct tree growth measurements on all trees, a model was
sought to estimate pinyon-juniper volume growth for the 1985 forest

1Research Forester, USDA Forest Service, Intermountain Research
Station, 507 25th Street, Ogden, UT 84401.

Presented at the IUFRO Forest Growth Modeling and Prediction Conference,
Minneapolis, MN, August 24-28, 1987.
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survey of Arizona (USDA 1985). A whole stand growth model, rather than
a more detailed individual tree growth model, was sufficient to meet
this information need.

Choice of model components was simplified by field observation of tree
heights. Few trees in most stands (in the areas inventoried in Arizona)
differed in total height once the trees exceeded 6 to 8 inches in basal
diameter at the root collar (DRC). This led to the assumption that
height growth probably has 1ittle effect on short-term volume growth
projections. Therefore, the growth modeling focused solely on diameter
growth.

Because the mean age range (142 years) of stands inventoried was large,
even exceeding the mean stand age (125 years), an uneven-aged modeling
approach from Moser and Hall (1969) was selected. This required
developing basal area growth and stand volume prediction equations.

DATA

Data to estimate model parameters came from trees on 91 plots (F1gure 2)
randomly selected from 300 1nventory plots established in Arizona in
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Figure 1. Most counties within Figure 2. Locations of 91
the Rocky Mountain States study plots.
have an occurrence (shaded
areas) of pinyon or juniper
trees (adapted from Little,

1971).
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1985 (U§DA 1985). A11 land ownerships were sampled except the Navajo,
Hualapai, Havasupai, Fort Apache, and San Carlos Indian Reservations and
all National Forests except the western half of the Prescott. In
retrospect, the excluded areas probably included Arizona's most
productive pinyon-juniper woodlands.

Plots were a fifth acre in size when crown cover of the surrounding
stand was less than 30 percent, and a tenth acre when crown cover was
more than 30 percent. A1l trees that forked at the root collar were
measured using a calculated equivalent diameter (EDRC) instead of DRC:

EDRC = D2 R : (1)

ne--13

i=1
where: ;
Di = basal diameter of each stem

n = number of basal stems 1.5 jnches or larger

Trees not having at least one stem 3 inches DRC or larger were not
measured.

Ten-year radial DRC growth was determined from two core samples per tree
from about seven trees per plot. Core samples were sanded and growth
was measured under magnification. Tree ages were determined for five
trees per plot. Volume was estimated for about six trees on each plot
by visual segmentation, which is a method to count numbers of wood
segments within a tree (Born and Chojnacky 1985). Volume for each tree
included wood and bark of all stems and branches larger than 1.5 inches

in diameter. Both live and dead wood were inc]uded.v

Numbers of trees and species sampled were 608 Juniperus osteosperma
(Torr.) Little, 356 J. monosperma (Engelm.) Sarg., 24 J. deggeana
Steud., 288 Pinus edulis EngeTm., and 54 P. edulis var. fallax Little.

A1l tree-level data were combined for each plot and expressed as per-
acre estimates. Those measurements based on subsamples, diameter growth
and volume, were expanded to per-acre estimates using regression
sampling estimators. ' ' :

MODELING
The uneven-aged stand growth model taken from Moser and Hall (1969) is
based on the ratio of cumulative basal area (BA) growth change expressed
in differential notation:

d BA/dt = f(BA) , ‘ (2)

249



If the right hand side of equation 2 is assumed Richards’ (1959) general-
jzed growth rate function, the result is:

d BA/dt = n BA™ - k BA (3)
where:
BA = basal area
n, m, kK = model parameters

This can be solved as a first-order differential equation for BA at any
future time with a Bernoulli substitution (Rabenstein 1972) as follows:

BA, = [n/k + (8AS1 M - nyk) e(m-1)ktql/(1-m) (4)
where:
BA, = basal area for any future time (t)
BA, = initial basal area
e = exponential function.

Comparison of equation 3 to the pinyon-juniper diameter growth data
showed some benefit to slightly modifying the equation. Adding a
variable for the total number of tree stems per acre (STEMS) improved
basal area growth predictions.

Therefore, equations 3 and 4 were modified to include the STEMS
variable. Parameters were estimated from the data (Figure 3) to obtain
a prediction equation for future basal area (BAt):

BA, = [n/k + ce(m-1)kEgl/(1-m) (5)
where: 0.2591
n = 3.5497(STEMS/1000)
m= 0.2591
k = -0.0446(STEMS/1000)
¢ = eadt ™ - sk
t = time in decades
BA, = initial stand basal area (ft2/acre)
STEMS = total basal tree stems, 1.5 inches and larger, for all

trees having at least one basal stem 3 inches or larger
(number/acre). :

Future basal area predictions could then be used in a stand volume
equation to assess volume growth. A stand volume equation (Figure 4)

250



was developed from predictor variables, basal area and "site index"

combined:
100[-0.077 + 0.398(Xt) + 0.011(X%)] for Xt < Xp
Ve | (6)
100[4.664 + 0’398(Xt) - 37.926/Xt] for Xt > Xo
where:
Xt = BAt times "SITE INDEX" divided by 100
XO = 12
t = time in decades (the subscript t is dropped for "present
time" variable definitions)
BA = basal area at DRC of all trees having at least one stem 3
inches DRC or larger (ft2/acre)
V = volume of wood and bark from stems and branches larger
than 1.5 inches in diameter (ft3/acre)
"SITE INDEX" = mean height of all trees 6 inches DRC and larger with
undamaged tops (ft).
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"Site index" was devised from the average height of all trees 6 inches
DRC and larger within a plot with undamaged tops. This index seemed
reasonable because heights of trees 6 to 8 inches DRC and larger, within
a given plot, appeared constrained by some upper height asymptote.

Equations 5 and 6 provide volume yield for a desired projection period,
but because the model was constructed from data for only a single
decade, projections beyond 3 decades are not advised. Equations 5 and 6
also can provide volume growth projections. For example:

V6, =V, - Vo , (7)
where:
VG, = volume growth for a time period "t" (ft3/acre)
Vt = volume yield for a time period "t" from equations 5 and 6
(ft3/acre)
Vo = initial volume from present basal area used in equation 6

(ft3/acre).

DISCUSSION

Combining equations 5 and 6 can provide an assortment of volume growth
and yield products for pinyon-juniper stands. However, the results
should be used with full awareness of the model's limitations and
underlying assumptions. Ingrowth of trees less than 3 inches DRC and
mortality are not considered. The "site index" measure, average stand
height of all trees 6 inches DRC and larger with undamaged tops, is
assumed to remain constant. Because little site specific data drives
the model, local site specific projections will probably lead to
erroneous conclusions. The model is better suited for regional or
Statewide projections.

Comparisons of the volume yield and growth projections to the 10-year
data base (used to construct the model) showed reasonable model fit.
The coefficients of determination (R2) and variation (CV) were .70 and
35 percent, respectively, for 10-year volume growth and .93 and 22
percent for 10-year volume yield.

The results graphically showed several interesting patterns. Rate of
volume yield increase over time mostly was determined by initial "site
index". However, more stems per acre (more multiple-stem trees) also
increased yield at a faster rate. '

Periodic annual volume growth increment (PAI) averaged over a 10-year
period followed some unusual response surfaces depending on the input
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variables considered. For a fixed "site index" of 14 feet, an average
site, PAI increased rapidly and then plateaued (Figure 5). The plateau
occurred at different basal areas depending upon "site index," but in
all cases the plateau corresponded to the inflection point (Xy=12) in
the volume equation (eq. 6).

PAI (cu ft/ac/yr)

10.22

7.33

Total Stems
200 no/ac)

165 ( *
as
45
Basal Area(sg ft,/ac) 5

50

Figure 5. Periodic annual volume growth increment (PAI) for an average
pinyon-juniper "site index" plateaus at a basal area of about
85 ft2/acre.

This was somewhat disturbing because the inflection point was
arbitrarily placed in the volume model to obtain a sigmoidal model to
fit the appearance of the volume data.

Viewing PAI with total stems per acre fixed also showed an abrupt change
of slope as basal area increased. Again, this corresponded to the
inflection point in the volume equation (Figure 6). It was on a

PAY {cu ft/sc/yr)

10.60

4.50

165

5
Basal Area(sq ft/ac) 5

Figure 6. Periodic annual volume growth increment (PAI) for a
pinyon-juniper stand, of average number of stems per acre,
plateaus when basal area times "site index" equals 1,200.
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diagonal this time, because the volume equation inflection point was a
function of "site index."

Actual PAI results from the model (Figures 5 and 6) indicated few stands
will ever exceed 10 cubic feet of volume growth per acre per year, This
is probably low for pinyon-juniper woodlands as a whole. Barnes and
Cunningham (1987) showed moist favorable pinyon-juniper sites offer
physiological advantages to pinyon and dry harsh sites are most
tolerable by juniper. Because 74 percent of the trees measured were
juniper, these study data probably represented Arizona's most harsh
pinyon-juniper sites.

In summary, the uneven-aged volume growth model fit the available data
fairly well, but it may be of questionable value in aiding biological
understanding of pinyon-juniper growth relationships. However, the
model should be useful for short-term volume growth projections for
areas predominately juniper.
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ESTIMATE AND TEST FREQUENCY DISTRIBUTIONS WITH THE JOHNSON Sp FUNCTION FROM
STAND PARAMETERS IN YOUNG MIXED STANDS AFTER DIFFERENT THINNING TREATMENTS

Asa Thaml

ABSTKACT The distribution of stems in diameter classes in a stand is of
great importance both for the capacity of growth and yield, and the cost
per cubic metre when harvested. The distribution of stems in diameter
classes is influenced by the choice of thinning method. It is desirable to
predict the outcome of different thinnings. Observed diameter distributions
of stands of mixed Norway spruce (Picea abies (L.) Karst.) and birch
(Betula pendula Roth and Betula pubescens Ehrh.) are adapted to the

Johnson S, probability function. Goodness of fit between observed and
calculated frequencies was measured with the one-sided Kolmogorov-Smirnov
statistics. All distributions fit at the alpha = 0.05 level of
significance. The Johnson Sy parameters are transformed to four fractiles.
The fractiles are predicted with multiple regression and two multivariate
techniques. The independent variables are characteristics of site and
stand. To use multivariate analyses when predicting the probability density
function gives acceptable prognoses for practical applications even if the
methods can not always predict the lower diameter classes correctly. The
model can be used in young unthinned mixed stands of Norway spruce and
birch, and cover the geographical area of South and Middle Sweden.

INTRODUCTION

The distribution of stems in diameter classes in a stand is of great
importance both for the capacity of growth and yield, and the cost per
cubic metre when harvested (Cao et al, 1982). The distribution of stems in
diameter classes is influenced by the thinning method. It is also desirable
to predict the outcome of different thinnings. In Norway spruce (Picea
abies (L.) Karst.) regenerations it is common with a natural regeneration
of birch (Betula pendula Roth and Betula pubescens Ehrh.). In such stands
there is @ silvicultural choice between cleaning and an early whole tree
birch thinning. After thinning the diameter distribution of the remaining
trees can be used as component of an individual tree growth model. Together
with average tree volume per diameter class, the diameter distribution
model of removed trees will make it possible to determine the merchantable
volume out of total volume before thinning. In stands of young uncleaned
mixed Norway spruce and birch an experiment with three thinning methods was
performed (Figure 1).

1 Research Forester and Project Leader, Swedish University of Agricultural
Sciences. Department of Forest Yield Research. S-770 73 Garpenberg, Sweden,

Presented at the IUFRO Forest Growth Modelling and Prediction Conference
Minneapolis, MN, August 24-28, 1987. ' :
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All birches are felled The birches are thinnarl tn a shelter Spruce and birch are thinned in four metre wide s

Figure 1. The thinning methods in mixed stands of Norway spruce and birch.

Adaptation of diameter distributions to the unthinned stands is

discussed by Tham (1987b). The adaptation is made for the stand as a whole,
as well as for Norway spruce and birch separately. These functions can also
be used when all birches are felled. The distributions of remaining and
removed trees in a stand thinned in strips are assumed to be the
distributions of the thinned stand divided by two.

The aim of this work is to predict and test diameter distributions in mixed
stands of Norway spruce and birch where the birches are thinned to a
shelter, both for remaining and removed trees. The prediction equations in
earlier work, together with the prediction equations in the present work
will make it possible to estimate diameter distribution after different
thinning methods in young unthinned mixed stands of Norway spruce and birch.

MATERIAL AND METHODS

The data for this study come from mixed Norway spruce and birch stands.
Altogher 21 stands were studied in South and Middle Sweden. The experimental
design, initial position and detailed description of data collected were
reported by Tham (1987a).

In the present work, the Johnson Sp distribution (Johnson, 1949; Johnson &
Kotz, 1970) is chosen as a diameter distribution because of its flexibility
and capacity to fit a broad spectrum of shapes (Hafley & Schreuder, 1977).
In the Johnson Sp function the parameters psi and lambda are location and
scale parameters, whereas delta and gamma determine the shape of the
distribution. When the value of delta increases the shape implies a greater
excess. An increasing absolute value of gamma implies more skewness.

Estimation of the parameters is done according to Mgnness (1982; pers.
comm.), with maximum likelihood estimation. Goodness of fit between observed
and calculated frequencies was measured with the one-sided
Kolmogorov-Smirnov=(KS) statistics. The Johnson Sp distributions are tested
at the alfa = 0.05 level of significance. Instead of the relation between
Johnson Sy parameters and stand characteristics, Mgnness (1982) sought the
relation between fractiles and stand characteristics. A fractile is a real
number (diameter) such as a certain amount of trees having a diameter less
than or equal to that number. The chosen fractiles are; alfa=0, alfa=0.3085,
alfa=0.5 and alfa=0.6914. When the diameter distributions are predicted from
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the stand characteristics the fractiles must be solved to obtain the
Johnson Sy parameters. The fractiles (as well as the Johnson Sy parameters)
are dependent on each other. The recognition of a systematic pattern of the
four fractiles makes it desirable to use multivariate technigues. In this
work, multiple regression, simultaneous equation models (multivariate
regression) and partial least squares (PLS) modelling with latent variables
are used to estimate the relation between fractiles and site and stand
characteristics. The model uses the characteristics; mean diameter, mean
diameter of the dominant trees, basal area, number of trees, latitude, site
index, age and dominant height.

Simultaneous equation models (here abbreviated to SEM) are computed using
the Lisrel VI package (Joreskog & Sorbom, 1984).

The partial least squares modelling with latent variables in the twoblock
predictive form (here abbreviated to PLSZ) is designed to extract and model
regularities in multivariate data which have predictive relevance. In
latent variable models the basic assumption is that each x-variable
contains an unknown part that is correlated to an unknown part of the
y-variables. Conceptually, this is formulated as if the y-variables are
influenced by a number of factors, latent variables (Dunn et al., 1984).
The PLS2 model is computed with the SIMCA-3 package.

To check the prediction power of the three different methods the stands
were divided in estimation and prediction sets. The estimation set is made
by randomly excluding three objects. This is repeated seven times to get an
estimation set for each object. The objects are then tested with observed
towards predicted diameter distribution. As measure of goodness of fit the
KS test is applied as follows. The limit KS value (alpha = 0.05) for each
object is calculated and divided by the actual KS limit value (Tham,
1987b).

Actual KS value
Limit KS value

= KS-quotient
\

RESULTS

Table 1. Values of Johnson Sp parameters and fractiles of mixed stands of
Norway spruce and birch.

Remaining trees Removed trees

min max min max
psi -1.52 -0.20 -1.53 0.38
lambda 13.29 691.54 9.11 39.52
delta 0.89 1.41 0.84 2.27
gamma 0.45 7.61 0.44 3.27
DO -1.52 -0.20 , - +=1.53 0.38
Do 3085 1.41 4.35 1.17. ~ 5.67
DO'5 2.13 7.16 %.gg ;.2?
00.6914 3.14 10.54 " 01 .
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The Johnson Sp parameters and the fractiles are estimated for remaining and
removed trees (Table 1).

All distributions both for remaining and removed trees passed the one-sided
KS test at alpha = 0.05 level of significance. Prediction equations for D
(alpha=0), D (alpha=0.3085), D (alpha=0.5), and D (alpha=0.6914) together
with independent variables form a Johnson Sp diameter distribution model.
Prediction equations for multiple regression and SEM are given in Table 2.

Table 2. Regression coefficients, standard error and squared multiple
correlation coefficients.

DO D0.3085 D0.5 D0.6914
coeff. s.e. coeff. s.e. coeff. s.e. coeff. s.e,

Remaining trees, simultaneous equation models (SEM)

InDGG - - - - - - 1.487 0.656
DGGINNG - - - - - - 0.012 0.003
In DGS - - - - - - -1.775 0.701
Do 0.454 0.121 - - - - - -

0, 208 - - 1.392  0.083 - - ) -
00.6914 -0.309 0.055 -0.515 0.057 0.694 0.008 - -
Remaining trees, multiple regression (MR)

DGG -0.012 0.001 0.053 0.002 0.082 0.003 0.118 0.003

Removed trees, simultaneous equation models (SEM)
DGBInNB - - - - - - 0.011 0.000

DO 3085 0.477 00 131 - - - - - -

) -0.286 0.069 0.521 0.020 0.739 0.011 - -
0.6914

Removed trees, multiple regression (MR)

DGB -0.004 0.001 0.048 0.003 0.069 0.002 0.093 0.002

Squared multiple correlation coefficient (R2)

Remaining trees

SEM 0.954 0.999 0.998 0.985
MR 0.906 0.972 0.983 0.988
Removed trees

SEM 0.564 0.974 0.996 0.992
MR 0.294 0.957 0.983 0.991

Key to letter groupings

in = Natural logarithm

DGG = Diameter corresponding to mean basal area, on bark, Norway spruce, cm
NG = Number of stems, Norway spruce/ha

DGS = Diameter corresponding to mean basal area, on bark, dominant trees, cm
DGB = Diameter corresponding to mean basal area, on bark, birch, cm

NB = Number of stems, birch/ha :

o
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Squared multiple correlation coefficients (RZ) show that the mean diameter is
well correlated to the different fractile values. The interrelation between
the dependent variables makes the (RZ) slightly higher when SEM is used
instead of multiple regression. PLS2 of remaining trees reached a total of
four significant terms. Removed trees gave seven significant terms. The
1ateqt variables are described by scaled weights, averages, loadings and
loading weights. The latent variables, together with the dependent variables,
form a Johnson Sp diameter distribution model. The KS quotients from the
three methods are plotted against each other (Figure 2).
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Figure 2. Kolmogorov-Smirnov quotients, a comparison between multiple
regression, simultaneocus-equation model and partial least squares.
Remaining and removed trees in mixed stands of Norway spruce and
birch.

The maximum KS-quotients for remaining trees are 3.12 (MR), 2.96 (SEM) and
2.85 (PLS). The maximum KS-quotients for removed trees are 5.08 (MR), 4.17
(SEM) and 3.90 (PLS). A comparison of KS-quotients between methods,
observation by observation, resulted in SEM beeing better than multiple
regression in 11 cases of 21 for remaining trees and 17 for removed. PLS2
were better than SEM in 12 cases of 21, both for remaining trees and removed
trees.

259



DISCUSSION

Mixed stands which have 1rregular distributions needa a model formed from
different segments of cumulative distribution functions (Cao & Burkhart,
1984) The Johnson Sp function, however, is flexible enough to fit young
shelter thinned stands of mixed Norway spruce and birch,

There are different numbers of stand characteristics used in the different
prediction techniques. In multiple regression only mean diameters are

vsed. If more stand characteristics (or others) are used it would in this
case be impossible to solve the Johnson Sp parameters from the predicted
fractile values. In simultaneous equation models stand characteristics such
as number of stems and mean dgiameter are 1ncluded., The partial least square
modgel also uses dominant height, basal area and site characteristics as
altitude, site index ana latitude, All characteristics can be determined
before thinning. Ménness (1982) tried to find a relation directly between
the Johnson Sy parameters and stand characteristics. but the model gave a
very poor fit, With multivariate techniques it might be possible to fing

these relations. This is not attempted in this study but in Turther work
th1s should be considered,

When the explanation degree in the stand characteristics.- -j§,diluted, there
1s a need for many stand characteristics to explain the variation in

fractile values. In such cases the partial least square method has an
advantage,

Number of frees

100 ; ' 100
9 €3 Observed 9 o] ) Observed
wa Predicted Predicted
801 quotient = 1 80 -‘ quotient =
704 @ 1701
@
60 < 601
501 ; 5 50
40+ 7 é 40 g
30 4 4 2 301 ;
20— ‘g ’x E {b 20- é [E
104 / [E 10 / na
0123456789 1011121314151617 0123456 7891011213
* Diameter class, cm . o Diameter class, tm

Figure 3. Comparison between observed and predicted diameter distributions
at different Kolmogorov-Smirnov quotients.

When the K-S gquotient are four , or above, the observed and predicted
distributions do not have their maximum value in the same diameter class.

The results 1n this study all trees above breast height are predicted.
There is no minimum dimension. This. together with the fact that the
maximum value of the KS-quotient almost always occurs in the first two
diameter classes, makes 1t difficult to compare with other studies.
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The S)multaneous equation model and partial least square method can be used
and gives an acceptable prognosis when predicting diameter distributions in
young mixed stands of Norway spruce and birch. All K-S quotients for the
partial least square method are beneath three and for the simultaneous
equation model there are three observations above. My conclusion is that
these methods give rise to useful practical predictions even if the lower
diameter classes are not always correctly estimated. It covers the
geographical area of South and Middle Sweden.

An example of application is given in Table 3.

Table 3. Basal area, mz/plot, of remaining and removed trees after the
three different thinning methods. Simultaneous equation models,
‘obs=observed values, pre=predicted values.

Birch thinning Shelter thinning Line thinning

obs pre obs pre obs pre
Remaining trees 0.67 0.43 1.25 0.63 1.34 1.16
quotient 3.3 2.8 2.8
Removed trees 1.98 1.97 1.40 1.16 1.34 1.16
guotient 1.1 2.0 2.8

The K-S test recognizes the maximum cumulative difference between the two
distributions. If the quotient is beneath 2.5 the basal area calculated
from observed and predicted distributions will show small differences. When
estimating the parameters the predicted and observed distributions will not
have the same basal area. If the parameters are recovered instead of
estimated the mean diameter w11l be equal in both cases (Burk & Newberry,
1984; Eriksson & Salinds, 1987). It is, however, only possible when the
Weibull distribution is used. If the Weibull distribution function is
flexible enough to fit mixed stands of Norway spruce and birch is not tried
in this study.
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USER FRIENDLY APPLICATIONS OF THE FORCYTE ECOSYSTEM MODEL ON A
MICROCOMPUTER

M.J. Apps!, W.A. Kurz?, J.P. Kimmins? and K.A. Scoullar:?

ABSTRACT., The ecosystem model FORCYTE-11l has been transferred
successfully from a mainframe environment to microcomputers equipped
with a 32-bit coprocessor board. A user friendly software package,
PROBE, was developed to facilitate the preparation, execution and
analysis of multiple runs of simulation models for applications such as
sensitivity analysis and management gaming. PROBE was used to conduct
pPreliminary sensitivity analysis of FORCYTE-1l.

INTRODUCTION

Until recently, large computer simulation models have been restricted to
high speed, large memory, mainframe computers. New advances in
microcomputer technology have changed this situation. The advent of the
faster 32-bit microprocessor, the removal of the 640 kilobyte memory
limitation, and the development of microcomputer compilers capable of
processing very large programs in commonly used languages such as
FORTRAN have made the economical desktop computer a suitable environment
for large models. Utilization of the full computational power of this
new generation of desktop computers may be enhanced by the development
of user-oriented supervisory software to facilitate multiple runs and
analysis of the large output data sets that are produced. Such software
can also partly automate the otherwise time consuming and tedious job of
conducting sensitivity analysis on large, complex models.

In this paper we describe the successful transfer of FORCYTE-11l (Kimmins
et al., this volume) from the University of BC mainframe (Amdahl 580) to
a PC, and the subsequent development of a user friendly software package
(PROBE) to permit the preparation, execution and analysis of multiple
runs of FORCYTE for activities such as management gaming and sensitivity
analysis. Originally conceived to assist in probing the sensitivity of
FORCYTE to various input parameters, PROBE has much wider applicability
and can be used to enhance the model's use in basic research, teaching,
and as a predictive forest management tool. A simple example will be
used to illustrate PROBE's application in sensitivity analysis of the
model.

1 Research Scientist, Northern Forestry Centre, Canadian Forestry
Service, Edmonton, Alberta, Canada.

2 Graduate Student and Professor, Dept. of Forest Sciences, Faculty of
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FORCYTE

The philosophy and approach of FORCYTE-11l are presented elsewhere in
these proceedings, and only a few relevant points will be repeated here.
FORCYTE~-11 presently consists of three separate FORTRAN programs
(FORSOILS, TREEGROW and MANAFOR), each containing several thousand lines
of source ccde (additional modules are in preparation for the simulation
of shrubs, herbs and mosses).

The FORCYTE modules FORSOILS and TREEGROW define and describe various
aspects of a forest ecosystem and make this information available to the
MBNAFOR mcdule, a program which provides a simulation of user-specified
management strategies for this ecosystem. These three FORCYTE modules
are typically executed in sequence, and each requires a user-prepared
input data file. MANAFOR also requires binary input files (TREND-files),
which are generated by the other two modules. Once the appropriate TREND
files have been established, any number of runs of the MANAFOR module
can be executed without repeating the runs of the preceeding modules.

Each FORCYTE module can produce large quantities of diagnostic output
which can be reviewed by the user. Prior to the development of PRORE,
each run of each module was treated as a separate entity requiring
editing of the input data files and execution of the program module by
the user. Direct comparison of the results of a series of runs was
performed by manually extracting the results of interest from the
various output files.

THE HARDWARE

The personal computers used in this project (IBM PC/XT/AT and
compatibles) are equipped with a 32-bit coprocessor board (DEFINICON
DSI-32) with its own on-board RAM memory. The execution of FORCYTE-11
requires at least 2 Mb of RAM. In the FORTRAN source code only the
filename declarations had to be modified to permit the successful
compilation of the programs with a FORTRAN 77 compiler available for the
DSI coprocessor board.

The coprocessor board, with a 12.5 MHz clockspeed (faster ones are now
available), executes an 80-year simulation with MANAFOR in approximately
2 to 4 minutes. The time varies with the input/output facilities of the
PC (i.e. availability of a RAM disk and the speed of the harddisk).

In operation, the coprocessor board provides an entirely separate and
independent background computing environment within the PC. Several PC
software packages are available to provide a foreground/background
operation in which the DSI coprocessor can be executing one task in the
background while the PC is being actively used in the foreground for
some other task. The PROBE user can exploit this feature by conducting a
series of FORCYTE runs on the coprocessor board, while concurrently
planning the next series or analyzing a previous one in the PC
foreground.
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PROBE

PROBE consists of several programs and files which assist the user in
preparing, executing and analyzing multiple runs of a simulation model.
Primary objectives in the development of PROBE were to permit the
unattended execution of large numbers of runs and to facilitate
comparison of the results of such runs.

Although developed for FORCYTE, PROBE in its generic form can be used
with any simulation model which can be controlled from the PC or MS-DOS
environment. In addition, although currently using the DSI coprocessor
board, it can be used to control programs executing in the DOS
environment (e.g. the DOS version of FORCYTE-10). This may be of
increasing importance as new operating systems and faster CPUs become
available for personal computer systems.

PREPARATION OF MULTIPLE RUNS

PROBE gives the user full control over the sequence in which the
different FORCYTE modules will be executed and over the input data that
are used for these runs. To achieve this flexibility, the user
constructs a simple sequence file which PROBE uses to determine the
order of execution and the data files to be used. Each element of the
sequence consists of the FORCYTE module name and the data case number.
For example, a user might run FORSOILS and TREEGROW to initialize the
simulation of a particular ecosystem, and then apply different
management regimes, such as a series of different levels of thinning, to
this ecosystem. The sequence "S1 Tl M1 M2 M3 M4" signals the execution
of FORSOILS and TREEGROW with a particular set of data in the SOILDATA
(case 1) and TREEDATA (case 1) input files, followed by four successive
runs of MANAFOR for the different thinning levels defined in MANADATA
(cases 1 through 4). All four MANAFOR runs use the same TREND curves
generated by S1 and T1.

Each FORCYTE module case run requires a separate input data file
describing that case. Because successive cases often differ only in a
few data, PROBE uses a data overlay technigue so that only one default
data set is maintained for each module. Case changes are stored in
separate files which the user prepares with the assistance of an
interactive PROBE utility program. This program also reduces the risk of
operator—introduced structural changes to the input data file.

Sequences of virtually any length and complexity can be constructed by
the user. Figure (1) illustrates a sequence in which the four MANAFOR
treatments are run following each of two separate cases of TREEDATA.
Such a sequence is the first step in performing a sensitivity analysis
for the model, as discussed below.
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Figure 1. PROBE supervises the execution of multiple runs of the
FORCYTE modules FORSOILS, TREEGROW, and MANAFOR. In this
example, case 3 of MANADATA (dotted line) is prepared by
PROBE. MANAFOR is then executed, and the selected results are
added to the output file which contains the previous cases’
results.

PROBE EXECUTION AND OUTPUT

A complex batch program controls the case overlay of data files, orders
the FORCYTE module execution according to the user-specified sequence,
and performs certain error-checking functions to ensure the proper
execution of the modules which were called. It also redirects the
selected FORCYTE module output to an output file which provides a
complete record of the PROBE run. As schematically indicated in Figure
1, the FORCYTE data output for each case is saved and ordered in blocks
for each of the modules executed. Only a subset of the potentially
available FORCYTE output information is retained by PROBE. However, each
case record includes sufficient data to exactly repeat the simulation if
more detail is needed at a later time.

To provide for long unattended (overnight or background) execution,
PROBE uses the special sequence "Hn" to allow the user to specify a new
output file and to preface it with a descriptive header block., Using a
new header for each, a series of computer experiments can be
preconstructed and set into operation for overnight or background
execution. A PROBE utility automatically archives the results of the
experiments in successive files PROBEOUT.n (n=0, 1, 2,...). There is
no theoretical limit to the number of runs that can be executed in one
session, although the amount of storage space available to archive the
result files will act as practical limit.
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ANALYSIS OF MULTIPLE RUNS

The output file contains two types of variables: dynamic and static. The
status of dynamic variables (e.g. annual stemwood biomass) is written to
the output file at user-specified time intervals. The status of static
variables is reported for a particular time (eg. stemwood biomass at
harvest) or for a time average (eg. mean annual increment over a
rotation).

PROBE's output file is structured to facilitate its transfer into a
spreadsheet. In addition to the functions normally performed by common
spreadsheet programs (such as SYMPHONY TM), several menu-driven routines
have been developed for use with SYMPHONY. These assist in the analysis
and interpretation of both static and dynamic variables. Options
presently available include the automated importation of PROBE result
files, the compilation of summary tables and the graphical display of
both dynamic and static variables.

In addition, a special routine has been developed to extract 2 way
variation tables in which a user-chosen output variable is tabulated for
the different management treatments (e.g. MANADATA cases representing
various management regimes) and for different input parameter values
(eg. TREEDATA cases using different values of ecosystem parameters).
These tables provide the starting point for a specialized form of
sensitivity analysis, a simple example of which is given below.

THE USE OF PROBE WITH FORCYTE-1l: SENSITIVITY ANALYSIS

The objectives of sensitivity analysis must be clearly distinguished
from those of model validation. While validation attempts to verify that
the simulation results are close to or identical with the "real”
observed values, sensitivity analysis investigates the model’s response
to changes in the input parameters. A review of the various approaches
to and applications of sensitivity analysis is beyond the scope of this
paper.,

Sensitivity analysis of a model is typically performed to investigate
the question "How do selected output parameters respond to changes in
selected input parameters?” PROBE permits us, however, to take the next
step and ask "how are the comparative predictions for a series of
management strategies affected by these input parameter variations?"
This question requires the assessment of the model's response to changes
of parameters along two axes: the varied input parameter axis and the
management treatment axis.

To illustrate the use of PROBE for such a second order sensitivity
analysis we considered a relatively simple example. We chose five levels
of a single input parameter which describes the light level below the
canopy at the maximum overstory foliage biomass level of the stand. The
five levels are the default value (15% of the light level above the
canopy) multiplied by 0.5, 0.9, 1.0, 1.1, and 2.0 for cases 1 through 5
of TREEDATA, respectively. For each of the 5 runs of TREEGROW, four
different management regimes were simulated. These describe four levels
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of thinning intensity in which 0%, 20% 40% and 80% of the stemwood
biomass are removed at age 20 for cases 1 through 4, respectively.

Five runs of TREEGROW and twenty runs of MANAFOR were executed with
PROBE to obtain the results for this example. The results were then
analyzed using the spreadsheet routines developed for use with PROBE. As
a demonstration only, Figure 2 shows the results for stemwood mean
annual increment (per ha) at the end of each of the twenty runs.
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Figure 2. Stemwood mean annual increment (MAI) at the end of an 80-year
rotation in a hypothetical aspen ecosystem. Each of the
twenty bars represents the result obtained for a particular
combination of thinning intensity and input parameter wvalue.

As anticipated, the mean annual increment of the stand declined with
increasing thinning intensity. Variations of the input parameter had
little effect on MAI with no thinning and light thinning (maximum
deviation from the default value was 0.3%, Figure 3). In the heavy
thinning regime, differences in the output variable due to variations of
the input variable were more pronounced and reached a maximum deviation
from the default value of -4.3%. A full explanation of the different
simulated processes which were affected by the changes to the input
parameter is beyond the scope of this paper.

The above example illustrates the importance of conducting sensitivity
analyses of a complex model by varying both the input parameters and the
processes simulated with those input data. Although there was no effect
of the variation of the input parameter at one management regime, at
another regime the differences could be important. Such an application-
oriented sensitivity analysis is particularly important with models,
such as FORCYTE, which attempt to make management predictions.
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Figure 3. The data of Figure 2 expressed as percent deviation from the
result obtained for the default input parameter.

Using PROBE, such an analysis can be prepared, excecuted and analysed
efficiently. Compilation of the resulting graphs and tables will give
future users of FORCYTE an indication of its sensitivity to changes in
input parameters.

Future research plans include a systematic investigation of the model's
response to variations in different input parameters using the approach
outlined in this paper. The model's input data can then be classified
into broad classes of sensitivity which can be used in deciding on the
required levels of accuracy of the input data.

CONCLUSIONS

The transfer of FORCYTE-1l to a microcomputer equipped with a special
coprocessor board has made the model available to users without access
to mainframe computing facilities. The personal computer environment
provided opportunities for the development of user friendly software
which can enhance the utility of FORCYTE. The underlying concept and the
software of PROBE, which were originally developed for FORCYTE, can be
applied to other simulation models on personal computers. Sensitivity
analysis, management gaming and other applications which require
repeated runs of the same model can be performed with PROBE.

The example of the application of PROBE to preliminary sensitivity
analysis of FORCYTE-1l emphasizes the need to conduct second order
sensitivity analysis, in which the model's input parameters are varied,
and a range of management scenarios are simulated with each of the
varied input parameters.
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A TREE GROWTH MODEL WITH MULTIPLE STRESSES

carl W. Chenl, Luis E. Gomezl,
Carl A. Fox2, Robert A. Goldste1n3 and
Alan A. Lucier

ABSTRACT. A literature review of plant models for crops and forest trees was
made. The models were either not physiologically based or were incomplete,
too detailed on some processes but lacking in others. No model was capable of
simulating tree responses to multiple stresses. A new generation tree model
was formulated. The model incorporates subroutines from an existing model
(ILWAS) to calculate daily soil temperature, soil moisture, cations
(including aluminum species) and anion concentrations in the soil solution at
the root zone. A plant module is added to simulate the daily tree 1ife
(growth physiology), subjected to the dynamic impacts of air poliution {ozone
and acid deposition), aluminum toxicity, and drought (stress physiology). The
model is currently under development and testing. It will be used to design
research to collect necessary data in the laboratory and in the field. Model
coefficients will be calibrated with data from exposure experiments where
environmental conditions are controlled. The model can then be extended to
the field where environmental conditions change dynamically.

INTRODUCTION

An environmental concern of air pollution, including acid deposition, is its
Eotentia1 effects on tree vigor and forest decline. This concern was kindled
y the large scale dieback and mortality of Norway spruce and fir observed in
the forests of West Germany and the dieback of red spruce observed in the
White Mountains, Green Mountains, Adirondack Mountains and Great Smoky
Mountains of the United States (Johnson and Siccama, 1983 and EPRI, 1985).

Both natural and man-made factors could have caused the forest decline.
Ulrich and his colleaques advanced the aluminum toxicity hypothesis (Ulirich,
Mayer, and Khanna, 1980). According to this hypothesis, acid deposition
acidifies the soil and transforms the ubiquitous aluminum into its toxic
forms. This toxic aluminum weakens fine roots and kills trees. However,
other German researchers (e.g. Bauch and Rehfuess according to Jonhson and
Siccama (1983)) attributed the cause of dieback to calcium deficiency, ozone
concentration, acid mist and climate factors (drought and frost). Based on
the review of scientific evidence available in the literature, Hakkarinen and
Allan (1986) and EPRI (1985) concluded that various combinations of
environmental stresses controlled the health of a forest.

1 Systech Engineering, Inc. 3744 Mt. Diablo Blvd, Suite 101, Lafayette,

CA, 94549; 2 Southern California Edison Company, P.0. Box 800, Rosemead,
CA, 91170; 3 Electric Power Research Institute, P.0. Box 10412, Palo Alto,

CA, 94304; 4 NCASI, 260 Madison Avenue, New York, N.Y. 10016.

Presented at IUFRO Forest Growth Modelling and Prediction Conference,
Minneapolis, MN, August 24-28, 1987.
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When multiple factors are involved, it becomes difficult to analyze the
cause-effect relationship by conventional statistical procedures. In nature,
one factor may have a positive impact on growth, while another factor
qeutra]izes its effect. A chemical factor can be stimulatory at low
concentration and become toxic at high concentration (Chen and Goldstein,
1985). Since environmental factors can vary with time, a factor can be
stimulatory for growth at one time and be toxic for stress at the other.

This paperidescribes a research project to develop a model that can perform
the real time simulation of a tree life, integrating the stimulatory and
toxic effects of multiple factors including air pollution and natural
envjronmenta] parameters (e.g. temperature, moisture and nutrients). The
project began with a review of previous plant (crop and tree) models and the
formulation of a physiologically based single tree model. The model is under
development and is used to specify the required data which will be collected
by complementary research projects. Upon calibration, the model will provide
a theoretical framework to understand how and why a tree is dying (or
surviving) and how and why a forest is declining (or not declining) from
stresses caused by air pollution and acid deposition.

MODEL REVIEW

Crop models for corn, soybean, sugar beet, and red radish were reviewed.
Tree models are of two types: forest management models and successional
models. The study reviewed 6 distance-dependent and 3 distance~independent
forest management models. Successional models included JOBOWA (Botkin, Janak,
and Wallis, 1972) and its derivatives FORET (Shugart, McLauglin, and West,
1980) and SILVA (Kercher, Axelrod and Bingham, 1980). The CERES model
described by Dixon, Luxmoore, and Begovich (1976) was also reviewed.

Plant models were analyzed for their assumptions, formulations, inputs,
outputs, calibrations, and verifications. Results were reported by Chen
{1987). Generally, the formulations of crop models include diffusion of
carbon dioxide through stomata, 1ight attenuation through leaves,
photosynthesis of carbohydrate, chemical synthesis of organics, material
transport between plant parts and production of harvestable dry matter.
Effect of water status on photosynthesis is included in some models. With a
time step of 15 minutes to an hour and a total simulation period of 100 to-
150 days, crop models tends to be very detailed with many speculative
assumptions.

Forest management models use regression equations to calculate annual growth
as a function of diameter at breast height and site index. These models do
not incorporate plant physiology or environmental factors. As such, they
cannot simulate the physiological effects of air pollution and drought.

Successional models are based on presumed rules of species competition in a
forest stand. The competition rules are arbitrary and cannot be verified.
Models of this type have limited utility in the study of pollution impacts.
They cannot evaluate how and why a forest is (or is not) "dying". Nor can
they determine the level of forest damage caused by individual and combined
stresses. They can evaluate successional changes of tree species, after the
air pollution effect on growth reduction and mortality increase are known.
Even then, the successional response can simply be a mathematical fiction
due to its unverifiable nature.
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Many models start with “transport”, e.g. diffusion of carbon dioxide from air
to stomata, diffusion of water from soil to root, diffusion of water from
root to canopy, diffusion of photosynthate from canopy to plant parts and so
on. This approach leads to the use of "resistor" analogy. However,
concentration gradients and resistances used in the transport equation are
rarely measured. The transport calculations are often based on a shaky
ground. Furthermore, a living tree has an agenda of its own. A tree can use
energy to transport material against a concentration gradient.

Among all the models reviewed, no model could simulate tree responses to the
combined stresses of ozone, acid deposition, aluminum toxicity and drought.

MODEL FORMULATIONS

The model under development is designed to simulate a single tree (Figure 1).
The single tree may be surrounded by neighboring trees. A percent shading
factor defines the light fraction absorbed by neighboring trees. Within the
root zone, there are roots of neighboring trees. A percent sharing factor
accounts for their water and nutrient uptake.

State variables for the tree are organized at the whole plant level, i.e.
canopy, stem, and root. The canopy has a mass, a 1eaf area and age classes
of leaves. The stem {which includes branches) has a mass, a height, and a
diameter at breast height. The mass of the stem is divided into eartwood
and sapwood. The root has two classes (coarse and fine) and is distributed
among soil horizons. A1l the masses of canopy, stem, and root have their
stoichiometric contents of water and nutrients (Ca, Mg, K, C, N, P and etc.).
The soil is divided into horizons. Each horizon has its mineral composition
(including organic matter) and soil solution chemistry.

The model is driven by the daily values of maximum and minimum air
temperatures, wet bulb temperatures (or relative humidity), precipitation,
precipitation chemistry, solar radiation, and maximum ozone concentration.
The model accepts the daily meteorolog1ca1 and air pollution data and
simulates the changes in state variables for the soil and tree.

Light H20 1.2
Co2
\L /rl'ranspirnion E 1.01
Photosynthesis | g 0.8
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' <
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Figure 1. The Air-Plant-Soil Figure 2. A Hypothetical Dose~
System Response Function
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The @odei is based on the genetic blueprint of a tree. The genetic blueprint
sgec1fies how the tree grows under non~stressful conditions. This growth is
then modulated by stressful conditions in the air and the soil. With this
procedure, the model eliminates the need for transport equations. The
allocation of photosynthate to grow plant parts is implicitly defined by
- allometric relationships.

Pre1tminany model formulations have been described by Chen and Gomez (1987).
A brief discussion of equations related to allometry, phototsynthesis,
respiration, nutrient uptake, phenology, growth and mortality of plant parts,
and sublethal and lethal effects of air pollution will be presented here.

The model scales each plant part to the diameter at breast height (DBH).
Thus, the potential canopy size is related to DBH as follow:

b
PCANOPY = a (DBH) (1)

where PCANOPY = potential canopy mass in gram, DBH = diameter at the breast
height in centimeter, and a and b = coefficients.

The canopy of a tree has a unique shape and 1ight extinction property,
E = a (LA) (2)

where E = whole canopy light extinction coefficient in percent of 1ight per
canopy leaf area, LA = whole canopy leaf area, and a = coefficient.

The amount of light intercepted by the canopy is,
Ii = Io [1 - exp (- a LA)] (3)

where Ii = amount of 1ight intercepted by the canopy in calorie per hour, Io
= light intensity above the canopy after accounting for 1ight interception by
neighboring trees, LA = whole canopy leaf area, and a = coefficient. This
calculation is performed hourly and integrated to the daily value (Id).

The daily sugar production is calculated by,

(1-20) (4)

where CPHOTO = sugar production for the day in milligram carbon per day, Id =
light interception for the day in calorie per day, EEF = a constant for the
energy use efficiency (approximately & microgram C per calorie of energy),
STOPEN = an index of stomatal opening, © = a temperature coefficient, and T
= air temperature in degree Celsius.

- CPHOTO = (EEF) (Id) (STOPEN) ©

The model accounts for maintenance and growth respiration. Maintenance
respiration is assumed proportional to the T1iving biomass of the tree,

-20)
RESPM = Kr (LB) Q(T % ‘ (5)

where RESP = maintenance respiration in carbon equivalent of sugar, Kr =
maintenance respiration constant at 20 degree Celsius, LB = total living
biomass of canopy, root, and stem {excluding heartwood), and 0 = a
temperature coefficient.
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The growth respiration is made proportional to the amount of growth, 1

RESPG = (G/Y) - G (6)

where RESPG = growth respiration, G = total growth in canopy, root, and stem,
and Y = yield coefficient, i.e., the amount of carbon incorporated intc
biomass per unit of carbon used to create the biomass. 1

Photosynthesis less respiration is net photosynthesis,
NET = CPHOTO - RESPM - RESPG n

where NET = net photosynthesis in carbon unit, CPHOTO = photosynthesis in
carbon unit, RESPM = maintenance respiration in carbon unit, and RESPG ﬁ
growth respiration in carbon unit.

Net photosynthesis creates a demand for nutrient to maintain stoichiometry
For example, the nutrient demand for nitrogen is, W

DN = 1.01 (NET) (Ns/Cs) + (Ns - N) (POOL) (8)

where DN = nutrient demand for nitrogen, NET = net photosynthesis in carboJ
unit, Ns = stoichiometry of nitrogen in biomass, Cs = stoichiometry of carbon
in biomass, N = actual nitrogen concentration in the storage pool, and POOL =
biomass of storage pool from previous time step. The first term of Equation
(8) includes a coefficient 1.01 which allows for a luxurious uptake. The
second term allows the plant to recover from nutrient deficit. Persistent
nutrient deficit leads to an accumulation of starch and a reduction oq
photosynthesis,

Photosynthate and nutrients are used to grow plant parts. The degree-day of
air temperature is used to initiate the leaf growth. Once the degree-day is
satisfied, the canopy will grow according to the following equation:

GCANOPY = KCANOPY (PCANOPY - CANOPY) (9) ']

where GCANOPY = growth rate of the canopy, KCANOPY = a rate constant, PCANOPY
= canopy growth potential determined by the allometric relationship, and
CANOPY = canopy mass at the time of evaluation. Equation (9) is a logistic
function which grows canopy according to a S-shaped curve.

Biomass of canopy will die while the tree itself continues to grow. Each agd
class of the canopy is promoted to its next higher age class at the beginning
of the year. Each year class has its own mortality to create litterfali,

V |
LITTER = (CM) (MOZON) (MH20) (CANOPY) (10) J

where LITTER = litterfall from an age class of canopy in grams, CM =
mortality rate of the age class 1nMPercent per. day, MOZON = mortality
increase due to ozone conCentration, MH20 = mortality increase due to water
stress, and CANOPY = canopy biomass of the age class in grams. Litterfall is
calculated for each age class and summed for the total. The total litterfall
is then added to the litter content of the soil at the top layer. |
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The model includes the physi i i i
n ysiological stresses induced by ozone, aluminum, and
water deficit. The modeﬁ considers both sub-lethal andy1etha1 effects. Sub-

lethal effects of ozone cause stomatal closure. The model uses a dose
response relationship between stomatal closure and ozone dose concentration
(F{gure 2): ’Another dose response function is used to determine a factor
which amplifies the mortality rate of foliage to account for lethal effect.

The model uses modules from the ILWAS model (Chen et al. 1983, Gherini et al.
1985) to simulate soil hydrology and soil chemistry. A canopy module (Chen et
al, 1983)°1s used to simulate the hydrologic processes of interception and
evaporation aqd the chemical processes of dry deposition, wet deposition,
foliar exudation, and throughfall. A snow pack module is used to simulate
snowpack accumulation, snowmelt, and snowmelt leaching of ions.

The soil hydrologic module simulates the daily soil moisture. A soil
temperature module simulates the daily soil temperature. The soil chemistry
module calculates the concentrations of cations and anions, including the
concentration of inorganic aluminum.

DEVELOPMENT AND TESTING

The computer program has been developed and is being tested. At this stage,
the model performance is judged by its ability to function like a typical
tree. Figure 3 shows 20 years' simulated tree ring for a hypothetical
conifer grown in Panther lake watershed in the Adirondacks, New York. Such a
simulation is not a trivial matter, because the model has to provide
consistency among state variables for the tree, soil, and atmosphere. Model
coefficients used in earlier tests often exhaust nutrients in the soil. More
adjustment and even model modifications may be needed.

0.01€

o
2
&

DAILY INCREMENTAL DBH (MM)
o o
8 g
S

0.000 1 T S

M 4 185 16 17 18 18 - 20

TRgg Ac‘é (YE‘Z'iRS)“"
Figure 3. Simulated Tree Ring for a Hypothetical Conifer in
Panther Lake Watershed of the Adirondacks, New York

The model will be tested for water and air pollution stresses, individually
first and then jointly. The output of stomata opening index, photosynthesis
rate, nutrient status, starch accumulation, litterfall and other parameters
indicative of a stress sympton will be examined for their reasonableness.

DATA ACQUISITION

The model is design to simulate a specific tree at a specific site where data
on tree, soil, and air can be monitored on a real time basis for model

calibration. Since the model use parameters that can be adapted to any tree
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at any site including laboratory condition, it is intended to apply the model
to as many data sets as possible,

Some of the data can be derived from literature. Other data have to come
from measurements conducted at the specific site. Literature contains
information about the genetic blue print, growth physiology, and stress
physiology of trees. Sometimes, the literature contains data which can be
used to deduce the needed functional relationships. The information is often
dispersed in numerous articles and is presented in different forms. It is
necessary to review papers and to perform calculations that transform data
into coefficients usable to the model.

Data on air, soil, and tree response must be measured at the tree site for
model calibration. These data will be collected by the complementary
research projects sponsored by the Electric Power Research Institute (EPRI)
and the National Council of the Paper Industry for Air and Stream Improvement
(NCASI). The bulk of data will be collected by EPRI's Response of Plant to
Interacting Stresses (ROPIS). The laboratory and field studies of ROPIS are
being conducted at the Cornell Univeristy, the University of California
Riverside, and Tennessee Valley Authority.

To avoid the problem of modeling after data collection, the modelers and the
researchers will participate in a number of workshops. In these workshops,
the model theory and data requirements will be discussed. The model will be
on hand to evaluate the sensitivity of model coefficients and to demonstrate
the needs of certain data.

It is not possible to measure everything needed by the model. Occasionally,
some estimates will have to be made by experts in the field. Some of these
estimates will be made in the workshops. The reasonableness of the estimates
will be evaluated by the model.

CALIBRATION AND VERIFICATION

The model will first be calibrated to plants grown under experimental
conditions. The model will then be calibrated to trees in the field where
environmental conditions change with time.
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LABILE CARBON DYNAMICS IN A FLORIDA SLASH PINE PLANTATION

Wendell P. Cropper, Jr.1

ABSTRACT. A simulation model of a 29-yr-old slash pine plantation was
extended to include a separate labile carbon pool and estimates of the
growth and maintenance components of respiration for pine foliage, stems
and branches, and roots. New tissue growth was assumed to equal litter-
fall, and phenological data were wused to control the timing of new
tissue production. Growth respiration was calculated on the basis of the
biochemical requirements for  tissue production, and maintenance
respiration was simulated as a Ql0 temperature response function.

The mild north Florida climate permits physiological activity throughout
the year. The simulated seasonal pattern of the labile carbon pool
depends on the input of gross primary production (2,507 gC/m?/yr) and
the outputs of new tissue production and growth respiration (406
gC/m?/yr) and maintenance respiration (2,029 gC/m%/yr). The simulated
labile carbon pool peaked in early spring and summer, and was lowest in
late spring and winter. Labile carbon dynamics were sensitive to the
climatic input data used from normal, wet and dry years.

INTRODUCTION

Slash pine (Pinus elliottii) plantations in Florida have largely
replaced the unmanaged pine forests that were dominated by longleaf (P.
palustris) and slash pine. Although the plantations are similar to the
natural forests that were replaced, tree density is higher and fire is
less frequent in the managed plantations. Slash pine plantations are
useful for forest ecosystem studies due to the relatively uniform struc-
ture and limited number of species present. Ecosystem studies of slash
pine plantations at the University of Florida have included above-ground
organic matter and nutrient dynamics (Gholz and Fisher, 1982), litter
production and decomposition (Gholz et al., 1985), phenology (Hendry and
Gholz, 1986), below-ground dynamics (Cropper et al., 1984, Gholz et al.,
1986, Ewel et al., 1987a, 1987b), and simulation modelling (Cropper and
Ewel, 1983, Golkin and Ewel, 1984, Cropper and Ewel, 1987, Ewel and
Gholz, 1987). These analyses have identified water and nutrient avail-
ability as critical factors controlling slash pine productivity. It was
also clear that additional information is required on canopy structure
and physiological responses in slash pine plantations.

Studies are currently underway at the University of Florida manipulating
nutrient and water availability through fertilization and drainage of
plots within a plantation. Simulation modelling of the forest ecosystem

1Visiting Assistant Professor of Forestry, Department of Forestry,
University of Florida, Gainesville, Florida, 32611, USA.

Presented at the IUFRO  Forest Growth Modelling and Prediction
Conference, Minneapolis, MN, August 24-28, 1987.
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has been a central focus for developing hypotheses and providing an
explicit system-level description of processes and interactions (Golkin
and Ewel, 1984, Ewel and Gholz, 1987). Model development is continuing
in conjunction with the field studies. In earlier versions of the model
structural and labile (metabolically active) carbon pools were combined
in each state variable. This paper describes an extension of the model
that includes a separate labile carbon pool for slash pine trees. This
extension was made because combining pools with greatly different
turnover rates may lead to interpretation difficulties and insufficient
model resoclution, and because labile carbon allocation patterns and
respiration responses may be key components of the responses of slash
pine trees to fertilization and drainage.

MODEL DESCRIPTION

The slash pine ecosystem model simulates the interactions of carbon,
water and phosphorous using 22 nonlinear differential equations (Golkin
and Fwel, 1984, HEwel and Gholz, 1987). The state variables for slash
pine live biomass include foliage, stem and branches, coarse roots, fine
roots in the litter layer, and fine roots in the mineral soil. The
model also simulates understory, litter, and soil components. I
extended this model in two ways: the slash pine state variables are
defined as structural carbon compartments with a separate labile carbon
peol, and vrespiration is simulated with separate maintenance and growth
equations. Input to the labile carbon pool consists of slash pine gross
primary production, and outputs are growth (increases in the structural
carbon state variables), growth respiration, and maintenance
respiration.,

Maintenance respiration was simulated as a function of environmental
temperature and tissue biomass:

mresp=QlG{(tempmbtem?)f10)*k*biomass (1)

where mresp is the maintenance respiration, Q10 is the rate of change of
respiration per 10 degrees C change in temperature, btemp is a base
temperature producing a k*biomass respiration rate, temp is the air or
soil temperature (for rogts), biomass is the size of the tissue
structural carbon pool (g/mz), and k is a constant. Growth respiration
was calculated as a function of the amount of new tissue growth. Values
of the additional carbon required for growth respiration in slash pine
roots, stems, and needles were obtained from Chung and Barnes {1877,

The annual rate of net biomass increment in a 29-yr-old slash pine
plantation is not large. For the purposes of this simulation I assumed
that the amount of new tissue production is equal to the amount of
litter fall or mortality (steady state). The timing of new tissue
production was based on relative growth rates (Figure 1) from above-
ground phenology studies (Hendry and Gholz, 1986), and on annual
fluctuations of fine root biomass {Cholz et al., 1986) for the below-

ground components.
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Figufe 1. Rélative needle growth rates for slash pine in 1982 and
1983 (after Hendry and Gholz, 1986.)

RESULTS AND DISCUSSION

Outputs of carbon from the labile pool consisting of maintenance
respiration and growth carbon (growth respirationtnew tissue production)
follow a relatively smooth curve (Figure 2) associated with mean
temperature. Gross primary production, the input to the labile carbon
pool, responds strongly to variations in water availability and is more
variable than respiration. Due to the slow turnover of structural
carbon in the 29 yr old plantation, carbon output from the labile pool
is dominated by maintenance respiration (Table 1). Although foliage is
the smallest biomass component of the slash pine trees, it is highly
active metabolically and contributes the largest removal from the labile
carbon pool (Table 1). Foliage growth carbon allocation is about half
of the standing crop of foliage biomass, whereas in the other
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Figure 2. Annual variation in growth carbon (GC), maintenance
respiration (MR), and gross primary production {(GPP).
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biomass components growth carbon is a small percentage of standing
crops. The stem and branch component dominates slash pine biomass, but
is relatively inactive metabolically due to the large proportion of non-
living tissue and low growth rate. Labile carbon allocation to the
roots accounts for a large fraction of the gross primary production.
This result is consistent with observations of root production (Gholz et
al., 1986) and soil COp evolution (Ewel et al., 1987b). Annual
variation within the labile carbon pool (Figure 3) shows two major peaks
and two minima during the course of the year. The spring peak is
associated with low rates of respiration and growth (Figure 2), whereas

TABLE 1. Distribution of biomass and labile carbon outputs for slash
pine structural components

Coarse Fine Stems+ Foliage
Roots Roots Branches

Biomass 1,000 438 - 7,458 426

(g C/m?)

Maint. Resp. 214 499 656 559

(g C/m2/yr)

Growth C. 13 125 - 58 210

the summer peak occurs during the period of highest gross primary
production. The initial value of the labile carbon pool is a matter of
conjecture at this time. Tissue carbohydrate analyses are currently
underway that will provide an initial value and validation data for the
timing of peaks and for the annual range of values. The magnitude of
the annual range of the labile carbon pool during a year with typical
rainfall is 495 g C/m? (Figure 3).
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Figure 3. Simulated total labile carbon of slash pine trees for the
normal rainfall year.
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The weather input data, consisting of solar radiation, temperature,
precipitation, and vapor pressure deficit, have a large influence over
labile carbon dynamics. Growth phenology is not assumed to respond to
weather, and the phenological data (Figure 1) do not show significant
year-to-year variation in the timing of maximum growth rates. Even if
growth responds to weather, the amount of carbon allocated for growth
respiration and new tissue production in a 29-yr-old plantation is a
small proportion of the carbon lost through maintenance respiration

(Figure 2 and Table 1). Maintenance respiration and gross primary
production do respond strongly to variations in the climate input
variables. Maintenance respiration is simulated as an exponential

function of temperature in equation (1), and gross primary production is
a function of all of the climate variables. Simulated gross primary
production is  particularly sensitive to  variations = in water
availability.

As a test of the sensitivity of labile carbon dynamics to climatic
variation, the model was simulated using weather data from three
different years (Table 2), representing dry, wet, and normal rainfall
levels. The climatic input data used for this simulation were the same
as used in Ewel and Gholz (1987) for climate sensitivity simulations.
The labile carbon pool was highly sensitive to variations in climatic
input (Figure 4). In the normal year respiration and growth losses
balanced the dinput of gross primary production. In the dry year the
labile carbon pool decreased, and in the wet year the labile carbon pool
increased. Spring was particularly important in these simulations, with
high gross primary production in the wet year, and low gross primary
production in both the normal and dry years. The lower labile carbon
standing crop in the dry year is primarily a reflection of lower gross
primary production relative to the normal climate year (Table 3),
whereas the higher labile carbon standing crop in the wet year is due in
part to lower temperatures and maintenance respiration rates.

TABLE 2. Mean annual climatic parameters for 3 years.
Solar input Temperature Precipitation
(MJ/m?) (deg. C) (mm/yr)
Normal year 7,092 21.3 1,318
Dry year 6,947 20.8 837

Wet year 5,844 18.7 1,406
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Figure 4. Simulated slash pine 1labile carbon dynamics for normal
precipitation, dry, and wet years.

TABLE 3. Annual mean carbon dynamics for three climatic input
sets.
Gross Primary Maintenance Labile C
Production Respiration Pool
(g C/m?/yr) (g C/m?/yr) (g C/m2)
Normal year 2,507 2,029 1,882
Dry year 1,692 2,182 1,208
Wet year 2,844 1,736 2,442

MODEL DEVELOPMENT

Fertilization and drainage studies are currently underway in an 18-yr-
old slash pine plantation. The hypotheses being tested in this program
are partly the result of previous simulation modelling (Ewel and Gholz,
1987). The data collected in these experiments will provide additional
validation for the slash pine simulation model and a basis for increas-
ing model resolution. New tissue growth and the associated growth
respiration will be a more significant component of an 18 yr old planta-
tion simulation. A separate labile carbon pool will be simulated for
each slash pine state variable. This approach will require explicit
simulation of carbon translocation within the trees. Labile carbon allo-
cation pattern and respiration responses may be significant factors for
understanding the responses of slash pine plantations to manipulations
of water and nutrient availability.

This research was supported by National Science Foundation grant No.
BSR-85 16678.
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EFFECT OF TREE ARRANGEMENT ON INTERCEPTED RADIANT
ENERGY AND PHOTOSYNTHESIS

Jennifer C. Gracel

ABSTRACT. A climate-driven model which estimates the interception of
solar radiant energy and canopy photosynthesis for stands of Pinus
radiata D. Don growing on fertile sites is presented. The model was
used to investigate the effect of row orientation and tree spacing on
intercepted photosynthetically active radiant energy (PAR) and canopy
photosynthesis in agroforestry systems with 100 stems ha~l. Row
orientation was found to have little effect on annual canopy photo-
synthesis but produced a variation of about 10% in yearly intercepted
PAR. Tree spacing had a greater effect. Yearly intercepted PAR and
canopy photosynthesis were reduced by up to 23% and 11% respectively by
spacing the trees closer together within the rows. On a seasonal basis,
stands with rows orientated north-south intercepted, more PAR and had
higher values of canopy photosynthesis during summer than stands with
rows orientated east-west. The reverse was true in winter. These
results also suggest that row orientation and tree spacing may affect
carbon allocation patterns.

INTRODUCTION

Traditionally, models of forest growth have been derived from large
mensurational data sets covering a range of management options and site
conditions. Such models can be assumed to give reliable predictions of
growth for stands growing on similar sites and subjected to similar
management conditions provided that the site and/or management is well
represented in the data set. Outside these ranges the models may not be
reliable. For example, Manley (1986) showed that the basal area
increment of heavily thinned stands of Pinus radiata D. Don with less
than 225 stems ha—l was overestimated using a model which had been
derived using data from moderately thinned stands. At around 150 stems
ha-l, basal area could be overestimated by up to 60%.

An alternative approach which will estimate the effect of different
management options on tree growth without recourse to large data bases
is to develop models which simulate the biological processes controlling
tree growth. Such a model is being developed to simulate the growth of
P. radiata on sites where water and nutrients are non-limiting. This
model should be applicable to the extensive commercial plantings of

P. radiata in the central North Island of New Zealand where there are

no serious water and nutrient limitations.

Currently the model simulates interception of solar radiant energy by a
stand of trees,and canopy photosynthesis. Sub-models simulating
respiration and allocation of carbon to different parts of the tree are

being developed.

1 Scilentist, Forest Research Institute, Ministry of Forestry, Private

Bag, Rotorua, New Zealand
Presented at the IUFRO Forest Growth Modelling and Prediction
conference, Minneapolis, MN, August 24-28, 1987.
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As trees are often widely spaced in New Zealand (e.g. in newly-planted
stands; in stands heavily thinned to produce quality sawlogs; and in
agroforestry systems), the sub-model simulating the interception of solar
radiant energy has been developed from the model of Norman and Welles
(1983) in which the crown of each tree is represented by an ellipsoid.
This model is considered adequate for calculating the interception of
solar radlant energy when trees are widely spaced (Jarvis and Leverenz,
1983). Other features of the current model (Grace et al.. 1987a) are
that the position of each tree is specified, and that within the crown
four shells can be specified. Within each shell the follage is assumed
to be randomly distributed, however the foliage, area density (foliage
surface area per unit volume) can vary between shells, allowing for non-
random distribution of foliage in the crown. A specified length of the
crown, from the base upwards, may be removed. This allows simulation of
green pruning regimes, and attack of pathogens at the base of the crown.

For each hour of daylight, the model calculates the hourly average inter-
cepted solar radiant energy per square metre in the photo- synthetically
active (PAR, 400-700 nm) and near infra-red (NIR, 700~ 3000 nm) wave-
bands, taking into account the position of the sun, the proportions of
diffuse and direct incoming radiant energy., and scattering. 1In order to
calculate yearly intercepted radiant energy, the year has been split into
three periods to take account of the variation in the sun's position,
namely:

1. November, December, January., February,
2. March, Bpril, September, October,
3. May., June, July, August,

For each period, the model is run for selected days covering the range
of measured weather conditions. An equation predicting daily inter-
cepted radiant energy from incoming radiant energy is then derived and
used to predict daily intercepted radiant energy for each day (Grace

et al.., 1987a). Over a six—month period (January-June), the percentage
difference in intercepted PAR from using the mcdel on selected days (2
or 3 days/month) compared with running the model for each day was less
than 3%, while on a monthly basis the percentage difference was less
than 7% (Grace et _al., 1987a).

Grace et al., (1987a) showed this model gave realistic estimates of the
penetration of solar radiant energy through the canopy of a P. radiata
stand: and that annual above-ground dry matter production was linearly
related to modelled annual intercepted PAR for stands of P. radiata
growing on a fertile site.

Net photosynthesis for a tree, on an hourly basis, is simulated by

~ splitting the crown into a maximum of 52 segments and estimating the
‘rate of net photosynthesis at a fixed point within each segment. This
rate is assumed to apply to all foliage within that segment. ~Canopy

- photo- synthesis is obtained by summing over all segments for all trees
within the stand. Yearly photosynthesis is obtained by running the
model for selected days and using the same mathematical procedure as
that used to calculate yearly intercepted radiant energy.
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The rate of net photosynthesis is assumed to increase asymptotically
with increasing incident PAR. The rate is reduced by increasing vapour
pressure deficit (VPD) and increasing specific leaf area (SLA) {Grace

et al., 1987b). Specific leaf area accounts for differences in rates of
net photosyntehsis due to follage age or position within the crown.

I report a simulation study in which the above model was used to
investigate the effects of tree spacing and row orientation in agro-
forestry on intercepted PAR and canopy photosynthesis.

METHODS

The effect of tree spacing and row orilentation on intercepted PAR and
canopy photosynthesis was simulated for stands with 100 stems ha-l
assuming all trees were the same size and that the crown shape and leaf
area index corresponded to the values measured in a l0-year-old stand
with 100 stems ha~l {Table 1) growing at Tikitere close to Rotorua

{38° 9' g, 176° 16' E). This stand is being monitored for an agro-
forestry experiment (McQueen et al., 1976). FPoliage was assumed to be
evenly distributed within the crown. Spacings simulated are given in
Table 2. East-west and north-south row orientations were simulated.

TABLE 1 — Average crown shape and leaf area index for a 1l0-year-old
stand of Pinus radiata with 100 stems ha~l growing on a

fertile site. (Leaf area index given on a "one-sided basis.)

Tree height {(m) 14.2
Crown length (m) 8.0
Crown width (m) 4.0
Leaf area index 1.14

TABLE 2 — Tree spacings, simulated annual canopy photosynthesis and
intercepted PAR for stands with tree size given in Table 1

Stand spacing (m) Canopy photosynthesis Intercepted PAR
{t ¢ ha-1l y-1) (GJ m~2 y-1)

Between Within East North Fast North
rows rows West South West South

1 10.0 10.0 7.1 7.1 0.66 0.66

2 13.2 7.6 7.0 7.1 0.60 0.66

3 26.4 3.8 6.3 6.5 0.51 0.59

4 2.5/23.9 7.5 6.3 6.4 0.53 0.59

Note: Stand 4 planted in twin rows, see Fig. 1 for tree arrangement.
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Tree Arrangement

Figure 1. Tree arrangement for Stand 4 (Table 2)

Solar radiant energy data used to drive the model (Fig. 2) was collected
during 1979 at Puruki (38° 30' s, 176° 15' E), an experimental forest
about 40 km south-west of Rotorua.

The importance of year-to-year variations in incoming PAR was also
investigated for Stand 1 (Table 2), using the equations relating daily

intercepted PAR to daily incoming PAR with weather data measured at Puruki
between 1980 and 1985.
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Figure 2. Climatic data for Puruki (38° 30' s, 176° 15' E) ddring 1979
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RESULTS

ANNUAL PHOTOSYNTHESIS

For Rotorua, which is a temperate region where photosynthesis can occur
throughout the year, the model showed a maximum of 3% difference in
annual canopy photosynthesis for stands where rows were orientated
cast-west versus north-south (Table 2), with greater photosynthesis in
the north~south orientation. On a seasonal basis, row orientation was
more important. Simulated canopy photosynthesis for stands with rows
o;i@ntated north-south was hilgher during summer and lower during winter
than canopy photosynthesis for stands where rows were orientated
east-west. The difference increased as within row spacing was decreased
and between row spacing increased (Fig. 3).

Tree arrangement
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Figure 3. Estimated variation in monthly net canopy photosynthesis
with tree arrangement and row orientation.

Net canopy photosynthesis

Tree arrangement had a greater effect than row orientation on simulated
annual canopy photosynthesis and, over the range of spacings investigated,
caused an 11% variation (Table 2). The closer together the trees were
within rows the lower the estimate.

INTERCEPTED PAR

gtands where rows were orientated north-south intercepted about 10% more
PAR per year than stands where rows were orientated east-west (Table 2).
More PAR was intercepted during summer and less during winter by stands
where rows were orientated north-south compared with stands where rows
were orientated east-west (Fig. 4).

289



Tree arrangement

9 2 [:] o [+ L]
e © © © § §
L] ® ® @ Y ]
e © o © ® ®
Stand 2 Stand 3
100 ~ -
@
EE ﬂ% 80 B
5
:g = 60 B
Qo
Sl 40 -
[¢)]
= S 20 -

1S S TS T N O O O N I N N N T N T S A
JFMAMIJ JASOND JFMAMJ JASOND
Month of year

Figure 4. Estimated variation in monthly intercepted PAR with
tree arrangement and row orientation.

As with canopy photosynthesis, yearly intercepted PAR was affected more
by tree arrangement than by row orientation. The closer the trees within
rows, the less PAR intercepted (Table 2).

For 1979, incoming PAR was 2.32 GJ m~2 y~l. For the years July 1979-
June 1980 to July 1984-June 1985, mean incoming PAR was 2.35 GJ m~2

y~l, with a year to year variation of -2.3% to +2.4%. For Stand 1

(Table 2), variation in intercepted PAR was similar, being -2.4% to +2.7%
about a mean of 0.67 GJ m~2 y—1 (Table 3).

TABLE 3 - variation in simulated intercepted PAR for Stand 1 {Table 2)
using solar radiant energy data collected at Puruki.

Period Incoming PAR Estimated Intercepted PAR
(GJ m~2 y-1) (GJ m~-2 y—1)
July 79 - June 80 2.29 0.65
July 80 - June 81 2.34 0.66
July 81 ~ June 82 2.40 ; 0.68
July 82 — June 83 2.38 0.68
July 83 - June 84 2.3 0.66
July 84 - June 85 2.33 0.66
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In 1979, the incoming PAR and intercepted PAR for the three seasonal
periods used to run the model was within 7% of the means calculated
using data and model results from 1979 to 1985. Hence the above results
should be applicable for all years provided that the weather conditions
are not abnormal.

DISCUSSION

For the tree size considered in this study, the results (Table 2)
indicate that, the closer trees are within rows, the lower the annual
intercepted PAR. Hence more solar radiant energy is avallable for
understorey growth. This result is supported by studies at Tikitere.
stands with 100 stems ha~l planted in twin rows and more regularly
spaced rows initially showed little difference in pasture production,
however from age 10 years onwards pasture production was greater in the
stands with twin rows (N. Percival pers. comm.). The model also
indicates that annual canopy photosynthesis is reduced by planting trees
more closely within rows. For 10-year-old trees at Tikitere, basal area
growth tended to be higher in the more regularly spaced stands (A.
Koehler and R.L. Knowles pers. comm.) although the differences may be
partly due to microsite differences.

The results (Table 2) indicate that both annual canopy photosynthesis
and intercepted PAR are greater when rows are orientated north—south
rather than east-west. Differences in canopy photosynthesis are
negligible, however yearly jintercepted PAR can vary by about 10% due to
row orientation. Studies on P. radiata shelterbelts show no

significant differences in height or basal area between shelterbeltls
with different orientation (A. Koehler, pers. comm.) suggesting that row
orientation may not be important for tree growth.

Tn this simulation north-south rows intercepted more radiant enerqgy
during summer than east-west rows, a result also found in other studies
(e.g. Jackson and Palmer, 1972; Charles-Edwards and Thorpe, 1976).
Jackson and Palmer (1972) showed that. for continuous rows at latitude
34°, as the ratio of crop height to distance between crown projections
of adjacent rows increased, the percentage difference in intercepted
radiant energy due to row orientation decreased. The percentage
intercepted radiant energy also varied with latitude, and in some
instances east-west rows intercepted more radiant energy than
north-south rows during summer. Hence the results shown in this
simulation study will not necessarily be applicable to all latitudes
where P. radiata is grown. Summer drought would also affect the

results.

pata on incoming radiation for the years 1979 to 1985 (Table 3)
indicated that the 1979 weather conditions used in this study were
typical of the area. Hence these results should be applicable to all
years provided that the climate is not abnormal.

The model, described in this paper., can be used to investigate many
other management problems e.g.. the effects of pruning, thinning and
defoliation. However the full potential of process-based models will
not be realised until there is a sound theory for allocation of carbon
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between stems, branches, foliage and roots. At present the model is
most suited to research studies. It is proposed to use the model to
investigate the factors controlling allocation patterns.

when results from Table 2 are used to calculate the ratio of annual
canopy photosynthesis to intercepted PAR, the ratio changes with row
orientation and tree spacing. If above-ground dry matter production is
linearly related to intercepted PAR as shown by several authors (e.q..,
Linder, 1985, Grace et al., 1987a), then row orientation and tree
spacing should affect allocation and respiration patterns.

The model can also be used to highlight variables which are important in
controlling tree growth. This study suggests that tree arrangement is
more important for tree growth than row orientation in low-stocked
stands that are found in agroforestry systems.
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A NEW BIOMATHEMATICAL MODEL FOR GROWTH AND YIELD
OF LOBLOLLY PINE PLANTATIONS

Wade C. Harrison and Richard F. Danielsl

ABSTRACT. A new growth and yield model for loblolly pine plantations is
proposed. The core equations of this model have a biological rationale:
their structure is based on concepts of foliar carrying capacity and
size-density relationships. This structure makes the model equally well-
suited as a planning and inventory projection tool for forest managers
or as a biological simulation tool for scientists in various discip-
lines. The model was fitted to data from spacing studies in the South
Carolina Piedmont and Coastal Plain, and validated with survey data from
permanent plots. Total basal area, number of trees, and product yields
are projected either from stand establishment or existing stand con-
ditions. VYield can be sorted into desired product classes using a stand
level ratio approach or a Weibull parameter recovery model. For
projecting tree lists or stand tables, tree level growth and mortality
are predicted so as to be compatible with the stand level core esti-
mates. Proposed routines for thinning, fertilization, and genetic
improvement interact directly with model parameters to simulate the
effects of intensive management practices.

INTRODUCTION

Resource managers have come to rely on mathematical models of forest
growth and yield to aid in planning and decision making. Growth and
yield information is used for long term strategic planning, projecting
forest inventory, scheduling harvests, evaluating stand performance, and
evaluating cultural alternatives. Different levels of model resolution
may be required for each of these uses.

Perhaps more important than model resolution is the question of model
rationale. The diversity of model uses and, with the advent of personal
computers, the diversity of model users have placed new demands on
models, not just for accuracy, but for flexibility, expandability,
friendliness, and extrapolative properties. New cultural technologies
and genetic material are constantly being introduced so that our forest
populations are changing faster than ever. Predictions are needed
before these new populations reach maturity.

While a great number of models have been developed for loblolly pine
plantations (Pinus taeda L.), no single model can currently meet all of
these needs efficiently. To do so will require a biomathematical
approach to model building. That is, innovative mathematical for-
mulations must be motivated by a strong biological rationale including
an understanding of biological processes, responses, and their relevance
to model structure. :

lyade . Harrison is Research Biometrician and Richard F. Daniels
{s Forest Biometry Project Leader, Westvaco Corporation, Forest
Research, P.O. Box 1950, Summerville, SC, 29484, USA.
Presented at the IUFRO Forest Growth Modelling and Prediction
conference, Minneapolis, MN, August 24-28, 1987.
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The objective of this work was to develop a new model of loblolly pine
growth and vield which (1) is based on bilological principles, (2) provides
consistent growth and yield estimates when applied at the stand, size
class, and individual tree levels; (3) is able toc project existing stands
and predict from bare ground conditions; (4) has the ability to simulate
cultural and genetic alternatives; and (5) is applicable throughout the
natural and extended range of loblolly pine.

DATA

Data from several long term designed spacing studies played a key role,
both in the conceptual development of the model and in fitting the model
pavameters. All of these studies are 20 to 30 years old., The first is
Westvaco’s Loblolly Pine Management Study, which includes six square
spacing treatments ranging from 1.2 to 4.2 meters. Multiple replications
were installed at three locations on cutover land in the South Carolina
Coastal Plain and Pledmont, representing site index classes of
approximately 15, 20, and 23 meters (base age 25).

The second study is the spacing study on the USDA Forest Service Calhoun
Experimental Forest near Union, S.C. (Balmer et al. 1975). This study
Includes four square spacings ranging from 1.8 to 3.6 meters. It was
installed on a single old-field site, but exhibits considerable variation
in site quality among four blocked replications with site index (base age
25) vanging from 17 to 22 meters.

Equally important to some of the conceptual developments were two loblolly
pine spacing trials planted at Westvaco’'s subsidiary Rigesa Ltda. near
Tres Barras, Santa Catarina in southern Brazil. Installed in 1961 and
1962, the treatments included square spacings ranging from 1.5 to 3.5
meters. The site index (base age 25) of these plots averages 35 meters.

Validation data for this study included first and second measurements of
the check plots from the Virginia Tech Loblolly Pine Growth and Yield
Research Cooperative study (Burkhart et al. 1985) and a set of permanent
plots from Westvaco’'s Southern Woodlands in South Carolina. Data summar-
ies of stand density effects from Borders and Bailey (1985) were also
instrumental In the conceptual development and verification of the model.

MODEL DEVELOPMENT

There has been much discussion in the literature regarding the relative
merits of stand level, size distribution, and individual tree based models
for forest growth and yield prediction (see Munro 1974, Daniels et al.
1979, Burkhart 1979). Daniels and Burkhart (in press) further discuss
methods for combining these approaches into an integrated system, capable
of several levels of resolution. Their approach started at the individual
tree level, collapsing and aggregating model components to form a stand
average growth model.

We have taken an approach to model architecture which is similar in spi-

rit, but opposite in direction, Our model is integrated in resolution,
but begins with the forest stand as the fundamental unit of productivity.

294



The model is driven by a "biomathematical” core -- stand level equations
for basal area and survival, which behave according to ecological theory
and physical constraints. Growth of individual trees, expressed as a
tree list or stand table, is then estimated in a manner which is mathe-
matically consistent with the stand level predictions. Structurally, the
approach is similar to those of Clutter and Allison (1974) and Clutter
and Jones (1980), although the specifics may vary considerably.

STAND LEVEL CORE

Basal Area

Widespread in forest ecology literature is the concept that, soon after
crown closure, stand foliage mass or leaf area per unit area approaches
an equilibrium level which is dependent upon site resources. This con-
stant foliage level can be considered the asymptote of a sigmoid develop-
ment curve. The asymptote is independent of stand density, whereas
approach toward the asymptote may be density dependent. Several investi-
gators have shown the proportionality between leaf area and the cross sec-
tional area of conducting xylem or the "pipe" supplying water to the fol-
lage. Hence, sapwood basal area should follow a similar asymptotic sig-
moid development curve. Long and Smith (1984) provide an excellent sum-
mary of literature on foliage development and sapwood area - leaf area
relationships. If the relationship between sapwood and total basal area
were known, this transformation applied to the sapwood development curve
would provide us with a biologically derived model of total basal area.
For relatively young loblolly pine on pulpwood rotations it scems safe to
assume that total tree basal area follows at least a similar shape. (In
older stands the accumulation of heartwood would imply an ir:reasing
level of basal area). Thus the first component of our star.i level core
is an asymptotic sigmoid model of basal area per unit area.

Note that the asymptotic basal area model implies a relationship between
average size and density, known in much of the literature as the self-
thinning rule (Yoda et al. 1963, White and Harper 1970). This rule has
been widely applied as a forest management tool (Reineke 1933; Drew and
Flewelling 1977, 1979). For a self-thinning stand, basal area (BA)
approaches a constant, so mean tree basal area (B) approaches an inverse
relation to number of trees (N):

BA = &
B =a N'1 or InE=1na - InN

As long as basal area is approaching its asymptote and the number of
trees per acre is decreasing, the self-thinning trajectory (on a log-
arithmic scale) approaches a straight line (Figure la,b). No matter how
stand survival is expressed, the asymptotic basal area model implies a
self-thinning slope of -1 for mean basal area or -.5 for quadratic mean
diameter. Note that size attributes which continue to increase during
self-thinning, such as total volume or weight, result in self-thinning

slopes steeper than -1.

geveral researchers have developed explicit models for the self-thinning
line or a stand’s trajectory toward it (Smith and Hann 1984, 1986; Lloyd
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and Harms 1986). Weller (1987a,b) and Zeide (1987) point out statistical
and conceptual uncertainties associated with the self-thinning rule. We
chose not to model self-thinning trajectories directly. However, the rel-
ationship is implicit in our model because we based it on the underlying
process of self-thinning: the development of a relatively constant mass
of foliage and its redistribution among a decreasing number of stems

(Long and Smith 1984),

The level or intercept of the self-thinning line is determined by the
level of the basal area asymptote (Figure la,b). We will call this
level the carrying capacity for basal area. Strub and Bredenkamp (1985)
reported that carrying capacity increases with increasing site quality
for loblolly pine in South Africa. Data from our long term spacing stud-
ies installed over the range of sites in South Carolina and in southern
Brazil corroborate these findings. Estimated self-thinning lines were
significantly different in intercept by site, but not different in
slope. Thus our basal area model takes an asymptotic form, with the
asymptote determined by site quality and rate determined by stand
density.

An exception to the concept of asymptotic basal area can occur, particu-
larly in dense stands. Basal area per unit area may approach its car-
rying capacity and then decline or "crash" substantially with a major

(a) (b)

CARRYING CAPACITY

STAND BAZAL AREA
LOG(MEAN TREE S12Zg)

TIME L0G (MUMBER OF TREES)

} (c)
\___¢N\\\

Figure 1. Conceptual stand develop-
ment curves for:

(a) basal area,
(b) self-thinning,
(¢) number of trees.

NUMBER OF TREES

MINIMUM DENSITY
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wave of mortality. We have consistently observed this basal area crash
in our spacing studies for spacings closer than 2 x 2 meters. The model
of Hafley et al. (1982) explicitly addresses this phenomenon with pre-
dicted declines in stand yield and basal area after attaining density
specific maxima.

We propose to model the crash phenomenon explicitly with a function to
reduce basal area from the asymptotic model as average tree sizes
approach a biophysical imbalance. This model implies a slow recovery
towards carrying capacity as survivors grow. The loss in number of trees
is modeled directly in the survival function described below.

Survival

Survival is the second component of the stand level core equations. The
phase of mortality in which we are most interested is density-dependent
or self-thinning mortality. We considered this phase to begin around the
time of crown closure. Mathematically, the inflection point of the basal
area model was chosen to estimate this point (Figure la,c). The
surviving number of trees per unit area is a monotonic decreasing
function of time. We further consider that survival approaches a lower
asymptote, interpreted as the fewest number of trees of maximum size
which fully utilize the site (Figure lc).

Height

A third component of the stand level core is dominant height. Height
development by site is predicted with a classic familiy of site index
curves. Further, dominant height rather than age was adopted as the inde-
pendent or predictor (time) variable in the basal area and survival
models discussed above. The purpose of this transformation was to
account for both site and age in one predictor. Many relationships with
age which had to be qualified by site were much clearer when examined
over height. While using dominant height as the predictor variable
places a great deal of emphasis in application on the site index curve,
the approach offers flexibility by introducing different development
patterns through the shape and level of the site index curve.

Model Forms

The model form chosen for stand basal area (BA) was a generalized form of
the familiar Richards function (Pienaar and Turnbull 1973), where the
time variable is dominant height (H). The model is conditioned to give
zero basal area when dominant height is equal to breast height (h):

BaA = a (1 - e'b(H"h))C L

Parameters a, b, and ¢ are fuctions of site index (SI) and the number of
trees established per unit area (NE):

a = al SI

b = bl NEbg

¢ = cl sI°

al,bl,b2,cl,c2 = fitted parameters
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Figure 2. Model-implied development curves for (a) basal area and (b)
number of trees surviving, for six different establishment
densities. Site index is held constant.

This formulation of the basal area model is appropriate for non-declining
estimates of basal area from bare ground starting conditions. Figure Z2a
illustrates predicted basal area development for several establishment
densities. Note that this formulation of the model does not account for
the tendency of high density stands to "crash."

Frequently, we have an initial value of basal area which we wish to pro-
ject into the future, while establishment density (NE) is unknown. An
advantage to our model formulation lies in our ability to solve for the
stand-specific rate parameter (b) using initial basal area (BAl) and
initial dominant height (Hy). Thus, establishment density is unneces-
sary information when initial values of basal area and dominant height
are available. The solution for b may then be substituted into equation
1 to obtain projected basal area (BA;) for any projected dominant

IIEHigllt (112 > lil):

BAy = a (1 - [L - (BAj/a)(1/€)j(Hp-h)/(H;-h)ye (1a)

An additional advantage to this model formulation is that we can write
out an expression for the inflection point of basal area development, or
the height at which basal area growth (per unit of height growth) is
maximized (Hc):

H, = [hb - In(l/c)] / b

This time of inflection is a logical indicator of crown closure and the
start of density-dependent mortality, or self-thinning. For survival
prior to this time, a declining exponential function of dominant height
serves to reduce establishment density to the density at crown closure
(N.). After crown closure, density-dependent mortality is expressed
with a model first introduced by Clutter and Jones (1980). We formulated
this model as a function of dominant height, and included a lower asymp-
tote representing the minimum number of trees required to fully utilize
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the site (Nmi ). The combined system for predicting the number of sur-
viving trees per unit area (N) is:

N = NE [s + (L-s) e -° Hj for H < H,

' v Y ry11
N = Nmin + [(Nc- Nmin)p +q (H - HC )} /p for H > HC (2>
where Nc = g NE

p,q,r,s = fitted parameters

Based on maximum size records for loblolly pine, we estimate N_, to be
about 60 trees per hectare. Because we lack data for stands at this
lower limit of density, this value is at best a guess. However, the
model’s performance is not very senmsitive to the value chosen.

As specified here, the survival model generates survival curves from bare
ground conditions (Figure 2b). To apply the survival model to project
initial density (Nl) in an existing stand, substitute N; and Hy in
equation 2 for N, and H_, respectively.

An additional model was developed to account for the basal area crash in
high density stands, where asymptotic predictions of basal area growth do
not reflect observed stand development. The ratio of observed basal area
in stands exhibiting a crash to the predicted asymptotic basal area for
that stand forms a "crash factor™ (CF). The prediction model for the
crash factor was based on relative spacing, the ratio of the average dis-
tance between trees to dominant height (Hart 1928, Beekhuis 1966). Rel-
ative spacing is appealing as an indicator of the crash because it is
readily computed from the model estimates of height and survival, which
are well-behaved in dense stands.

The first derivative of relative spacing with respect to height (dS/dH)
proved to be a reasonable predictor of the crash factor. A near zero
derivative indicates that the stand has reached a biophysical limit to
density. A simple asymptotic model describes the relationship:

CF = 1 - o-kl (k2 + ds/dH) (3

where kl,k2 = fitted parameters

The revised estimate of stand basal area is computed by multiplying the
basal area estimate from the asymptotic model (Equation 1) by the crash
factor (Equation 3). Figure 3 illustrates the effect of the crash on
basal area development.

Apart from the crash, the biomathematical core models closely resemble
models presented by Kenney (1983) and Pienaar and Shiver (1984). These
models also express stand growth using a generalized Richards function
for basal area coupled with a decreasing survival function.

STAND YIELD

The core models describe the dynamics of stand development. To estimate
stand yields two approaches were taken. The first is the method of stand
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Figure 3. Model-implied basal area development curves for six different
establishment densities, after applying the crash factor.
8ite index is held constant,

level ratio described by Amateis et al. (1986). The second approach was
a Weibull distribution parameter recovery technique for generating a
diameter distribution (Hyink and Moser 1983). The core basal area and
survival models provide the estimate of the second diameter moment. Equa-
tions for other moments, order statistics, or quantiles of the diameter
distribution are easily modeled with respect to quadratic mean diameter.
The addition of a typical model for average height per diameter class
allows prediction of tree weights and volumes which are summed to est-
imate stand level yield products of interest. Both approaches are well-
documented in the literature and, for the sake of brevity, will not be
discussed in further detail,

TREE GROWTH AND STAND TABLE PROJECTION

While both stand yield approaches are useful when a stand is projected
from bare ground, neither can use information on the size structure of an
initial stand when a projection is desired. Initial stand information,
such as a tree list or a stand table is frequently available for inven-
tory projections.

For such situations, we sought a method of distributing the stand level
estimates of basal area growth and survival (Equations 1,2) among individ-
ual trees or size classes. This approach avoids the simplifying assump-
tion that tree diameters follow a particular distribution such as the Wei-
bull, without loss of simplicity. Individual tree measurements from the
USDA Forest Service Calhoun spacing study were used to develop the

models,

Model Forms
We chose to estimate survivor trees by distributing total stand mortality
across the distribution of initial tree diameters. This was accomplished

by modeling the cumulative proportion of total stand mortality (M) across
tree dbh scaled between its minimum (Dmin) and maximum (Dmax):
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M=(lL-eP2% /(1-eb (&)

where b = bl NPZ HP3
X = (Dbh-Dmin)/(Dmax-Dmin)
b1,b2,b3 = fitted parameters

The proportion of mortality represented by each individual tree or size
class is computed by subtracting successive values of the cumulative dis-
tribution.

We propose a model for basal area growth of survivor trees @B) in terms
of initial tree basal area (B), conditioned to ensure compatibility with
stand-level basal area growth. Within a stand, tree growth is linearly

related to initial tree size (Hilt 1983, Zeide 1985):

AB =a+DbB

This simple linear equation can be rewritten without the intercept (a),
and the slope (b) may be generalized across stand conditions. Note that
total basal area in survivor trees (BAS) and total basal area in mor-
tality trees (BA)) can be obtained by applying equation 4 above to ini-
tial stand data. Projections of stand basal area (BA,) and survival
(N2) are available from the core models (equations 1 and 2):

@B -AB) =b (B - B) (5)

where B = (BA,-BA;+BA )/N,
B = BA/N,

bl,b2,b3 = fitted parameters

INTENSIVE CULTURE

The system of stand and tree models just described lends itself well to
the inclusion of routines for describing intensive cultural responses and
genetic improvement. We have proposed mechanisms to simulate the effects
of thinning, fertilization, competing vegetation, and genetic improvement
by identifying the key model parameters affected by these factors. The
methods of Pienaar (1979) are well suited for incorporating thinning into
this model. Nutrition and genetics can affect the level and/or the
approach to the self-thinning line, which translate into asymptote and
rate parameters for basal area and survival. Such effects may also be
introduced through the site index curve (Buford and Burkhart 1987, Nance
et al. 1987). Weed competition may reduce the effective carrying cap-
acity, either temporarily or over the rotation, and may also directly
influence rate parameters. Our operational model includes mechanisms to
modify model parameters to simulate these hypothesized effects for fur-
ther testing and validation with experimental data in the coming years.

DISCUSSION

The model described in this report is a foundation for planning and inven-
tory projection systems. The biomathematical rationale and observed
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behavior inspires confidence among users. Equally important is the abil-
ity to obtain consistent estimates among all of the various applicatiocns
for growth and yield data. For example, inventory projections are con-
sistent with long term strategic yield expectations. The model can also
be used in harvest scheduling and operational decision making. A user-
friendly software system will place the model and other applications in
the hands of decision makers at all levels of management.

Besides its immediate utility, the model provides a structure for future
technological advances, a framework for further study. Physiologists,
silviculturalists, and geneticists interested in the model will help
refine the concepts and applications. For example, refinements in the
relationships between foliar biomass, sapwood basal area, and total basal
area will strengthen the model’s theoretical basis. Mensurational refine-
ments in site index and tree weight and volume methodology can be incor-
porated directly into the model. The integrated model structure, in par-
ticular the stand level core, lends itself well to the concept of simul-

. taneous parameter estimation, another area of future refinement.

The model structure presented here is well-suited to industrial infor-
mation needs for managing loblolly pine plantations. We believe it will
be applicable for many other forest types and resource management organ-
izations.
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FORCYTE-11: AN EXAMPLE OF THE HYBRID SIMULATION APPROACH TO
PREDICTING THE CONSEQUENCES FOR PRODUCTION, YIELD, ECONOMICS, SOIL
FERTILITY, NUTRIENT AND ORGANIC MATTER RESERVES, AND ENERGY EFFIENCY
OF ALTERNATIVE CROP PRODUCTION SYSTEMS

J.P. Kimminsl, K.A. Scoullar?, P.G. Comeaul§ W.A. Rurzl,
Medo Apps3 and L. Chatarpaul”#®

ABSTRACT. The eleventh version of the FORCYTE series of models is a
flexible, ecosystem~level modelling framework capable of simulating most
aspects of single or mixed-species even—aged forest or agroforestry crop
production systems. FORCYTE-~11l simulates both nutrient cycling and
nutrient feedback on growth, and within-canopy light intensity profiles
and the effects of shading onm the production efficlency of foliage. The
hybrid approach to yield prediction is explained and the model is briefly
described. The application of FORCYTE-1l in tropilcal agroforestry is
discussed as an example of the model’s capabilities. Future development
of FORCYTE will include an explicit treatment of moisture as a limiting
factor, and improvements in the resolution of events that occur in the
early years of stand establishment to make the model more useful as a
vegetation management research tool.

INTRODUCTION

Predictions of future forest growth have traditionally been based on an
"historical bioassay”: the growth achieved over the past rotation. This
is probably the best approach to yleld prediction if the future growing
conditions are the same as those of the past. The record of past growth
integrates the effects of all the factors that have influenced trees on
the site over the entire rotation, and such historical bioassay {48)
predictions are not limited by either our still incomplete understanding
of the determinants of forest growth, or our limited ability to quantify
those determinants.

ynfortunately, the relationship between stand age and biomass accumulation
which is the basis for HB yield predictions is changed if one or more of
the major determinants of tree growth are significantly altered in the
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3canadian Forestry Service, Northern Forestry Centre, Edmonton, Alberta,
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grateful for these and welcome further evaluation and criticism. To
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presented at the IUFRO Forest Growth Modeling and Prediction Conference,
Minneapolis, MN, August 24-28, 1987.

305



future. Changes in edaphic, climatic and biotic determinants of growth
can alter the temporal pattern of production and bilomass accumulaticn on a
site, thereby reducing the accuracy of HB-based yield predictions. New HB
yield predictors can be prepared for the new growth conditions, but this
usually requires measurement of biomass accumulation over amother crop
rotation. The long time requirement of HB preparation can result in many
decades of inaccurate yield predictions, and there is a significant risk
that management and environmental conditions may have changed yet again by
the time the new HB has been prepared. This problem has been referred to
as "future shock”™ in yield forecasting (Kimmins 1985).

The inability of HB yield predictors to predict forest growth accurately
under changed future growth conditions was recognized by German
mensurationists as early as the mid-nineteenth century (Assman 1970).

They concluded that forest yileld should be predicted om the basis of an
understanding of the determinants of forest growth, and estimates of how
these determinants will change in the future, rather than on the record of
past tree growth. This conclusion became the basis for the subsequent
century of process—oriented research on forest production and yleld, and
the process simulation models that have been developed therefrom.
Conceptually sound, and extremely valuable in education and research, such
process~simulation models have yet to be accepted by forest managers as a
practical means of predicting yleld. Process models of forest growth have
tended to be either too simple to account for all the significant
determinants of growth (and are therefore inflexible), or they have become
extremely complex where attempts have been made to include all (or a large
number of) significant determinants. Lack of adequate calibration data,
lack of access to sufficiently powerful computational facilities, and/or
lack of understanding of the internal workings of very complex process
models has acted to limit acceptance of this type of model by forest
rTesource managers.

This paper describes an alternative to the HB and process simulation
approaches to forest yield predictions: the hybrid simulation approach.

An example of a hybrid yield simulator, the FORCYTE series of ecosystem
models, is briefly introduced. More details of this model can be obtained
in Kimmins (19862, b), or in the User's Manual (Kimmins and Scoullar
1987).

THE HYBRID SIMULATION APPROACH

In spite of their shortcomings, both HB and process simulation approaches
to yield prediction have significant advantages. HB yileld predictors are
the most believable for futures that are the same as, or very similar to,
the past, but cannot predict growth accurately for significantly altered
futures. Process simulation predictors theoretically have the flexibility
to predict yield under a wide variety of future conditions, but in
actuality they generally share with HB predictors the problems of
inflexibility because they usually do not account for all ma jor growth
determinants that may change in the future.

The hybrid simulation approach involves combining these two approaches,

using the major strength of each approach to compensate for the major
shortcoming of the other. The HB approach provides the best estimate of
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the future net biomass accumulation by a particular crop on a particular
site under the conditions that pertained over the past rotation. By
combining this estimate with a simulation of those major growth-
determining processes that will be altered under the set of future
conditions for which you want a yield prediction, the hybrid simulation
approach is able to evaluate whether or not the HB yield predictions will
be achieved. Under improved growing conditions, growth may exceed HB
predictions. Under less favourable circumstances, the HB predictions may
be coverly optimistic.

There is no single "best” design for a hybrid simulation model. The
processes that are to be simulated will depend entirely on the intended
application of the model. For example, if the major expected change in
growth-determining conditions between the past and the future is the
availability of nutrients (caused, for example, by a change from
conventional to whole-tree harvesting), nutrient cycling processes should
be simulated and used to assess whether or not the HB predictions can
still be achieved. Yield prediction under such changed utilization
standards does not require a simulation of temperature and moisture
effects on growth since these are already represented in the HB, and they
are not altered by changing utilization levels. In contrast, prediction
of yield under altered future climatic regimes would require a simulation
of direct temperature and moisture efects on plants as well as of the
effect of these climatic changes on nutrient cycling and other processes.

Inclusion of a process in a hybrid simulator is therefore determined by
whether or not the user believes that the factors determining that process
will be changed in the particular future the user wishes to predict. In
many applications of the model, it will not be necessary to include a
simulation of a large number of determinants of growth. Other
applications may require a much more complex set of simulations. It is
not possible at the present time to include a simulation of all
determinants of growth, and even 1f it were, it would probably result in a
model of such size and complexity that the model would have little

value for forest managers as a yield predictor.

FORCYTE* AS AN EXAMPLE OF A HYBRID SIMULATION MODEL

There are several examples of the hybrid simulation genre of yield
prediction model. Most of these (e.g. FORTNITE (Aber and Melillo 1982);
FORET (Shugart 1984); a nutrient version of FORET (Weinsteln et al. 1982);
LINKAGES (Pastor and Post 1985)) can be traced back in their development
to the JABOWA model of forest succession (Botkin et al. 1972). The
FORCYTE series of models has a broad similarity to the JABOWA-derived
series of models, but was developed from the outset as a series of forest
management simulators rather than as an ecological research tool. There
has been some convergence between the two lineages of model, the JABOWA-
derived series becoming increasingly useful as forest management models,
and the FORCYTE series becoming increasingly useful for research on
ecological processes such as succession. The convergence is not yet

*FORCYTE: FORest nutrient Cycling and Yield Trend Evaluator
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complete, and the two different lines of development still have their own
unique features and advantages.

FORCYTE 1s an ecosystem-level, hybrid simulation, stand production and
yield model, It can represent any desired combination of a variety of
plant life-forms (trees, shrubs, herbs, mosses, and, for tropical agro-
forestry applications, bamboo), and, according to which version of the
model is used, a varilety of soil, management, and other growth—determining
processes or events. All FORCYTE versions explicitly simulate nutrient
cycling in geochemical, biogeochemical and internal cycling pathways, and
nutritional limitations on growth. This nutritional basis for yield
prediction does not imply that nutrients are necessarily the most
important determinant of growth, but that the nutritiomal status of a site
is one of the growth~determining site parameters that 1s most susceptible
to change as forest management practices change.

FORCYTE~10 can only simulate one limiting nutrient. FORCYTE~1l can
simulate up to 5 nutrients. The eleventh version of FORCYTE adds a
simulation of canopy light conditions in order to permit the simulation of
species mixtures, and an improved simulation of management-~induced changes
in stand structure and stand density (Kimmins et al. 1986). This addition
permits the model to be used to examine light competition, early secondary
succession, and various strategles of "vegetation management” (weed
control), as well as the lmproved simulation of the respounse of tree and
understory growth to thinnings. The planned twelfth versiom will include
explicit representations of temperature and moilsture effects to facilitate
the use of the model in the prediction of yleld under changed future
climatic conditions and the effects of vegetation management and stocking
control in moisture-limited environments.

All versions of FORCYTE are stand—level models which are driven by
inventory~type, stand-level, historical bicassay input data, together with
data that define the growth-limiting processes that are to be simulated.
FORCYTE-11l and subsequent versions also represent the growth of individual
trees. This is achieved by allocating predicted annual stand production
between the surviving plants using a distance—independent algorithm
derived from input stand table data on stem biomass (derived from dbh)
distributions. This approach appears to work well but requires further
testing before its quantitative performance can be reported. It is
anticipated that the approach will require further refinement to achieve
the desired performance in predicting the response of diameter
distribution to thinning.

A feature of all the versions of FORCYTE is the ability of the user to
control both the action and the rates of all simulated processes via a
series of input data files. This permits the model to be used in a
variety of configurations. The user may choose to switch off many of the
process simulations, thereby reducing FORCYTE to essentially an historical
bioassay~type of yield predictor (mot its intended use). Alternatively,
the user may opt to include the simulation of any combination of a variety
of soil and plant processes. Where a particular process is well
understood, where reliable calibration data are available, and where 1t is
believed that future changes in the process will significantly affect
production and yield, the user may wish to include the process in the
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yield prediction. Where this is not the case, the user may omit the
simulation of that particular process or may use the model to examine the
possible yield consequences of various assumptions about the process.
Users are reminded that omission of a process from a yleld model can
result in a prediction error that is as large as, or larger than, that
which may result from the inclusion of a best estimate of that process.
The ability to examine the possible consequences of adding additiomnal
processes to a simulation of yield is considered to be a useful feature of
a yield predictor.

STRUCTURE OF FORCYTE-1l

A major problem associated with providing a simulation model with a wide
variety of capabilities i{s that this may result in the model becoming very
large, with all the attendant problems thereof. One solution to this
problem is to break up the modelling activity into a series of smaller
sub~models, and FORCYTE-11l is in fact more of a modelling framework than a
single model. This framework consists of three major activities :

1, A "setup” activity, in which a series of plant growth modules and a
soil process module are calibrated and their performance evaluated by
means of a series of graphical output files. Each of the plant growth
modules is an HB production simulator in which the effects of light
competition is simulated. The tree module has capabilities that include
those of most traditional HB yield simulators and of many canopy/light
process models.

2, Once the performance of these models is deemed acceptable for the
intended application of FORCYTE, binary output files from these setup
programs are used, in conjunction with a file describing the management
scenarios to be simulated, as input to the second actitity: an ecosystem
management simulatiom model, MANAFOR (MANAgement of the FORest). MANAFOR
simulates the effects of both light and nutrient availability on biomass
production. :

3, Output from MANAFOR is a series of files, collectively known as
FORECAST, which are used as the input for the third, data analysis,
activity. This third activity involves the choice of a variety of output
formats and data analyses. If FORCYTE is implemented on a microcomputer,
these analyses may involve the use of a variety of commercially-available
software packages (e.g. spreadsheet or graphical packages).

This model structure assumes that a forest scientist will be involved in
the setup activity, gathering calibration data and evaluating the
performance of the setup modules before the MANAFOR program is used by a
forest manager. The second activity level will initially involve a forest
scientist in an evaluation of the veracity of the ecosystem simulatioms,
but once the performance of MANAFOR has been deemed to be acceptable for a
particular application, the model will be made available to informed
forest managers. MANAFOR is intended both as a management gaming tool and
as an ecosystem simulation model for a variety of research applications.

ECOLOGICAL PROCESSES AND MANAGEMENT ACTIVITIES REPRESENTED IN FORCYTE-11
Tables 1 and 2 describe the main processes and management activities

represented in FORCYTE-11. Details of the representation of these
processes, and of the manner in which management activities are simulated,
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cannot be presented here, but are described in the FORCYTE-1l User’s
Manual (Kimmins and Scoullar, 1987). The reader is reminded that the user
of the model controls the structural complexity and the processes to be
represented in any particular application of FORCYTE. The model can be
used with a single tree species, a single nutrient, and very few soil
processes other than organic matter decomposition. Altermatively, it can
be used with up to three species each of trees, shrubs, herbs and/or
mosses, up to five nutrients (most users will probably only use two or
three), and a variety of processes and management activities/natural
events (Tables 1 and 2).

Table 1. Management Optioms in FORCYTE-1l.%

Site preparation - mechanical or fire (ploughing, broadcast burn,
windrow, pile—and-burn)
Regeneration - planting (any size/age of seedling/sapling/tree),

coppice/root suckering, or natural seeding;
monocultures orxr mixtures

Weed competition - for light or nutrients by herbs, shrubs, or non-
crop trees. Control of competition (manual or
chemical)

Stand density control - spacing or pre-commercial thinning; random or
other defined spacing strategy
Thinning (commercial) = high, low, random, or other defined thinning

regime

Final harvest - clearcut harvesting

Utilization level - any defined proportion of any plant (or soil)
component may be harvested at any time

Rotation length - annual cropping, or short, medium or long (e.g-
centuries) rotations

Fertilization - broadcast or spot; single or multi-nutrients;
inorganic or organic

Pruning - removal of any defined proportion of live and/or
dead branches '

Herbivory - e.g. insect defoliation of trees; wildlife
browsing on herbs or shrubs

Fire ~ prescribed stand or slash burning, or wildfire

Litter raking/slash - harvest of ectorganic layer, or of logging/

harvest thinning slash at any time. Upper soil layer(s)

can also be removed

* The user decides which of these options are to be simulated, and how.
Very simple or very complex scenarios can be simulated.
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Table 2. 8oill Processes or Management Impacts on Soil that can be
Represented in FORCYTE~11.%

Organic watter decomposition, mineralization, ilmmobilizatcion

Humus decomposition and mineralization

Soil CEC and AEC, separately for organic matter and nineral soil

Soil sorption/desorption (e.g. of phosphorus)

So01l leaching

S0il mizing (soil animals, or mechanical mixing)

Root distribution by soil layers, according to nutrient avallabllity

Allelopathic effects on decomposition

Organic matter substrate effects and plant effects on the lonic forms of
nitrogen

S0il compaction and recovery thevefrom

S0il erosion (sheet erosion, rather than mass wasting)

Denitrification {(unot presently operational)

Litterfall (and root mortality) inputs of organic matter and nutrients to
the soill

Nutrient uptake from the so0il and competition for socil putrients by plants

#* Because some of these processes may be either poorly understood or
poorly documented for a particular site, the user may wish to omit any
or all of them from the simulation, and can do so. However, the user is
reminded that omitting the simulation of s process that is known to be
important 1is as large an assumption as including it, and wmay lead to as
great or even greater error than including a comnservative simulation of
the process.

APPLICATION AND IMPLEMENTATION OF FORCYTE~11

FORCYTE~11 was developed for use primarily in forest management and
research, but because it 1s an ecosystem model, it can have a variety of
other applications. A tropical version has been developed for agro-
forestry research in Indonesia, and it is planned to develop the model
for use in temperate agriculture. With further modification, 1t could be
used in mined-land reclamation research, and the planned development of
FORCYTE~12 will permit future use of the model in alr pollutiocn, acid
rain, and "greenhouse effect” research.

Within forestry, the model is being modified to improve its temporal
vesolution of the processes in the early stages of stand establishment,
especially competition for nutrients, light and moisture, but also
antagonistic effects such as allelopathy. Research 1s under way to
provide calibration and validation data to prepare and test the model for
use in early succession and vegetation management research.

Because FORCYTE was developed as a management tool, it conducts economic,
energy efficiency and manpower requirement analyses as well as bilomass
production and yield analyses. The optimum use of the model is in ranking
the performance of a wide variety of alternative, stand-level, crop
management strategies, and this ranking can be done on the basis of
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production, yield, economics, emnergy and/or manpower requirements, or on
the sustainability of soil fertility and ecosystem productivity. Because
such applications of the model involve repeated runs and very large
quantities of optional output, a supervisory software package PROBE (Apps
et al., this volume) has been developed. PROBE facilitates management
gaming and sensitivity analyses of the model, as well as management of the
output of multiple runs in conjunction with spreadsheet software packages
such as SYMPHONY (TM Lotus Corp.).

With the dimprovement in computer hardware, FORCYTE (which was until
recently a "mainframe” model) can now be implemented on microcomputers.
FORCYTE-10 can be run on a standard 640k IBM PC, XT, AT (or compatible)
equipped with a math coprocessor. FORCYTE-1l currently runs on any of
these microcomputers if they are equipped with a 32-bit coprocessor (e.g.
a Definicon DSI-32 board).

TROPICAL AGROFORESTRY APPLICATION OF FORCYTE-11 AS AN EXAMPLE OF
THE MODEL'S CAPABILITIES

Although FORCYTE~10 has been, or currently is being, tested in plantation
forestry in New Zealand, Brazil, South Africa, U.S., Canada, and
Scandinavia, FORCYTE-11l has not yet been field-tested. Work is currently
underway to calibrate and test it in these and other locatioms, but its
first operational test will be in the simulation of an agroforestry system
in Indonesia. This tropical agroforestry application of FORCYTE-1l
provides a good example of the planned capabilities of this version of the
model for when it is used in plantation forestry applicatioms.

Large numbers of rural people in western Java depend upon a subsistence
asgroforestry cropping system on upland areas which have relatively poor
soils. The "talun-kebun” system that they use has apparently provided a
sustained supply of food and wood products for many generations (and
probably many centuries) with very little external inputs of nutrients to
maintain soil fertility (Christanty and Kimmins, mss in preparationl).
However, a growing desire for cash crops is resulting in changes in this
traditional method of land use, and there is growing concern about soil
impoverishment and soil erosionm.

The talun-kebun system consists of a six-to—seven—year management cycle im
which stands of perennial clump bamboo are periodically clearcut and the
area ("field"™) used for growing food crops for two years before being
allowed to return to a four—to-five-year fallow period of bamboo.
Clearcutting, raking the forest floor and slash into piles for burning,
and hoeing the soil to a depth of 25 cm (thereby killing about 20t ha™!
of fine bamboo roots) reduces the vigour of the bamboo to the point at
which it poses no competitive threat to the planted food crops in the
first year. These crops are (typically) cucumber, bitter solanum and
hyacinth (pole) beans. Ash from the burned slash piles, plus some animal
manure and an application of NPK fertilizer, are used to increase the

! Based on L. Christanty's Ph.D. thesis at the Univ. of B.C. (in
preparation).

312



production of these vegetables. In spite of these nutrient additions, the
fertility of the upper soil layers declines during the first year, and the
field is planted to cassava (a less nutrient-demanding root-crop) for the
second year after clearcutting. During this second year, the bamboo has
recovered some of its vigour and has progressed from the "grass” stage to
the production of small (1-2m tall) culms (aerial shoots). Because these
culms pose increasing competition for light, and because of below-ground
competition from the increasing biomass of bamboo fine roots, the field is
abandoned after two years and permitted to revert to an unmanaged stand of
bamboo. The bamboo clumps produce successively taller culms and, because
of the high silica content of the above~ground litterfall, a relatively
slowly decomposing ectorganic layer (forest floor). Once this layer has
accumulated to a certain depth, and the upper soil has become darkened
with the accumulating humus, the bawmboo is again clearcut and the cycle
repeated.

The sustainability of the system appears to be based largely on the
“"nutrient pumping” action of the bamboo, the slow decomposition of its
silica-rich litter, and the extremely high biomass of bamboo fine roots.
The bamboo recovers much of the nutrients leached deeper imto the soil
profile during the two years of cropping and deposits them at or near the
soill surface as above-ground litter and dead fine roots. This action is
reflected in the rural farmer's saying: "without bamboo, the land dies”.

FORCYTE~11 has been designed so that it can be used to perform simulation
experiments on the possible consequences of changes in this traditional
land use system. This requires the simulation of the growth of several
different herbaceous food crop species and of bamboo, the harvesting of
economic components of the biomass, the addition of ash, manure and
fertilizers, the leaching and erosion of nutrients, the loss of nutrients
in smoke, the addition of symbiotically-fixed nitrogen by the hyacinth
beans and scattered Albizzia trees, the composting of food crop wastes and
spreading of compost, the mixing of soil by soil animals and hoeing, the
leaching of nutrients down through the soil, and various cultural
activities associated with the management cycle. Nutrient and light
competition must be simulated. Ideally, the spatial relationships of the
clump bamboo and the interplanted food crops should be represented, but
this must await the addition of a horizontal spatial representation of
plants in FORYTE-12. ‘

Simulation of the Javanese talun—kebun system demonstrates the potential
of this modelling approach for research on and/or management gaming with
conventional or innovative forestry, agroforestry, or agricultural
cropping systems. The capability to simulate this tropical land use
system confers on the model the ability to represent a wide variety of
non-tropical silvicultural/agricultural systems.

FUTURE DEVELOPMENT AND AVAILABILITY OF THE MODEL

As already noted, several further developments of FORCYTE are planned. An
explicit simulation of temperature and moisture determinants of growth and
a spatial representation of individual trees and other plants will be

provided in FORCYTE-12. The stand-level FORCYTE-11 and -12 will be linked
up with a GIS and/or whole-forest management model to provide an improved
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basis for timber supply and reglonal economic modelling. It is also hoped
to make the necessary modifications to render the model suitable for acid
rain, greenhouse effect, and disturbed land reclamation research.

FORCYTE~10 is, and FORCYTE-1l soon will be, available through the Canadian
Forestry Service's National Forestry Imstitute at Petawawa, Ontario. Any
readers interested in the model may refer to the list of references
appended or may contact the senior author.
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PARAMETER ESTIMATION AND TESTING OF A PROCESS-BASED
STAND GROWTH MODEL USING MONTRE CARLO TECHMNIQUES

Annikki Makeld

ABSTRACT. This paper reports the testing and calibration of a carboen-
balance model of tree growth. Partitioning of growth is performed
according to the principle of functional balance and the pipe-model
theory. A simple stand-level version of the model is presented, and the
results are compared with growth and yield tables. The analysis applies
a generalised sensitivity test employing Monte Carlo techniques.

INTRODUCTION

Recent advances in forest growth and yield modelling have indicated the
high potential of process-oriented models for exaamining a variety of
gquestions ranging from standard management problems to wmore complesx
issues of environmental change (Botkin et al., 1972; Ek and Dudek, 19803
West et al., 1980; Shugart, 1984; Makeld, 1886; Valentine; 1987). Yet
to date, owing to a number of prectical difficulties, their use haa been
rather limited. For example, there is uncertainty about model structure
due to & lack of some basic eco~physiological knowledge, while model
validation faces problems of inaccurate and insufficient data.

One of the major problems of model structure is related to ihe
allocation of growth resourcesz within individual trees. A number of
mechanisms have been suggested, but as yet no conventional practice has
emerged. The models proposed include temporally constant coefficients
{Makels and Hari, 1986), allometric ratios {(e.g. Shugart, 1884), and
acclimative strategies such as the priority principle {Bossel,1988). &
recent approach that has proved promising, at least in gualitative
individusl-tree studies, sapplies the pipe-model theory (Shinozaki g
gl., 1964 a,b) to combine characteristics of both allometric ratios and
soclimative strategies {Valentine, 1985; Makeld, 1986).

The problems of model verification and calibration are related to the
fact that many of the parsmeters and state variables, despite their
sound eco~physiological definitions, sare difficul? if not impozssible to
measure with current techniques. One solution, of course, would be to
relax the requirement for the parameter values to be physically
meaningful and revert to more conventional statisticel procedures;
whereupon, however, the causal implications of the model structure would
be obscured. Therefore, from the perspective of model verification, it
would be more useful if we could fully utilize whatever data are at
hend, and furthermore, identify the missing data most likely to provide
a stringent test of the model when made available. Answering these
guestions has been the objective in recent applicationa of Monte Carlo
techniques to the calibration and sensitivity analysis of complex models
with input and output wuncertainty {Spear and Hornberger, 1978
Hornberger and Cosby, 1885).

This paper reports the testing and calibration of the pipe~model based
allocation pattern (Mdkeld, 1986) agsinst stand-level growth data, using
the above-mentioned HMonte Carlo techniques. While the focus of the
report is on model validity, it also aims at illustrating the method,
which so far has received little attention in forestry applications.

s i o e i e S T B o G O D D R Y T

%)University of Helsinki, Unioninkatu 40 B, SF-00170 Helsinki, Finland

Presented at the IUFRO Forest CGrowth Modeling and Prediction Conference,
Minneapolis, MN, August 24-27, 1987,
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THE MODEL

INDIVIDUAL TREE MODEL

The model presented by Mékeld (1986) calculates total annual iree growth
on the basis of photosynthesis and respiration and allocates this to the
biomass compartments according to a scheme derived from: {1} the
principle of functional balance {White, 1935; Brouwer, 1852) and (2)
the pipe-model theory {Shinozaki et al., 1964 a,b). Partitioning coeffi-
cients, defined as the proportional share of total growth attributable
to each biomass compartment, are derived for five state variables com-
prising foliage, feeder roots, stem, branches, and transport roois.
Partitioning between diameter and length growth in the woody organs is
not calculated, rather the model assumes independent input in the form
of the average lengths of sapwood ’pipes’ in the stem, branches and
transport roots.

in the present version of the model, we compute the average lengihs from
tree height, h, and length of the living crown, 1. The former is an
independent input function, while the latter is assumed proportional to
8 power of foliage biomass. The average lenghts are calculated as

b, =(h-1) + Fl, by = @1, h =¢h (1)
where ¢$, ¢y and ¢c are coefficients related to tree form.

in order to compare model results with standard forestiry data, we
include basal area among the state varisbles by sssuming that bssal ares
growth is esqual to the gross growth of the sapwood area of the stem.

PHOTOSYNTHESIS IN THE CANOPY

When applied at the stand level, the individual trese model haz to be
supplied with a description of stand interactions. Presently, we only
consider shading, adopting the approach of Mikeld and Hari (1986). They
sssume that the stand is horizontally homogeneous, and compute the
effect of shading on photosynthesis, f{x), at the horizontal layer x.
This depends on the shading biomass at x, B(x}, defined as the folisge
biomass per unit area above the horizontal layer x. The relationship is
determined using the following empirical function

£(x) = (1 + exp(-2({logB -a,)/b, )"

{2)
where a; and b, are parameters. The whole~tree average photosynthetic
rate is obtained by integration over the crown, assuming that needle
biomass is evenly distributed between tree height and crown base.

STAND GROWTH

A rigorous approach to stand growth would start off with individual
trees of various sizes, account for their interactions, and include the
gelf~thinning of the stand as s function of suppression and stochastic
damages (e.g. Shugart, 1984; Makeld and Hari, 1986). However, since the
present focus is on testing the individual tree allocation pattern, we
would like to minimize the number of additional assumptions and keep the
structure of the stand model as simple as possible. To do so, we shall
consider the possibility of simply describing the stand in terms of =
suitably chosen average tree.

Such an approach is adequate for the present purpose if the average tree
fulfils the following conditions:
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{1) in any one year, the state of the atand can be derived from the
state of the average tree and stand density )

{2) in any one year, the allocation of growth resources in the stand
can be derived from that in the average tree, and stand density

{3) after the transfer of state from year to year, the subject tree
retains its average character

It can be shown that if we define the average tree as one with basal
area, B, egqual to stand average, and beight, h, equal to the average
weighted with respect to basal area, the above requirements (1) and (2)
will be met provided that certain additional conditions hold. 1In
particular, we have to assume that (1) the basal area:sapwood area
ratio, and (2) the form factor, volume/Bh, are constant throughout the
stand in any one year.

Let us now turn to requirement (3). The key issue here is that the
average size of the stand generally increases due to self-thinning
because the dying trees are smaller than the surviving trees. This has
to be incorporated as an additional, non-metabolic part in the growth of
the average tree (Valentine, 1987).

Denote the density of the stand in the year k by N, and assume that Np
will die and Ng survive in that year. Assume, further, that the average
basal area and height are known for the dying population as a function
of those in the original population:

Bp= YB , h,=%h (3)
where 0 < ¥, ¢ 1, 0 ¢<¥, < 1. It is then a simple calculation to show that
the corresponding averages for the survivors are

Ng+ Np {1 - W)
Ny + No(1 ='%)
Under the above assumptions of constant basal area: sapwood area ratio

and form factor, this allows us to determine the corresponding survivor
average values for all state variables.

B, = (1 + Ny(1-%)/N;) B, hg= h

SUMMARY OF THE MODEL

The model derived above presents the growth of an even-aged Scots pine
stand in the environmental conditions specified by its parameters and
input functions. It has six state variables and four input functions,
summarized in Table 1, and 23 parameters, listed in Table 2.

Table 1. State and input variables.

e o e o e 1 S 2 R € e 0 O o G e B T S A 8 e 8 A W R S S

Stete variables Input functions

foliage biomass W height h
feeder root biomass W stand density ‘ N
branch biomass W diversity coefficient, height ¥,
stem biomass/volume w/V diversity coefficient, basal area ¥,
transport root biomass w

basal area B

e e o i e e 1o 2 50 2 2 2 o S o 4 B G T O G O W R 8 e S DS S
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EMPIRICAL MATERIAL w
PARAMETER VALUES

As the field of guantitative forest ecology is relatively wyoung, thers
are few sources of dats suitable for developing reliable estimates for

the present parameters. The main references used in this study comprise

{1) the work of & collaborative project between the Department of Silvi-

culture , University of Helsinki, and two soviet research institutss in
Estonia and Xerelia (Hari et al., 1988), (2) the results of the Swedish

Coniferous Forest Project {SWECON) (Persson, 19580), and (3) a study of
the nutrient budget of three pine stands in Southern Finland (MBlkdnen,

1974). All these studies concern Pinusg sylvestris growing on fairly dry

and poor, sandy podsol soils under climatic conditions comparable to

those prevailing in Southern Finland, and most of the stands considered

are of the Vaeccinium type (VT) (Cajander’s (1949) clessification).

Column 5 in Table 2 shows estimated plausible ranges for the parameters.
The width of the range reflects the uncertainty related to the parameter
value.

As regards other site types and climatic regions, the information avail-
able appears considerably sparser. However, we do have a qualitative
understanding of the directions of change of some of the paramters as &
function of climate and site type. This is particularly true of the
metabolic parameters, whereas the variation of some of the structural
ratios is more poorly understood.

Table 2. Parameters.

Symbol Definition Unit Range

1 LA specific photosynthetic rate kg C/kg DW/iyr 1.28 - 3.33
2 B apecific maintenance respiration of sapwood kg C/kg DH/yr 0.004 = 0.040
3 [ specific maintenance respiration; foliage, roots kg C/kg DW/iyr 9.02% - 0.130
4 Ty specific growth respiration hg C/kg DW . 6.0 -~ 0.3
5 LA root-specific nitrogen uptake rate kg N/kg DW/yr 0.005 - D.06
6 f. carbon content of dry mstter kg C/kg DW 0.5

7 Ty nitrogen:icarbon ratio of dry weight kg N/kg € 0.008 - 0.015
8 1, folinge-dry-weight:atem-sapwood ratio kg DW/m® 8YW 480 - 3520
9 Ty foliage-dry-weight ibranch~sapwood ratio kg DH/m® SW 440 «~ 460
10 ' folinge-dry-weight:transport-root-sapwood ratio kg DWm: 84 2300 - 2500
11 P wood density kg D¥/w’ DW 380 - 420
12 ¢, form coefficient of stem unitieas 0.4 « 0.3
13 Da form coefficient of branch system unétleam 0.2 - 0.5
14 @, form coefficient of trunasport roots unitless 0.9 - 9.7
15 8y foliage-apecific turnover rate Yy 0.2 -« 0.3
16 LR root-apecific turnover rate yr 0.5 - 1.2
17 EN specific turnover rate; branches, transport roots ye 0.05 - 0.15
i8 ds sapwood-area specific turnover rate; sten 1/ye 9.0% - 0,07
18 dg sapwood-area specific turnover rate; branches, roots ﬂ/ﬂ'y 0,01 - 0,07
20 8 coefficient: crown length and folisge biomass m/kg® 2.5 » 3.3
21 P exponent: crown length snd foliage biomase unitless 0.4 - 0.5
22 a, coefficient in shading function {eqn. 2) loglky/ha) 3.3 - 3.9
23 b, coefficient in shading function (egn. 2) log(hg/he) «0,8 = =3.28

0 " 1 o 1 o o o o i s s 3 i o O TR B T @3 S T O 4 M G D D 5 Sl A o G 4T 0 U O S 0 40 9 % G U A B 0 60 S o 4 0

STAND DEVELOPMENT

The growth and yield tables collected by foresters over the vyears are
perhaps s8till the most concise and reliable source of data available on
the - development of forest stends in different climatic regions and
growing sites. For example, the tables used in Finland cover two of the
four input functions of the model, saverage tree height and stand densz-
ity, and two of the six state variables, stem volume and average basal
area. Additionally, dominant height is documented. {(Koivisto, 1959).

As regards the rest of the state wvariables , few long-term data
compatible with the growth and yield tables are available. For North
European conditions, perhaps the best estimates are those published by
the SWECON project (Albrektson; 1980). These comprise the long-term
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development of stand biomass in five compartments, based on 12 sites of
different sges in Southern Sweden. Most of the sites appear to be comp-
arable with the VT site, The results are in feirly good agreement with
some point values reported in other studies (Madlkdénen, 1974; Hari et
al., 1985).

CONCLUSIONS: PERFORMANCE CRBITERIA

The requirement that model output is in agreement with observation can
be expressed in meny ways. In this study, the key criterium is that the
caleulated diameter of the averasge tree, D, i within a range of % 10%
from the observed, D , at every moment of observation. Bince volume
growth is a function of height and dismeter growth, if the model is
adeqguate, the validity of stand volume follows from that of diameter.

Owing to the difficulties of combining different data sets rigorously,
the information concerning the other state variables will only be used
as 8 check of the order of magnitude of model output. In particular, we
require that at any moment of time, needle biomass be no less than the
overall mininum observed.

ANALYSIS OF PERFORMANCE

Spear, Hornberger and co-workers (e.g. Spear and Hornberger, 19%78;
Hornberger and Cosby, 1985) have developed the stochastic method app~
lied here for the testing, sensitivity analysis and celibration of
simulation models with a complex structure end sparse data. The method
is based on Monte Carlo simulations, the skeleton of which is to draw a
parameter vector p randomly from some s priori distributions, run the
model with p a3 an input, store the result, and repeat the procedure N
times. In this case, the result stored consists of the parameter vector,
model output, and performance classification.

The test of the model is based on the observation that if a subset of
the 8 priori oparemeter set exists which gives rise to the accepted
performance, this will become apparent in a finite number of Monte Carlo
gsimulations, Once this has been established, the objective of the rest
of the procedure is to identify those parameters that are the most
significant in separating the accepted from the rejected performance,
and that part of the original parameter space that is the most likely to
vield accepted performance exclusively. This is done by analysing the
sccepted and rejected parameter sets statistically.

The analysis proceeds in two steps. First, we examine to what extent
each of the parameters alone explaina the performance classification.
If = parameter is pnot important in distinguishing between the accepted
and rejected performance, the distributions of the accepted and rejected
parameter values will be equal. Conversely, the more gignificant a
parameter 1is, +the more the two distributions differ. A sensitivity
ranking of the parameters can hence be based upon a measure of the
separation of the cumulative distributions of the accepted and rejected
perameter sets. Following Hornberger =and Cosby {(1985), we wuse the
Kolmogorov-Smirnov two-seample test in this study.

Separation between the accepted and rejected parameter distributions is
sufficient but not necessary for indicating high sensitivity. 1If there
are wmutual correlestions in the accepted met, the correlated parameters
may npot separate under the performance classification, yet a combination
of these may be essentisl in determining acceptance. Therefore, the
second step of the procedure analyses the correlation structures imposed
?y the performance classification, with the objective of extracting the
important combinations. Spear and Hornberger (1978) propose to do this
by means of principsl components analysis: this study, however, applies
the less systematic methed of multiple linear regression. '
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RESULTS AND DISCUSSION

The Monte Carlo simulations were carried out for the VT growing site.
Altogether 22 parameters were varied stochastically in each run. These
comprise 19 of the original parameters, two coefficientis allowing vari-
ation in the initial state, and one parameter related to the input
functions. Four of the original parameters, i.e. 1, Qﬁ M, and $, were
set constant, owing to the fact that they only cccur as multipliers of
certain other parameters, wherein their uncertainties could be embedded.

The initial state of stem volume and diameter were set equal to the
first tabulated data point, and the initial values of the other state
variables were chosen to be consistent with these date and model
assumptions. In accordance with the performance criteria, the initial
diameter was allowed to vary t+ 10% around the tabulated value (parameter
24). The initial value of needle biomass followed this variation, with
an additional uncertainty range of + 2% (parameter 25).

The tabulated values were used for the input functiomns h{t) and N(t).
The functionY(t)was approximated from the difference between average and
dominant height, with p as a stochastic parameter (parameter 26):

wit) = p (hy(t) = h(t)) / h(t) (4)

and the function{(t)was simply set equal to \f{,”. Linear interpolation
was used to estimate annual values for the input functions from values
tabulated at 5-year intervals.

A statistical analysis of the Monte Carlo simulations is shown in Table
3. Columns 2 and 3 show the initial ranges assigned to the parameters,
and columns 4 and 5 give the normalized average and variance of the
accepted parameters in the first simulation. The normalization gives
zero mean and unit variance for uniform distribution. Column 6 details
the results of the Kolmogorov-Smirnov test for the first run, the
asterixes indicating the levels of confidence (0.95, ©0.99 and 0.999)
with which the null hypothesis (of no significant difference between the
rejected and accepted sets) can be rejected. The most gsignificant para-
meters determining performance were: (1) those related to the photosyn~
thetic light ratio, a,and b, (2) the initial diameter, (3), sapwood
specific maintenance respiration, x, {4) turnover rate of stem sapwood,
(5) specific photosynthetic rate, ¢, and (6) turnover rate of branch
sapwood, dg. The acceptance rate in the first simulation was only 0.3%.

Table 3. Results of the Monte Carlo simulations

- - - = o - - -——- - o 2 = - 0 o o T 8 P D 2 0 D TP T e O w53 O W St

para- ‘initial distribution normalized Kolmogorov- final distribution comparison
meter win max average variance Smirnov test min max with initial
% rank
13 1.25 3.33 -0.236 0.837 0.182 3358 1.80 2.30 24 4
2 0.004 0.04 -0.811 0.508 0.382 3812 0.004 0.012 22 3
31z 0.025 0,130 0.083 0.931 0.061 0.025 0.13 100
5 0.005 0.06 -0.137 0.973 0,108 332 0.02 0.05 55 7
8 480. 520. -0.029 0.979 0.056 480 520 100
9 440. 460, 0.048 1.058 0,081 440 460 100
102 2300. 2500. -0.030 0.950 0.067 2300 2500 100
12 -0.38 0.63 0.050 1.094 0.062 0.38 0.63 100
13 0.285 0.525 0.072 0.954 0.063 0.285 0.525 100
14 0.38 0.735 -0.123 1.081 0.091 3 0.38 0.738 100
15 0.20 0.30 0.195 0.984 0.113 23 0.20 0.30 100
16 ¢ 0.50 1.20 -0.025 0.9717 0.054 0.50 1.20 100
17 0.05 0.15 =-0.113 0.945 0.085 0.05 0.15 100
18 0.01 0.07 -0.137 0.338 0.246 333 0.033 0,045 20 2
19 2 0.01 0.07 -0.275 1.005 0.136 5338 0.0} 0,07 100
20 2.5 3.5 0.078 0.977 0.079 2.50 3.50 100
21s 0.4 0.6 0.096 0.917 0.060 0.40 0.60 100
22 3.30 3.90 -0.914 0.414 0.442 s8s 3.3 3.45 285 5
23 s -.80 -.25 0.498 0.998 0.247 338 ~0,35 -0.28 i8 1
- 24 -a10- - 0.10 -0.778 0.386 0.369 333 ~0.10 -0.04 30 6
25 -, 02 0.02 «-0.003 0.964 0.049 -0.02 0.02 100
26 % 0.8 1.2 0.037 1.03%v 0.050 0.80 1.20 100

...................

- - o a0 v 4 o o

%) inter-correlated parameters




The parameter ranges were contracted in the direction indicated by the’
results, and new Monte Carlo simulations were conducted, until no highly
significent differences were detectable between the accepted and
rejected pavameter sets. These final ranges are shown in columnzs 7 and 8
of Table 3. The final:initial range ratio was computed, giving a
sensitivity ranking similar to the Kolmogorov-Smirnov test.

The final parsmeter ranges resulted in a 45% acceptance of all runs,
indicating some significant correlastions in the accepted parameter set.
Upon inspection of the correlation matrix it was found that the shading
parameter, e, was strongly correlated with 9 other parameters, marked
with an asterix in Table 3. A multiple regression analysis showed that
these correlations explained ga. 40% of the varistion in ay, When imple-
menting the regression into +the stochastic parameter input, the
acceptance rate went up to 80%.

Figure 1 illustrates the developmeni of some of the state variables in
the accepted runs., Figure la depicts the range of the diameter of the
average tree in the asccepted runs of the first Monte Carlo simulation,
in comparison with data (Koivisto, 19858). The result was almost
identical after accounting for the cross-correlations. Figures 1b and lc
illustrate the development of volume and needle biomass, respectively.

The accepted simulations fail to reproduce the decline of volume growth
towards the end of the rotation, the change in stend volume more closely
resenbling & linear function of time. The fact that the masme trend seens
less pronounced in the diameter indicates that the wmodel fails to
account for some changes in the form factor over time, probsbly related
to allocation of growth between branches and astem.

Figure i1.{a) Range of dismeter a
development in the firsti Monte Carlo
run compared with data (Koivisto,
1959) (middle line)

{b) Ranges of volume development in
the first and the final simulations
compared with data (Koivisto, 1859)
{c) Ranges of needle biomass deve=-
lopment in the first and final
simulations compared with date
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A GEOMETRIC MODEL OF SUNLIGHT PENETRATION
FOR SLASH PINE IN NORTHERN FLORIDA

Kevin S. McKelveyl

ABSTRACT. Highly irregular canopies of a 20-year-old slash pine {Pinus
elliottii) plantation were modeled by placing spherical envelopes
representing individual needle clusters in a finite array. Needle
clusters were placed randomly into the array with the distribution
weighted to mimic the actual foliage distribution patterns. Ten to 12
trees were modeled in this manner. Shade patterns were then computed for
a single target tree, which was positioned to eliminate boundary effects.
Several simulations were performed to generalize the 1ight penetration
patterns. Two tree configurations were simulated, one in which the rows
of trees were aligned with the sun azimuth to maximize the 1ight penetra~
tion between rows, and one in which the trees were offset to negate row
effects. These patterns represent unrealistic extremes and are presented
for comparison. Penetration patterns of beam radiation show lower canopy
levels are heavily shaded at lower sun angles of elevation.  This effect
is due to competitive shading from adjacent trees and is not observed at
sun angles of greater than 60 degrees. Shading in the upper 2-3 meters
of the crown is low regardiess of sun angle. This pattern suggests that
the conic crown form common to conifers allows lower foliage access to
unobstructed beam radiation during certain times of the year and uncb-
structed diffuse sky radiation on a continuous basis. Classic ex~
ponential decline of light with canopy depth is, therefore, only anti-
cipated for low sun angles of elevation.

INTRODUCTION

Parallel monochromatic radiation passing through a homogenous medium
decreases in flux density,as described by Bouguer's (or Beer's) Taw:

Iy = 1, e kz (1)

where Ii is the flux density at a point i, Io is the flux density above
the medium, 2z is the distance that the beam has travelled in the medium,
and k is the extinction coefficient. This simple formula lies at the
heart of wvirtually every canopy interception model. The differences
between models lie in the definition of the domain over which this
formula is considered to be valid. The dimportant requirement of this
equation is the homogeneity of the medium. In the case of tree canopies,
the requirement is that the leaf area be homogeneously distributed. In
simple closed canopies of uniform height, it may be possible to assume

Ipoctoral student and W.P. Shelley Fellow, Department of Forestry,
University of Florida, Newins-Ziegler Hall, Gainesville, FL, 32611

presented at the IUFRO Forest Growth Modelling and Prediction Conference,
Minneapolis, MN, August 24-28, 1987.
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general homogeneity of leaf area and to use a single equation to describe
the entire canopy {Campbell, 1977; Halldin et al., 1979; Lemeur et al.,
1979; McMurtrie et al., 1986). ,

In discontinuous or irregular canopies, the assumption of general homo-
geneity cannot be supported. The canopy 1is commonly truncated into
various sub-canopies and equation {1) is assumed to be valid for each of
the sub-canopies. These sub-canopies are usually defined as individual
plants (Mann et al., 1979; Mann et al., 1980; Norman and Welles, 1983;
Whitfield, 1986) or sometimes hedgerows (Charles-Edwards and Thorpe,
1976). This type of modeling is called envelope modeling because the
Teaf area of each sub-canopy is strictly confined to an "envelope" which
is usually defined as an ellipsoid of rotation. This technique allows a
great deal of flexibility in canopy modeling, because each envelope can
have 1its own properties and envelopes can even be nested inside one
another to simulate foliated and non-foliated portions of a plant (Norman
and Welles, 1983). To determine shading effects, series of lines are
shot through the array of envelopes and z 1is computed for each line as
the sum of the chords created by the intersection of the line and the
envelopes {Norman and Welles, 1983). The main problem with these
models is the computational expense required to obtain z in complex
canopies.

The canopy structure of plantation slash pine is very irregular. The
trees themselves approximate cones and the foliage is arrayed around the
exterior of the conic volume in a layer that becomes thinner with in~
creasing canopy depth (Figure 1). Within this general crown form, the
needles are densely clustered leaving large gaps in the canopy.
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Figure 1. Total branch Aiength and -~ nonfoliated - branch Tength for
20-year-old slash pine.
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The model technique presented here allows realistic placement of simu-
Tated needle clusters without dncurring the huge computational cost
inherent in established envelope models. This model 1is preliminary
utilization of this technique and has not been finished, tested and
verified. Diffuse elements such as sky radiation, within canopy 1ight
scatter, and shading due to branches are not dealt with here. Other
important parameters, such as the number of needle clusters per tree, are
at this time rough estimates.

MODEL TECHNIQUES

The key to simplifying the search for shade objects in the array is to
align the with the sun both in azimuth and in angle of elevation. A sun
beam that enters the array at a given (X,y,z) location can then only
affect those points that are identical to the entry point in two of the
three dimensions. If it is passing through the array in the x direction,
it can illuminate the points (x-1,y,z), (x-2,y,z)...(x-n,y,z). Shade, of
course, follows the same pattern. In discrete space, possible (x,y,z)
positions will be l1imited to the nodes of the array and the presence of
shade objects over a given target node can be accomplished by a one
dimensional row search

Modeling the canopy in discrete space, therefore, allows the search for
potential shade to be quick and efficient. It also assures that the
characteristics of shade objects that are encountered will be constant.
1f the distance that a sun beam travels through a shade envelope to reach
a point on a target envelope is equal to X, then the distance that the
beam will have to travel to pass through n shade envelopes is nX. This
is true for all potential beam radiation. The computation of direct beam
radiation received by any point on the target surface, therefore, can be
computed from equation (1) very simply. The equation becomes:

1i = Io e~kdn (2)

where d is the distance traveled within a shade object and n fis the
number of shade objects. If patterns of shading are primarily what is
desired, then 1light transmission can be measured at a particuiar
reference point on all targets. In this case, d becomes constant and can
be absorbed into k. Relative 1light density levels can be determined
simply by taking the negative exponential of the number of shade objects
encountered.

The sun shifts in both angle of elevation and azimuth throughout the
course of the day. If one envisions the array as existing in the midst
of a large stand with known spacing between trees, then rotational shifts
to track the sun azimuth will be reflected in shifts of the positions of
the trees inside the array. If the pivotal axis is the stem of a parti-
cular tree, then that tree will remain at a constant position in the
array, and the surrounding trees will shift their positions in relation
to it. By making the pivot tree the target, any sun azimuth can be
simulated by simply shifting the position of the shade trees visa-vis the
target. Any pattern of spacing can be used and that trees thgt are
exterior to the array at the initial array azimuth may vary in size or
shape. A1l that is necessary is that the distance and azimuth from the

325



target tree and any special characteristics of the potential shade trees
be specified at the beginning of the simulation.

The technique by which azimuth is simulated can be also be utilized to
simulate sun angles of elevation. In this case, the array can be imagined
as a transparent cube that can be rotated vertically around the trees
without affecting them. Once again this rotation represents a shift in

the relative positions of the trees in the array. If the array rotates
20 degrees counter-clockwise, the trees have, in terms of their array
locations, rotated 20 degrees in the opposite direction. Upon initial

placement in the array, the angle and distance in relation to the center
of the vertical plane in which a cluster lies is computed and stored for
each occupied node. Given this information, a new position can be
computed for each needle cluster at any sun angle. A11 positions are
computed from the initial data to prevent the buildup of rounding errors
during rotation.

CONSTRUCTING THE TREES

The simulated cluster size was based on the average needle length for the
sampied trees {17.3 cm, s5.d. = 3.36 cm). A spherical cluster that assumed
the mean needle length as its radius would have a diameter is 34.6 cm.
Because needles bend considerably and because the extreme periphery of
the cluster has an extremely low needle density, a somewhat smaller
cluster size of 25 c¢m was chosen. The array grid size was set equal to
the cluster size. One of the main concerns in model construction was to
place the clusters as accurately as possible. To accomplish this, needle
clusters were first placed randomly into  vertical space in proportions
dictated by the distribution of foliar biomass (Figure 2). Once a
vertical level was chosen, the horizontal position of each cluster was
determined by creating a Cartesian plane with the "stem" of the tree at
the origin. An azimuth was then chosen randomly between 0 and 2n (it was
assumed that there were no density differences related to azimuth on the
tree),and a distance was selected by retrieving actual branch data
appropriate to that Tlevel from a random access file. The probability
distribution for cluster placement within the foliated region of a 1imb
was assumed to be uniform. The cluster was then placed into a node in
the array by rounding to the nearest discrete x,y,z location. If the
node was already occupied, the adjacent nodes in the plane dimension were
searched randomly and the cluster was placed in the first unoccupied node

that was encountered in the random walk. If no empty nodes were
encountered, then a flag was sent to the screen and the placement
procedure was repeated. The rationale for placement in the nearest

available space was to minimize the distortion of the probability
distributions in  both horizontal and vertical space due to the
progressive filling of the nodes in the array. The cluster placement
continued until a fixed number of clusters, in this case 200, had been
placed. A1l of the trees, therefore,had the same number of clusters and
only differed due to the randomization of the system.
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Figure 2. Needle distribution obtained through the destructive sampling
of 36 trees within a 20-year-old slash pine plantation.

Trees were placed into the array assuming that, as in th- plantation,
they were planted in rows. An equidistant spacing of 3 ruters between
both the trees and the rows was assumed. This approximates the mean
spacing within the plantation (2.88 meters). Two tree configurations
were modeled (Figure 3). In one, tree rows were aligned with the sun
azimuth. This configuration allows the maximum 1ight to penetrate to the
Tower canopy levels. In the other, the rows were trees were offset in
the direction of the sun azimuth. This configuration eliminates any row
effect and should shade the lower levels more heavily.

ROW CONFIGURATION OFFSET CONFIGURATION

SSS SS
SSS SSS
$§S SS
STS STS

Figure 3. A vertical view of the two tree spacing configurations modeled.
S represents a shade tree and T the target tree.

In a model of this sort, it is important to avoid artifices created by
the boundaries of the array space. Shade calculations must, therefore,
be performed on a target area that is sufficiently far from a system
boundary to be insulated completely from boundary effects. If the array
$s assumed always to be oriented with the sun azimuth, then the
boundaries perpendicular to the sun azimuth need only be the maximum
potential width of the target space in that dimension. In the direction
of the sun, the necessary depth is a function of the crown geometry and
of the sun angle of elevation. In this direction the question to be
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asked is whether the nearest tree exterior to the array space could
create shade on the target surface. This question can be answered

precisely for any given sun angle:
X = y/tan@ (3)

Where x is the horizontal distance between a node on the exterior tree
and the target tree, y is the vertical difference between the two nodes,
and O is the sun angle of elevation. If the trees approximate cones and
are lined up parallel to the sun azimuth, x becomes the horizontal
distance from the stem of the target tree to the stem of the exterior
tree minus the Tongest 1imb on the target tree, and y becomes the depth
of the crown. If the exterior tree occupies any other position in
relation to the sun and to the target tree, its shade influence will be
decreased. This calculation, therefore, provides a safe buffer for all
potential tree configurations. It should be noted that at the limit, as
® approaches 0, x becomes infinite. Low sun angles require encrmous
buffers in order to be assured of no theoretical boundary effects. In
practice, boundary effects should become insignificant with large buffers
regardless of sun angle. The current model uses a buffer of three trees
between the sun and the target tree. With a buffer of this size,
theoretical boundary effects cannot occur at sun angles in excess of 31°.

RESULTS

The effect of shifting sun angle on shade patterns is dependent on canopy
depth (Figures 4 and 5). The top three meters of the canopy are very
insensitive to changes in sun angle. The shade observed at these levels
is self-shade within the tree rather than a competitive effect between
trees. In the lower canopy Tlevels, effects of competitive shading are
strongly felt at low sun angles of elevation but disappear above 60
degrees. The differences between the row and the offset configurations
are seen primarily at the lowest canopy levels. Lower 1imbs are long and
can project into the inter-row areas where there is little competitive
shade if the row and sun azimuth are equal. In an evenly spaced canopy
this effect will be transitive and of 1little importance. In other
configurations, such as double rows this effect is more prominent.

CONCLUSIONS

If tree crowns are modeled as discrete geometric entities, then patterns
of light penetration will be dominated by the geometry of the canopies
rather than by an exponential decline function. In this model, the
overall conic nature of the tree canopies dominates the shade patterns.
The lack of shade to the lower limbs at high sun angles is anticipated in
a model that treats the foliage surface as the surface of a conic volume.

The effect of overall conic tree geometry cannot, therefore, be ignored
if it exists. '
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Figure 4 The average number of simulated clusters encountered in row
searches for all of the canopy levels. A is the row configura-
tion, B is the offset configuration. Values were derived from
20 simulations.
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Figure 5. The average light penetration based on Figure 4. The k value
(equation (2)) was arbitrarily set to 0.5. A is the row con-
figuration, B is the offset configuration. Values were
derived from 20 simulations.
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The assumption of an exponential decline based on average leaf area
would, 1in this stand, greatly underestimate the amount of beam light
penetrating to the lower canopy levels at high sun angles as well as the
unobserved sky radiation that will reach the Tlowest canopy levels
throughout the day. The full potential of modeling individual needle
clusters has at this time not been fully explored. The light trans-
mission properties of needle clusters can be modeled in great detail if
desired, and conic shadow effects such as spreading penumbral cones can
be modeled. In general, the model appears to be a flexible basis for
explorations of canopy architecture allowing a great deal of realism
without extracting a prohibitive computational cost.
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SIMULATING THE INFLUENCE OF TEMPERATURE AND LIGHT ON THE GROWTH
OF JUVENILE POPLARS IN THEIR ESTABLISHMENT YEAR

H. M. Rauscherl, J. G. Isebrandsz, T. R. Crowz, R. E. Dicksonz,
D. I. Dickmann3, and D. A. Michael?

ABSTBACT. An ecophysiological model, ECOPHYS, has been used to examine
the influence of changes in temperature and light on the growth of a
poplar clone during the establishment year. Light influenced growth
more than temperature, but that the interaction of both can result in
about a 50 percent increase or decline in stem biomass of individual
trees from a measured "base" year. Several research hypotheses were
developed that need to be experimentally tested to improve our
understanding of this and other clones.

INTRODUCTION

The theoretical value of knowing quantitatively what environmental
conditions different species require, and of being able to explain to
what extent these requirements are met by the various climates and
soils, has been appreciated for a long time (Pearson 1928). Indeed,
most silvicultural practices employed by forest managers are based on
physiological principles. Only recently have we arrived at a state of
knowl edge which permits us to formulate ecophysiological explanatory
models of forest tree and stand growth (de Wit et al. 1978, Sievaenen
1983, Landsberg 1986, and Mohren 1987). Few would argue that the
currently available set of ecophysiological explanatory models are
better in terms of predicting tree growth than the commonly used
correlative, empirical models. The point is that they can be better,
and no doubt eventually will be.

Causal, explanatory ecophysiological models provide the structure to
allow us to integrate in quantitative and qualitative form our
scientific and heuristic knowledge about the processes that govern tree
growth. Their most important use at their present stage of development
is to help us clarify critical knowledge gaps and uncertainties, to
formulate testable hypotheses, and to provide the means of evaluating
the significance and validity of research results, old and new.

The objectives of this paper are to use a recently developed causal,
explanatory ecophysiological model of Populus, ECOPHYS, to illustrate
the influence of temperature and 1ight on the growth of juvenile poplar
in the establishment year, and to propose testable hypotheses based on
the results of these simulations for further research.

1 USDA Forest Service, Grand Rapids, Minnesota; 2 USDA Forest Service,
Rhinelander, Wisconsin; 3 Department of Forestry, Michigan State
University, East Lansing, Michigan; 4 software Innovations, Battle

Creek, Michigan.

Presented at the IUFRO Forest Growth Modeling and Prediction Conference,
Minneapolis, MN, August 24-28, 1987.
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THE MODEL

Tree growth is a function of genetic potential interacting with the
physical and biotic factors of the environment. ECOPHYS V1.2 predicts
the growth of Populus deltoides Bartr. ex Marsh. x Populus nigra L. (=P.
x euramericana) (Eugenei) in the establishment year (no branching),
assuming that moisture and nutrients are in ample supply and with no
pest or disease damage. Space restrictions in these proceedings make it
necessary to 1imit the presentation of ECOPHYS to an overview (fig. 1).
A detailed explanation is in preparation for publication elsewhere.

INPUT:

Physiological Characteristics
Morphological Characteristics
Hourly Photosynthetically Active Photon Flux Density (PPFD)

Temperature
Direct Diffuse
PPFD PPFD

[ ] HOURLY
TIME

Sunlit Leaf Shaded Leaf
Light Light STEP

Interception Interception

| |

Rpparent Photosynthesis

Maintenance
Temperature Respiration
Photosynthate
Allocation
) PERIODIC TIME
I STEP - ONCE AT
Growth Respiration EACH NEW
I EMERGING
LEAF

Assimilation of
Available Photosynthate
into Biomass

Computation of
Dimension Growth

REPORTS:

Photosynthate Production
Respiration
Radiation and Temperature
Biomass by Plant Component
Growth Dynamics by Plant Component

Figure 1, Schematic diagram of ECOPHYS showing general medel structure.
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Model Summary Description

ECOPHYS estimates (1) the hourly, daily, and seasonal photosynthate
prodgction of individual leaves; {2) the maintenance and growth
respiration for each tree component; (3) the allocation of accumulated
photosynthates throughout the plant; and (4) the conversion of
photosynthates to biomass and dimensional growth.

Because the integrated contribution of individual leaves within a tree
Qetermines the quantity of photosynthates available for tree growth, the
individual leaf was maintained as the principal biological unit in the
model . The two environmental driving variables are hourly
photosynthetically active photon flux density (PPFD, 400-700 nm) and
hourly temperature (deg. C). Individual leaf geometry is maintained in
a three-dimensional coordinate system to allow accurate calculation of
mutual leaf shading., Leaf irradiance is more commonly calculated by
assuming random leaf orientations, dividing the canopy into arbitrary
layers, and calculating an extinction coefficient per unit leaf area
penetrated (Sievaenen 1983). We chose the more rigorous geometric
approach for two reasons. First, leaf orientation has been shown to
greatly influence solar radiation interception and photosynthetic rates
and varies among poplar clones (Isebrands and Michael 1986). It
therefore seemed desirable to be able to vary leaf orientation in the
model so we could investigate ways poplar can be improved through
selection and breeding. Furthermore, the hcourly photosynthate
production time step we selected meant that the errors involved in using
the average irradiance in a layer would likely be too large to yield
good estimates of COp uptake (Landsberg 1986).

Once leaf and shade area for each leaf has been calculated, we calculate
PPFD for the shaded and unshaded regions of each leaf as a function of
leaf orientation, leaf position in the crown, atmospheric attenuation of
radiation, and solar position thus accounting for both direct and
diffuse light. We then estimate apparent photosynthesis, a genetically
dependent function (Michael et al. 1985). Apparent photosynthesis
(PgA), photosynthesis estimated indirectly and uncorrected for
respiration, is different for each of four age classes of poplar leaves
(expanding, recently mature, mature, and over-mature). A different
function is used to predict apparent photosynthesis, depending on age
class. Photosynthate production is also corrected for the influence of
temperature.

To calculate the amount of photosynthate available for growth, it is
necessary to correct apparent photosynthesis for maintenance respiration
and growth respiration. The temperature influence on respiration rates
is also simulated.

PgA, adjusted for temperature and maintenance respiration, is then
calculated hourly and accumulated in the leaf compartments of the model
until a new leaf is due to emerge based on the estimated leaf initiation
rate. Upon emergence of a new leaf, the remaining available PgA is
allocated throughout the tree according to experimentally determined
rates (Isebrands and Nelson 1983, Dickson 1986).

In ECOPHYS, growth is directly proportional to available photosynthates.
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No empirical relationships are used to force growth to occur at a
certain rate or to set Tower or upper bounds to growth. Biomass
accretion is simulated for the following components: immature leaves,
mature leaves, immature internodes, mature internodes, cutting, large
roots, and small roots. In addition, dimensional growth is computed so
that leaf area, tree height, and tree diameter are estimated.

Model verification

After a model has been constructed, verification provides assurance that
the model performs as intended by the developers {(Nolan 1972). The
objective of verification is to show that the outputs fall within the
range of variation of the data used to develop it in the first place.
The model has been iteratively adjusted by changing specific leaf area
and specific gravity within the range of field measurements. The
starting tree morphology at Julian date 204 (July 23, 1979) represented
a "mean" selected from a destructive harvest of three trees occurring on
that date. To form a basis for comparison, a "standard” simulation run
was defined using this mean tree morphology, actual hourly PPFD and
temperature measurements, and the parameter values appropriate for
Eugenei, The result is that the model simulates mean response values
for Eugenei for conditions measured in the 1979 growing season.

Eugenei clones were grown under a short-rotation, intensive culture
(SRIC) system near Rhinelander, Wisconsin USA (45°N, 89°W) in blocks at
a 0.6mX 0.6 m spacing (Michael et al. In press).

Permanent plots Tocated within the clonal block were used to study
growth. Eight trees in plots distributed over the plantation were
measured weekly to obtain estimates of tree height and stem diameter.
Stem biomass was calculated by using H and D to estimate volume, which
was then converted to stem biomass using an average specific gravity of
0.33 g/cm3.

Simulated time series predictions between Julian date 204 and 25 (July
23-September 13, 1979) for stem dry weight, tree height, and diameter
have been compared to the 8 field-grown, permanent growth plot trees
measured during 1979. The coefficient of determination between measured
mean value (n=8) and the simulat