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Abstracts
Growth models provide a powerful tool for displaying consequences of alternative management activities. Growth data from the inventory of the forest to which
they are to be applied can be very useful for modeling if used with due regard for
the data's strengths and weaknesses.I nventory growth data represent the combined
effects of site qual ity, intensity of pest damage, climatic variations, and ecotypic
differences. However, because inventory data are limited to representing situations
that already ex ist, information from experimental treatments also is required if the
growth model is to be used for comparing plans that include treatments not in general use. Sampling theory suggests principles to guide the use of inventory growth
data in growth models. lf these principles are followed, growth models can provide
a feedback control loop in the forest management planning system that compensates
for the effects of past sampling errors and projection errors.
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Waldinventurdaten für die Bildung von Wachstumsmodellen

Mit Hilfe von Wachstumsmodellen können die Folgen von verschiedenartigen
Waldbehandlungen aufgezeigt werden. Zuwachsresultate aus der Inventur eines Waldes, für welchen man derartige Prognosen machen will, können für die Modellbildung sehr nützlich sein, sofern man die Möglichkeiten und Grenzen der Anwendbarkeit derartiger Resultate gebührend beachtet. Die Zuwachsresultate aus der Inventur
sind durch den Waldzustand, den Standort, den Witterungsablauf, Krankheiten und
Schädlinge beeinflusst. Da Inventurresultate nur für Situationen existieren, die bereits bestehen, müssen durch Experimente weitere Informationen gewonnen werden,
sofern man auch die Folgen von üblicherweise nicht oder noch nicht angewandten
Behandlungen studieren will. Die Theorie der Stichprobenerhebung legt Prinzipien
nahe, nach denen die Zuwachsdaten aus Inventuren in Wachstumsmodellen benützt
werden sollten. Wenn diese Prinzipien befolgt werden, können die Wachstumsmodelle bei jeder Inventur neu überprüft und kontrolliert werden, womit frühere Planungsfehler aufgedeckt und kompensiert werden können.

*Located at the lntermountain Station's Forestry Sciences Laboratory, Moscow,
ldaho, U.S.A.
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Planning Context for Growth Models

Forest growth models can have many uses, ranging from generating physiological or silvicultural hypotheses, to serving as submodels for analyzing the oxygen-carbon dioxide balance of the atomosphere. However, in this discussion I am only concerned with growth models usable for analysis of silvicultural options for forest management planning.
Renewable-resource planning differs from other fields of economic decisionmaking in a
fundamental respect: the factory is also the product. And in forestry, the factory is valued
for many attributes other than its timber yields. Therefore, forest management planning requires the capability to view the future forest through the eyes of lumbermen, hunters, fishermen, hikers, hydrologists, and users with many other interests. Each of these user populations wants to know how a proposed management action wil I change the capacity of the
forest to produce their kind of product or be suited to their kind of use.
In this context, the existing forest inventory is only the present view, tobe used as the
starting point for repeated prognoses for each alternative plan of management. Features described by the inventory are of interest only if they form an image that shows the suitability
of the forest through future time for the use that is of particular interest to the viewer. This
view of the future forest has often been produced by a simple mental process using existing
volume, growth, and removals.
Fora well-regulated age class distribution in a forest managed under a few fixed rotation
lengths, projections based on current growth per unit of land area may be adequate. For
more complicated situations, current growth totals may signify that a problem exists, but
they are a poor basis for projection. Distributions of land area by site class and stand age are
for the explicit purpose of replacing mental projections with a growth model - the traditional yield table.
Now, new technology is replacing simple yield table models with models that can provide
projections for more varied kinds of management alternatives, including pest control, and
for more varied kinds of forest yields. But, as the capabilities of growth models are increased,
requirements for data to calibrate the models also increase. 1nventory data can serve this need
for some formulations of growth models, but not for all. Conversely, some growth models
can be used to project existing inventories but others are intended to represent development
of stands from their very beginnings. The utility of forest inventory data for developing and
calibrating the model depends in part on this distinction of intended use. And in part, the utility of inventory data depends on its inherent nature, with both strengths and weaknesses.

Strengths of lnventory Growth Data

The key strength of inventories as a source of growth observations is that they represent
the combined influences of environment, pest populations, site quality, competition, genetic
variation, stand composition, and past stand history. Furthermore, measurements of growth
based upon inventory data provide good coverage of the range of variation of these influences tobe found in the population being considered. And for diameter growth in particular,
the samples are very numerous. For example, in the inventories of National Forests of northern ldaho and western Montana, diameter growth rates were collected from 39,327 trees of
10 species growing in 50 different ecological habitats. Even a very well-financed research
program would have a difficult time providing comparable coverage of species and habitats.
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An often-overlooked strength of modeling with growth data from the inventory of the
same forest on which the model is to be used is that predictive variables used in the model
are automatically measured to the same standards as the inventory. Both use the same definitons, classes, and codes. Consequently, application of the models is a simple matter. In particular, the consistency of plot size for measurement of stand density avoids the problem of
biased predictions identified by Jaakkola (1967).

Limitations of lnventory Growth Data

The limitations of inventory data for developing growth models are not trivial. lnventories
can only measure conditions as they exist. But a major use of growth models is to predict
the consequences of changing management practices. lf these practices create conditions that
are not represented in the present inventory, then the predictions may be unreliable. For example, the levels of pest populations in the area sampled by an inventory plot location are
seldom described in quantitative units. Therefore, the baseline is poorly defined from which
improvements due to pest management should be measured. Furthermore, the upper limits
of growth potential are undefined. Without a comprehensive system for describing tree vigor
and pest damage levels, double-counting of losses to pest- and environment-related damage
is difficult to avoid.
Estimates of coefficients in growth models are subject to large statistical errors because
there is a large component of unexplained variance in the data, and the data tend to be clustered at the centers of ranges of the explanatory variables. However, this disadvantage is partially offset by the availability of large numbers of observations.
Experience with lodgepole pine (Pinus contorta) illustrates the differences between inventory growth data and experimental growth data in this regard. The data were used to estimate
the values of the parameters in a tree-basal area increment equation that used as predicator
variables: d.b.h., crown ratio, percentile in basal area distribution, relative stand density
(crown competition factor), site quality, and elevation above sea level. For this regression
model the standard error of estimate was ± 0.47 square inch using data from 1,313 growth
sample trees from the inventories of the Helena, Deerlodge, and Beaverhead National Forests. By comparison, data from a research study of growth in relation to stand density for
341 trees of the same species in the same area resulted in a standard error of estimate of
± 0.24 square inch. The difference was caused by the careful screening of the experimental
plots for uniformity of age and stocking and freedom from disease or damage.
Neither inventory data nor observations of experimental plots provide a very good basis
for the mortality components of growth models. Of these two sources, inventory data derived from objective probability samples are preferred for obvious reasons. However, mortality, especially in managed stands, is so clustered in time and space that traditional sampling
methods seldom provide estimates having sufficient precision for long projections. Largescale color aerial photography is one way to greatly increase the number of trees that can be
included in a sample of annual mortality. However, causes of mortality cannot be determ ined
without ground examinations. For some uses, causes are not necessary.But if pest management options are to be incorporated in models, then procedures for monitoring mortality
rates in relation to causes are needed.
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Control Function of lnventory Growth Data in Forest Planning

The final aspect of modeling with growth data derived from inventories that will be discussed here is its role in the sampling basis for planning. An important attribute of most systems of forest planning with which I am familiar is that the plans are revised frequently.
Changing goals of the managers and unforseen changes in the forest require regular reassessments of plans. lf the revision of plans is based on new inventory sample data and on new
yield data derived from the forest being inventoried, then the revision process serves as a
feed-back control loop in the forest system. The new plan compensates for effects of past
sampling errors and projection errors only if the inventory is based on new information for
which the sampling errors are independent of the preceding sampling errors.
In continuous forest inventory, successive samples are not independent. Hence, their feedback is positive, introducing even greater departures from the goals in a forest management
system. The lack of independence has been cited as an advantage of continuous inventory
because growth rates are estimated more precisely than they would be from independent
samples. However, in present-day planning, there is decreasing reliance on regulation based
on volume increment in formulas such as the Austrian (Heyer's) and the Hanzlik methods.
lnstead, we rely on explicit prognoses of the inventoried stands to display the consequences
of proposed cutting schedules.
For the control function tobe fully effective, the growth models that are used to illustrate alternatives should also respond to the variations in growth conditions from one inventory period to the next. 1n this respect, we are concerned with more than using growth data
from the inventory to build the model - we are concerned with the capacity of the model
to use new growth information from each new inventory to readjust the growth-prediction
equations that comprise the model.
One way to use current growth data is to modify certain of the model parameters using
growth during the period immediately preceding the latest inventory. This approach is suggested by analogy to sampling theory for regression estimation:
/\

Y = y + B(X-x)
.,..

where Y and X are means for the entire population and y and x are sample means and Bis a
coefficient tobe determined.
lf the sample is drawn from a population characterized by a linear relation of y to x, then
the estimate is unbiased. Two key premises to this conclusion are that the functional relation of the sample model agrees with the true population model, and that y and x are unbiased estimators derived from the population being considered. Furthermore, B can be derived quite independently of the sample, although efficiency is improved if it is close to the
value for the entire population. In a growth model, Y is some future characteristic of the
forest so y cannot be measured on any sample. Then, the model becomes:
A

Y

= a + B(X-x)
A

where a and B are regression coefficients. For Y to be an unbiased and efficient estimate, a
and B must be assumed to represent the population regression model. For predictions, estimation of a should give greatest weight to the most recent period. lf data from several preceding periods are available, exponential weighting might be appropriate.
Certainly the growth models we are considering are far more complicated, discontinuous
and nonlinear than the simple regression model. Yet the essential elements are present if
we think of the B(X-x) part of the regression model as corresponding to the functional re-
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lations in the growth model. Then, the intercept term a can be thought of as corresponding
to the location parameters of the model. With these analogies, sampling theory suggests three
principles guiding the use of inventory growth data in growth models:
1. The more closely our growth model can be made to represent the true functional relations in the population, the less critical are the needs for estimating the coefficients in the
model from precisely the same population being considered for application.
2. Estimates will be unbiased only if the location parameters of the functions are derived
from the population to which the model is tobe applied.
3. Variance due to sampling can be reduced if model coefficients are estimated from samples obtained through experimental designs that enhance orthogonality of the observation
matrix and through use of efficient estimators of the parameters.
Consideration of these principles in relation to the strengths and weaknesses of data sources
leads to a strategy for developing and calibrating growth models that can provide a valid basis
for forest management planning. There is a place for experimental data in determining the
functional form of relations and for estimating some of the model parameters. But there is
also a necessity to pace the projections in accord with growth rates sampled in the same population to which the model is tobe applied. Modifying previously established growth models
in accord with the sampled growth rates provides control in the form of negative feedback
that keeps forest cutting plans centered on the objectives of the manager. But as in many
other control systems, attenuation of the feedback may be needed. 1n this respect, system
theorists are only restating a practice long known to foresters as "approach to normality" in
using yield-table growth models.

Reference

Jaakkola, Sipi, 1967: On the use of variable size plots for increment research. Paper presented at International Union of Forestry Research Organizations, XIV Congress,Sect. 25, p. 371-378.

27

