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PREFACE

In recent years, the area of forest growth modeling has developed
rapidly. Consequently, "Growth Models for Tree and Stand Simulation™
was chosen as the theme for two meetings in 1973 of IUFRO Subject
Group S4.01 Mensuration, Growth and Yield. Rapid development continues
in the application of sophisticated analytical techniques and computing
technology to forest growth modeling problems. Progress is also being
made in the application of these growth models in forest management
decision making; therefore, the leader of IUFRO Subject Group $4.01
decided to convene a meeting with focus on the most recent growth
modeling advances and with particular emphasis on applications of growth
models in forest management. The meeting was held on the campus of
Virginia Polytechnic Institute and State University, Blacksburg, Virginia,
USA, in October, 1977. Papers presented at the session in Blacksburg
form the contents of this book and are arranged in alphabetical order
by last name of the senior author. It should be noted that this volume
is a documentation of the material presented at the meeting; we have made
no attempt to revise or edit (other than minor format changes) manuscripts
submitted by the authors.

Publication of these proceedings was made possible by designating
a portion of the registration fee for this purpose and by a contribution
from the School of Forestry and Wildlife Resources, Virginia Polytechnic
Institute and State University.

Many individuals contributed to making this IUFRO meeting a success,
We wish to acknowledge especially the help of Dr. Otis F. Hall, Head,
Department of Forestry and Forest Products, Virginia Polytechnic Imstitute
and State University. In addition to working on the technical papers
session held in Blacksburg, Dr. Hall assumed primary responsibility for
organizing the field trip to Jacksonville, Florida.

Jaran Fries
Harold E. Burkhart
Timothy A. Max

COVER: Kaingaroa Forest, Rotorua Conservancy, New Zealand
(Photo by J. H. Johns, New Zealand Forest Service)

iii







TABLE OF CONTENTS

PYMOD: A Forecasting Model for Conifer Plantations
in the Tropical Highlands of Eastern Africa . . . . .
D. Alder

Problems of Yield Prognostication in Slash Pine
Plantations Infested by Fusiform Rust . . .
Loukas G. Arvanitis

HUGIN A Swedish Research Project Develeping Methods
for Long-Term Forecasting of Timber Yields . . . . .
Gote Bengtsson

Multiple Benefits from Forests: A Solution to a
Most Puzzling Problem . . . . . . . . . . . . . .. .
Stephen G. Boyce

Yield of Site~Prepared Slash Pine Plantations in
the Lower Coastal Plain of Georgia and Florida . . ,
Jerome L. Clutter and David M. Belcher

Single-Tree Competition Models, Predicting Stand
Development After Cleaning . . . . . . . . . . N
Lennart Eriksson

The Grid Method - A Way to Generalize Sample Tree
Data . . . . .. . oL 000, o e o
Bjorn Hagglund

Evaluation of Site Quality in Connection with a
Model for Large Scale Forecasting of Timber Yields
Biorn Hagglund

A Growth Model as a Basis for Long-Term Forecasting
of Timber Yields . . . . . . . . . . . . . . .. .
Bengt Jonsson

On the Computation of Annual Ring Indices ., . .
Bengt Jonsson and Bertil Matern

Impact of Planting Density and Juvenile Spacing on
the Yield of Douglas-fir . . . . . . . . . . . e
Kenneth J. Mitchell

Long Range Forest Development Models . . . . . . . . .
Nils-Erik Nilsson

g

Page

14

25

40

33

71

83

95

119

138

143

159




Page

Estimating Individual Tree Growth with
Tree Polygons . .+ + « & o « + &+ o o ¢ o o+ s = 4 s w5 ox e s 172
Dieter R. Pelz

Grouping Forest Growth Simulation Procedures
into a General User-Oriented System . . . . « « + « = &+ s o 179
Clark Row and Elizabeth Norcross

Predicting Stand Structure in Evenaged Stands . . . . . . . . 193
Krishna P. Rustagi

Statistical Analysis of Linear Growth and

Yield Models with Correlated Observations from

Permanent Plots Remeasured at Fixed Intervals . . . . . . . . 209
bonald W. Seegrist and Stanford L. Armer

Long-Term Yield Forecasting Models; Validatiom
and Iterative Estimation . . . .« ¢ ¢ & « ¢ = « ¢« & ¢ 4 4 & o 224
Kenneth J. Turnbull

A Model to Generate Stand Strategies for Intensively
Managed Radiata Pine Plantations . . . . e e e e e e 230
B. J. Turner, R. W. Bednarz and J. B Dargavel

Markov Models for Stand Projection . . .« . - + + o « « o o 243
James S. Williams

_vi_




PYMOD: A FORECASTING MODEL FOR CONIFER PLANTATIONS
IN THE TROPICAL HIGHLANDS OF EASTHERN AFRICA

b, Alder
Research Officer
Unit of Tropieal Silviculture
Department of Forestry
Oxford University OX1 3RB
United Kingdom

Summary

Softwood plantations exceeding 200,000 ha exist in Kenya, Uganda, Tanzania

and Malawi, mostly comprised of Pinus patula, P. radiata and Cupressus

lusitanica. A model to forecast growth and management of this resource is
described. ,Height prediction is by an extended log/reciprocal function.
Diameter increment is determined by stand height, tree dominance, and stand
basal area relative to maximum basal area, Volumes are determined by a
taper function compatible with existing total volume estimators. Scheduling
of cutting on compartments is by a volume quota goal satisficing algorithm
that may delay thinnings and clear felling and which gives priority to
compartments most overdue for cutting., The model is im a FORTRAN computer

program called PYMOD.




Introduction

Extensive forest plantations, comprising mainly Pinus patula, Pinus rédiatﬁ‘

and Cupressus lusitanica have been established in the highland vegions of

Kenya, Uganda, Tanzania and Malawi at altitudes varying from 1500 m to
3000 m. The total extent of the resource is difficult to gauge, but is

now well in excess of 200,000 ha, Apart from a number of sawmills already
functioning, there is an existing pulp mill in Kenya, and firm proposals
for mills in Malawi and Tanzania. It is clear that the margin between the
available increment of the resource, and its actual utilization may be
expected to close rapidly over the next decade; this in turn will require &
radical change in methods of scheduling harvesting operations to utilize
the resource most fully, It also requires more accurate and flexible

methods of yield prediction than have hitherto been available.

To aseist in this process, the United Kingdom Ministry of Overseas Development

has financed a series of vesearch projects related to growth and yield
studies in these countries, The present paper is in the nature of an
interim report and discussion of a simple growth prediction and scheduling
model intended to be made available for operational use in Kenya and

Tanzania during 1978 that has been developed under one of these projecis,

The emphasis in the model is on conceptual and programming simplicity and
robustness; together with a measure of open-endedness in the design which
should facilitate the continuing adaptation of the model to differing
aeeds. In order to achieve these aims, a measure of sophistication has

had to be abandoned, The stand growth model is, in the terminology of
Mupro (1974), a distance-independent modd whose closest antecedents are the
work of Clutter and Allisom (1974), and Gibson gt al. (1970, 1971). Ths=
scheduling algorithm is based on simple decision rules applied go as to
satisfy a eingle constraint, i.e. harvested volume guota; and has again
been evolved from the algorithm used by Gibson et al. for regulated cutting

in the FORSIM model.




Description of the main features of the model

It ie a primary assumption of the present model that each forest compartment
1s monospecific and even-aged. Each stand is defimed in the model by the

fdliOWiﬁg variables: -

COMP (3) A 3-word compartment identity. The first two woeds are fixed
‘ throughout a simulation. The last one may be modified and

refers to subunits termed logging units,

spp Contains a species code for the stand
AREA Defines the stand area in hectares
ST ' Gives the stand site index, defined as the mean height of the

100 largest d.b.h., stems per hectare (dominant height) at an

index age of 15,

PYR Year of establishment of the stand

HDOM Stand dominant height

STK S8tocking, as stems/hectare

sV (10) A vector of ten diameters, representing the 5%, 15%.....85%,

95% points of the cumulative frequency distribution for the
stand, Thus, for example, SV (6) would contain a diameter
value such that there would be a 557 probability of any tree
in the stand being smaller,

YRL.OP The number of years that have elapsed since a required
silvicultural operation fell due., Positive values indicate
that an operation is overdue, whilst negative values indicars
the number of years yet to elapse. ‘

LOPC - Contains a code number for the next operation due on the staud

These varihbles are generated prior to simulation from two alternative
sources. The major source is a data base of compartment Summéarigs produced
by a forest inventory program, PIP, one of whose Sutputes may Le 4 magneti:
tape directly compatible for inpui to PYMOD. The alternative source
consists of establishment option cards. which specify planting rates,
stockings, species, locations, aud site indices, and the vears of the

simulation over which the option 1s to be effective.




Also specified as management options prior to the csmmehcement of the
gimulation are the silvicultural treatments for each species, which are
defined by five variables:-

INH Gives the height at which first thinning is to be #erformed‘
1f zero, then an unthinned schedule is indicated,
cye Gives the minimum period in years that may elapse between

thinnings.

FL Gives the fraction of the stand's stocking to remain after
thinning. '

RAGE Gives the minimum permissable rotation to clearfelling

RSTK Cives the stocking at which the stand is to be restablished

after clearfelling,

Another input required is the definitions of up to four merchantable volume
classes, given in order of desirability or economic value, and each
specified by & minimum dismeter and a minimum length, The same merchantable

classes are used for all species,

Harvesting is regulated by the specification of total volume quotas for
each simulated year for each species. These are input as cards defining
years of application, species, and the anﬁaal quota, By the uvse of several
cards over sequential dates, irregular yield requirements may be

specified. A zero quota suppresses all harvestcing operations on the forest,

The simulation phase consists of an annual eycle of harvesting, plaéting
and veplanting, and growth. In the harvesting phase all stands available
for cutting are sorted according to the YRLOP and LOPC codes, sc that all
gtands overdue for cutting by say n years will have priority over those
cverdue by n-1 years, and so on. Within these groups, cutting operations
' scheduled earlier in the life of the stand will have priority ove: clear-
felling. Thus the time of thinning or clearfelling may be delayed, but,

when performed, & constant intensity, specified by FL, is used,

The actual thinning simulation is based upon an assumed distribution for

thinned stems, defined by the egquation:
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(1)~ r o= p©

where r is the probability of any treec remaining after thioning; p is its
percentile value in the cumulative distribution, and ¢ is a constant:
between 0 2nd 1 which can be shown to depend upon the leave fraction FL.
In effect this distribution simply indicates that small trees are wore
likely to be removed than large ones; that this difference is reduced as
thinning intensity increases (until, in the limit at clear feiling, all
trees are equally likely to be removed); and comsequently that a small
probability exists of even a large tree being removed, Suitable analysis
reveals that given a "leave fraction" L, and a percentile value py

corresponding to the i'th class of the vector SV, defined ag:-
(2)- P, = (i~1)/10 + .05

then the percentile value after thinning associated with diameter sv(i),
S&Y Py, will be:-

/L
(3)- p.. = Lp,

atr 1
Hence from tﬁis vector of revised percentiles, it is possible to interpolate
a4 new set of values SV at the standard percentile values Py- At the same
time the difference between the Py; and p; values for the old stand vector
give a frequency distribution for removals, These calculations are
performed by subroutine THIN which takes the before thinnimg values of STK
and SV, the thinning intensity ¥L, and returns the after thinniﬂg values
and a vector of diameters and freguencies for removed stems which is then

used for volume calculations.

Volume estimation involved two aspects, On one hand, existing wee voluus
equations developed by H.L. Viright ¢f the Commonwealth Forestry Institute,
Oxford, have now been in use for about a decade, and have been sub oot to
rigorous validation tests. On the other hand, it was cbvious Lhat ihe
required degree of flexibility in volume calculation could only be atzaired
through the use of stem taper functions. A stem taper nodel was doveloped
that gave a good geometric description of tree profile with aun aqua’ion of

the fgrm:-




_czf).,.“ ' g, =h_+b( cos (2wh)) -+ 1)

where 8y is relative sectional area at a relative height hr’ these two

parameters being defined as:~
: 2
(5)- g, = (4/D)
where d is sectional diameter at height h, and D is d,b,h,, aund
(6)~- h, = (ht - h)/(ht - 1.3)

where ht'is tree total height in metres,

The relative height and sectional area terms are derived from Ormerod (1973;.
Polynomial models of stem profile where studied (Bruce et al., 1968), but
equation {4) was found to be simpler and more economical in practice. Volume
calculations involve first of all the estimation of tree height ht from
dominant height HDOM and tree diameter for the i'th class 8V (i). This

done by calculating tree volume from the Wright equations in a subroutine
TREVOL, Tree height is solved by assuming a form factor of 0.5, and the
taper function is then used to determine the assortment of volumes by an
algorithm that considers the minimum diameter and length of each merchantable
¢lass., 1In this way any error in the estimation of volume is limited to its
partitioning between clasSes, with total volumes being consistent with the

Wright equations,

For output purposes, volumes are accumulated by species and by thianing
operations, Volumes in the different merchantable classes are printed
as percentagas or printed total volumes in order to emphasise the

relatively crude nature of the merchantable volume breakdown,

As each stand is harvested, the accumulated total volume for the curreat
yedr is compared with the guota for that year. This process may continue
either until all available stands have been cut, in which case the quots
is not met, or until the complete harvesting of a stand results in an
excess over the gquota, In this case, a sensitivity trheshold is tested,

1f the surplus exceeds this threshold then the stand is divided iatc an




uncut original unit and a subunit differentiated by inc¢rementing the
logging unit identifier COMP (3), The split-off harvésted area is a
complétely duplicated record from the parent stand and is subsequently

treated as an entirely separate entity,

After a thinning operation, the LOPC operation indicator is incremented

to the next thinning, and the time interval due to elapse, YRLOP, is set
to thinning cycle - C€YC (negative, as discussed earlier, becsuse the
operation is not yet due), The total time that should elapge before this
thinning is compared with rotation length RAGE, and if it exceeds, LOPC

is set to 11, indicating that a clearfelling is the next operation,
Similarly, after a clearfelling, planting is scheduled as the next
operation, in the year following. For stands which could have been
harvested but which were not, then the next operation scheduled remains
unchanged unless the stand is within 1 year of rotation age, in which case

a clearfelling replaces a delayed thinning.

Planting operations are carried out once harveéting_is complete, and
involve only the resetting of the STX array and the accumulatbn of the
planted area and number of trees required (for nursery plannimg). The
actual diameter distribution for new stands is not generated until the
stand reaches a height of 7 metres, At this stage, & Weibull distribution
whose parameters are species dependent functions of spacing is used to
generate the SV(i) as follows:-

(8)- SV(L) = a + b ( -1In( 1-pi)(1/°)
where a, b, and ¢ are the species and pacing dependent parameters, ' The
Weibull distribution {s used in preference to the Beta or skewed Normal
distributions as, besides being able to adopt the requisite shapeg, it is
quite simple to generate the cumulative diameter values. (c.L£. Bailey

and Dell, 1973; Clutter and Allison, 1974).

At the end of the annual cycle, height and diameter are incremented for
each stand. Dominant height is 2 simple function of age and gite indax,

with coefficients determined for each species:-

{(9)- HDOM = exp(bD + blfAGE + (b2+b3fAGﬁ).(ln 8F = cl‘},fagff




and c

1 bo + blflS

c, = b2 + b3/15
piameter ¢lass increment is determined in subroutine GROW, using the

following sets of relationships:-

(10)- oMAX = a (1 - exp(=b.HDOM)®
GAMMA = 1 - G/GMAX

whefé CMAX is an estimated maximum basal area for the species determined
by & hand drawn curve from permanent plot data as a function of dominant
height, and represented numerically by a Chapman- Richards function with
species dependent coefficients, GAMMA is an index of stand baeal area (G}
relative to maximum basal area, defined so that it is zero for stands at

the maximum and tends to 1 for open-grown trees,

(11)~ DINC = a -+ bo exp (HDOM (b1 A bZ.DOM + bB.GAMMA

+ ba.DOM.GAMMA))
where a and bi are species-dependent coefficients, DINC is diameter

{ncrement for a given value of SV(i) and DOM is:
(12)- DOM = SV(i)/DDOM

where DDOM is dominant diameter, determined before-hand as weighted mesn

of the SV vector with the weights governed by stocking $TK., DOM is thus

an index of the competitive status of each diameter class. After
{ncrements have been added to the 5V array, they may be corrected if the
resultant basal area exceeds GMAX by a reduction proportional to the cxcess.
Without this correction, unthinned older stands tend to attain te high a

basal area.

Simple mortality due to suppression was not found to be a gignificant
occurrence over the range of management represented by the permanent plot
data available. Most stands are planted at stockings of 1100 to L70C

stems/ha, and actual survival through the first two or three years tends bo




be in the range 600 to 1400 stems per hectare. For this reason densiey
dependent mortality ie mot included. Specialized wegional biotic and
climatic factors such as deaths from Dothistroma needle blight and windfall
may eventually be incorporated as specific subroutines that can optionally
be switched on if required, These routines will be develosed in response

to local needs.

At the end of each annual growth cycle, summarised volumes and planting
details are output, as shown in the example, The program then increments
the date by one year and repeats the simulation phase. There is no inherent
limit at present on the period of time that can be simulated, The program
is reasonably fast, operating on an ICL 1906a at a rate of about 0,05 seconds

per compartment per year,

biscussion of Model Validity

Space does not permit a detailed consideration of results from model

validation studies, but the principal points may be briefly summarized here,

The growth model tends to underestimate yields by a mean factor of
approximately 10% of the observed volumes, Over a wide range of stand
conditions, 95% confidence limits on volume yield predictions range
between 407 unerestimation and 207 overestimation by the model, These
figures are relatively crude approximations since, as may be expected,
the distribution of errors from the model are far from normal and appear
to be several overlapping multinodal distributions, It may prove
possible at a later stage to relate typical patterns of deviaticns from
the model to bilotic, edaphic or climatic factors in a simple way., Much
of the error appears to arise therefore from the very broad regional

agglomeration of data in developing the growth functions,

Nonetheless, the model is surprisingly accurate for many stands, and
effectively simulates aspects of treatment response, ag can be seen from
figures (1) and (2). Figure (1) refers to a spacing experiment at Kwiva,

Tanzania, in Plnus patula. This figura shows that volume fnoremeant {s
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Figure 1 : Two Simulstions of Thinning Experiment LE in
Tanzania (P.patula) from different starting condlitions.
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accurately represented over a very wide range of spacing treatmeﬁtﬂ.
Figure (2) shows two Cypress permanent gample plots in Kenya which are .

of different site indices, stockings and ages. Both had a long series

(by our standerds) of measurements with a central heavy thinning, The .
simulation implicates an asccurate portrayal of thinning intensity in terms

of volume and reaponse in terms of subSEQuent growth rate.

Conclusions: Further Developments

The model as descri£ed is an immediately applicable planuning tool which -
fills ip an important vacuum in presently available methodology. At-the
same time, it is iikely that any consistent and continuing use of the
model is likely to reveal defects in relation to any given local

hnplggentation; These will be of two major types:-

(1) The logic of the scheduling algorithm may prove to be inadequate. Two

situations in particular can be foreseen:-

'(i) Where management requires the balancing of a number of -
constraints and production factors simultaneously, Such a
'situétion may be dealt with by linear pogramming methodology;
but the author is currently working on an extension of the simple
goal satisfaction method gven here that may also resolve this
problem whilst retaining the essential simplicity of the model.

(ii) Where regional agglomeration of cutting operations are desked
Again this may be dealt with through 2 revision of the
satisficing logic to hcrease weights given to compartments as

others in the same area are harvested,

(2) Specific features in the growth model may require modification., This
might involve development of local growth functions within the existing
framework to improve accuracy; or it might involve the incorporation of
subroutines for, for example, proportional losses from fire wind falil,

possible on a stochastic basis.
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Documentation

Program documentation together with examples of inputs and outputs are

available’ from the author.
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PROBLEMS OF YIELD PROGNOSTICATION IN SLASH PINE PLANTATIONS
INFESTED BY FUSIFORM RUST!

By Loukas G. Arvanitis

Professor, School of Forest Resources and Conservation
University of Florida

SUMMARY

Slash pine plantations cover more than 5.1 million acres (over 2.0
million hectares) or one-third of the commercial forest Tand base, of the
southern United States coastal plain regions. With an estimated biological
potential for annual growth of more than one billion cubic feet (29.3 million
cubic meters) these plantations constitute a major source of the area's fu-
ture wood supply. A good portion of slash pine plantations that have been
established during the past decade are growing under intensive management
practices which include fertilization, bedding, drainage, and planting of
genetically improved stock. However, they are increasingly subjected to
epidemics which will have an impact on the expected yield at harvesting age.
This paper presents some of the managerial implications introduced by fusi-
form rust, and suggests a framework to make reliable yield prognoses.

Additional key words: Pest management, Cronartium fusiforme, Pinus
elliottii.

INTRODUCTION

During the last three decades, infestation of pine plantations by
fusiform rust has increased exponentially in many parts of the southeastern
United States ranging from Maryland to Texas (Fig. 1, 2). The disease is
caused by the heteroecious fungus Cronartium fusiforme Hedgc. and Hunt ex.
Comm. Water oak (Quercus nigra L.) appears to be one of the most important
hosts especially in northern Florida and parts of Georgia. Succulent pine
shoots and primary needle tissues are infected during spring time when
basidiospores, produced on telial columns on oak leaves, are disseminated
by wind to the surrounding areas. Following infection, branch and stem
galls are formed. There is no documented evidence that the disease spreads
from one pine tree to another. In cases of severely infected trees with
stem galls, subsequent wind breakage may cause mortality of varying degrees
to pine plantations (Fig. 3, 4). At this stage, no feasible suppression
measures can be applied to trees that have already been established.

CONTRIBUTING FACTORS

Recent research findings indicate that there are interactions between
site conditions and rust incidence or severity. The available inoculum and
the amount of susceptible pine tissue are both proportional to rust infesta-

lpaper presented by Railph L. Amateis, Graduate Student.
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tion in a given area (Hollis and Schmidt, 1977). The former is attributed

to the presence of host plants while the latter is a function of cultural
treatments and the age of the plantation. The incidence of rust is increas-
ingly pronounced during the first ten years after planting and diminishes
from there on (Fig. 5) although early infestation may lead to tree mortality
at a later stage. Intensive cultural practices, such as site preparation
before planting and subsequent fertilization seem to accelerate the incidence
and severity of rust due to the increase on the available succulent pine
tissue. There is also speculation that major fresh water drainages, pre-
vailing winds, and relative humidity contribute to the spread of the disease,
but no quantitative estimate of their relative merit is available at this
stage.

ECONOMIC IMPACT OF FUSIFORM RUST

Reliable estimates of the monetary impact of fusiform rust are not
avajlable. Some forest scientists maintain that in Florida and Georgia
alone, for example, fusiform rust causes an estimated annual loss of about
100 million cubic feet (2.8 million cubic meters) of growing stock or
280 mi1lion board feet of saw timber in southern pines. Others consider
this impact rather conservative and argue that an annual stumpage loss of
$10 million represents $250 million in Finished wood products. Additional
losses may occur in wildlife, aesthetics, and outdoor recreation that have
not been considered as yet. It appears that objective estimates of the over-
all economic impact of fusiform rust on slash and loblolly pine will not be
available unless the incidence, spread, and severity of the disease through
time are well documented.

The effect of fusiform rust on pine plantations varies, aside from
site conditions, with the age of plantations, the severity of infestation,
and the resistance of species. Extensive mortality may occur both at an
early stage of a plantation as well as later due to wind breakages of trees
that have developed stem galls. As a result, the expected quantity of wood
at harvesting age (25 to 30 years after planting) is reduced. In addition,
the quality of pulp produced from infected trees is inferior compared to
that obtained from healthy trees. Additional costs are realized in clear-
ing and replanting heavily infected areas, growth Tosses due to prematurely
harvested plantations, and potential sawtimber producing compartments where
infected trees have to be removed prior to reaching desired size limits.
From the managerial point of view, an array of feasible alternative courses
of action is needed to either eliminate or minimize the overall impact of
fusiform rust, which is a disturbing force in a forestry operation.

MAJOR ANOMALIES INTRODUCED BY FUSIFORM RUST IN LONG TERM YIELD PROGNOSTICATION

One of the essential inputs of any rational forest management for fiber
production is the anticipated yield, however expressed and assessed, at
different points in time during the planning horizon. Yield predictions
are usually developed on the basis of past recorded evidence and the present
growing conditions of a forest. Net yield values may include some natural
mortality but seldom destructive forces, 1ike fusiform rust, pine beetles,
pitch canker, wildfire, etc., are treated as stochastic elements in yield
prognostication. Forest managers need reliable yield estimates under different
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sets of conditions to evaluate outcomes of alternative strategies\and respec-
tive probabilities of occurrence (Stage, 1974}.

Geneticists are working on various progeny trials to develop fusifdérm
rust resistant trees. However, there are already indications which suggest
that trees resistant to rust may be susceptible to pitch canker disease. At
this stage, no feasible solution that will eliminate similar problems in the
foreseeable future is evident. '

EXISTING RULES FOR MANAGERIAL DECISIONS

In the southeastern United States, only in very few cases have attempts
been made to develop rules for selecting management strategies that cope
effectively with the fusiform rust problem. Table 1 summarizes operational
guidelines based on percent of trees infected by fusiform rust {regardless
of the severity of the disease), and the number of surviving healthy trees
per unit area (Belcher et al, 1977). Far from being perfect or widely accepted,
Table 1 is an attempt to set the stage for further ramifications.

It is of interest to note that although thinning is not a widely accept-
ed practice in pine plantations of the Southeast, it is considered a feasible
alternative at least in high hazard rust infected areas. In his study,
Belcher reported that only in one forest of 19,000 acres (7,600 hectares)
which is heavily infected with fusiform rust, about 80,000 cords (287,000
cubic meters) can be salvaged through marked thinnings over a 12 year period.
Without thinnings this amount of wood which represents a current stumpage
value of $2.2 millions, will become a mortality loss due to fusiform rust.
Furthermore, documented Tow rust incidence in dense natural pine stands has
introduced the possibility of returning to natural regeneration, at least in
high hazard areas.

THEORETICAL CONSIDERATIONS

As postulated by Shoemaker (1976), a pest control management model
encompasses at least three components: (a) Transfer eguations, describing
dynamic changes in population size through time as a function of other pop-
ulations and exogenous factors, e.g., environment and management decisions,
(b) Objective functions, and {c) Constraints that might be placed on popu-
lation sizes and management alternatives. Transfer differential or differ-
ence equations may be used to predict changes in yield and pests through
time as affected by population size (state variables) and managerial
decisions (control variables).

If the managerial objective is to maximize net gain, one may proceed
as follows:

Max E [P(Y) « Y{v)} - C{v}], where

—
i’

yield

—_
——~
-
L
i

realized yield from empioying management practice v

(e ]
—
<
p—
il

cost of implementing management alternative v
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p

[t}

price

E = expected value.

Contraints on state and control variables depend on specific conditions.
Sotutions of similar management models can be found through simulation
(Leuschner, Matney, Burkhart, 1977) or optimization techniques such as
tinear or dynamic programming. The major drawback is lack of hard data des-
cribing the dynamics and interactive effects of pest populations, the forest
plantations, and their site conditions.

CURRENT RESEARCH

The problem of fusiform rust has been studied for a number of years
by pathologists, physiologists, and geneticists at the School of Forest
Resources and Conservation, University of Florida, and other parts of the
Southeast. Our contribution is part of a new effort in the emerged scienti-
fic discipline of integrated pest management. The main objective is to de~
velop conceptual and mathematical yield predictive models that will consider
the dynamics of stands, the dynamics of the disease, and their interaction
with site-specific conditions.

Three test sites of siash pine (Pinus elliottii var. elliottii [Little])
have been selected in southeast Georgia on the basis of the degree of infes-
tation (1ight 27%, medium 44%, heavy 70%) and the availability of field oh-
servations. Trees are now 14 years old and their breast-high diameters,
heights, and conditions (healthy, dead, infected with fusiform rust) of each
tree have been recorded 3, 5, and 10 years after planting. The relative
position of trees within each stand is specified in terms of X- and Y-
rectangular coordinates since they were planted at regular intervals, rang-
ing from 7 x 12 feet (2.1 x 3.7 meters) to 10 x 10 feet {3 x 3 meters).

From the input data, computer generated maps have been developed to
study the spatial distribution of healthy, infected, and dead due to fusi-
form rust trees at different points in time. These maps will also be used
to test distant-dependent tree and stand parameters, such as accelerated
growth of survivals, and the efficiency of alternative sampling designs for
rust impact. With respect to the latter, very seldom, if ever, sampling
considerations are considered as an integral part of the decisions that will
follow. Projections may be misleading if they are based on estimates of un-
known precision, as often is the case.

The need to institute a type of Tife-table approach to stand dynamics
is another consideration of our on-going research. Life tables, a useful
tool in biostatistics, have already been used to study insect populations
(Waters, 1969). They provide a reliable basis for developing multiperiod
transition probabilities of stochastic models for stand projection, such as the
one advocated by Penden, Williams, and Frayer (1973).

The inadequacy of past data on rust infection of individual trees has
presented problems in deriving meaningful relationships. In subsequent
field measurements more detailed observations will be obtained on indivi-
dual trees and stands (Appendix).
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Several hypotheses with Tong term effect on yields have been pos-
tulated that need to be tested:

-The infected trees are evenly distributed among all diameter classes
in merchantable stands {Belcher, 1977).

~There is a latitude effect or south-to-north increase in rust inci-
dence {Schmidt, Goddard, and Hollis, 1974; Daniel, 1977}, but it is not
known whether the rate of change is uniform.

-Major fresh water drainage systems influence rust incidence. It has
been reported that plantations within a three mile wide strip along such
drainages have three to four times more rust than those located six to seven
miles inland (Daniel, 1977). Such postulates bear economic significance and
may be used as guidelines in selecting sites for planting superior rust re-
sistant trees in the future.

CONCLUDING REMARKS

The anticipated increase in the demand for wood supply will place
additional emphasis on intensive management of pine plantations in the south-
eastern United States. Cultural treatments that stimulate growth may also
increase the chances of pest infestation, such as fusiform rust. Managers
need contingency plans that will effectively lead to the best trade-offs
under given conditions. Compromises that may result in species substitution,
e.g., loblolly pine (Pinus taeda) instead of slash pine, and encourage genetic
heterogeneity to minimize expected losses in the largely even-age managed pine
plantations constitute an integral part of managerial strategies. However,
our knowledge of the long term interactive effects of the dynamic system
"forest-pest-site” is fragmented and incomplete.

Although standards of utilization and values of various wood products
may vary with time, reliable yield estimates should reflect disturbances
introduced by forest pests. One should also be cautioned on differences that
may exist between yields observed on small research plots and that of larger
managed forests (Bruce, 1977). Finally, as it has been suggested by the Pest
Control Forest Study Team, National Academy of Sciences (1975}, the high
productivity of forests under intensive management, coupled with favorabie
market conditions, should provide needed incentives to include integrated
pest management as one of the essential components of the decision making
process.
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APPENDIX

Quantification of Fusiform Rust infection

1. Individual Tree Identification

Size of tree: diameter, height (total, merchantable 4" top), volume,
surface, bark thickness, height to base of live crown.

Age: time of planting, time of infection after planting.

Description of tree infection: number of cankers per tree (stem &
1imb), Tocation.
stem: height above ground, proportion of stem diameter with canker.

branch: distance from stem (less than 12 inches, more than 12 inches)

Size of Canker: length, circumference, diameter, height.

o Stand Characteristics: volume, surface, basal area, number of trees
per unit area, site, age, diameter distributions.

cultural treatment: fertilization, site preparation method, thinning,
prescribed burning.

Number of trees with stem cankers versus branch cankers or both.
Number of trees with branch cankers which may infect stem.

Distributions of trees based on condition--healthy, infected {stem
or branch), dead.

Number of infections in dominant and codominant trees.

3. Host Species

Abundance: volume, surface of leaves, basal area, number of trees per
unit area.

Proximity to pine stand.

Species present.

4. Climatological data since time of planting.

5, Distance from fresh water drainage.

6. Latitude of stand.
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TABLE 1. DECISION CHART FOR MAKING THE CHOICE BETWEEN REMOVING OR
THINNING A FUSIFORM RUST INFECTED STAND { BELCHER, 1977).

TOTA £
SERCENT OTAL STEMS PER ACRE
OF 249 250 350 | 450 550
STEMS OR TO - T0 TO OR
INFECTED LESS 349 449 549 MORE
70-UP
55- 69
40-54
25 -39
LESS iﬁ“~:E"4mfw4ﬂf—4”7~4"*"ﬂ"_wmmf~“_“ww*i—~::%~""w—ii
s T —HOLD UNTIL ROTATION— —"—
25 e — et e
E 3

REMOVE ALL TREES WITH STEM CANKERS THAT iNVOLVE MORE THAN 50%
OF THE BOLE DIAMETER OR OCCUR IN A FORK, THIS ASSUMES THE REMOVAL
OF EACH 5TH ROW FOR ACCESS.
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HUGIN
A SWEDISH RESEARCH PROJECT DEVELOPING METHODS
FOR LONG-TERM FORECASTING OF TIMBER YIELDS

Gite Bengtsson

The College of Forestry
Department of Forest Survey
S-104 05 Stockholm, Sweden

ABSTRACT

This paper describes a 65wman~year research project within the
College of Forestry in Sweden with the objectives o develop
and evaluate methods for long-term forecasting of timber yvield.
A specific goal is to develop a computerized simulatien systems
for forecasts on national or regicnal level, using data from
the National Forest Survey as description of the starting
situation.

Some requirements and the tentative outlines of this system,

the HUGIN system, are pPresented. Problems concerning the con-
struction of growth simulators and the calculation of the effect
of various silvicultural treatments are discussed. It is stressed
that it is necessary to use data from inventories and experimen-
tal plots as a basis for growth functions. Further the import -
ance is pointed out of making realistic assumptions on the

future management of the forests, taking all significant restric-
tions inte consideration. Otherwise there is an obvious risk

that the forecasts become too optimistic, '

INTRODUCTION

Forestry and forest industry are very important in the Swedish
economy. Due to a rapid expansion of the industry the annual cut
now equals or even exceeds the annual growith in our forests. The
future development of the industry therefore depends to a large
extent on how much timber can be produced within the country.
From a biological point of view there is a rather big potential
for increased timber production through more intensive manage-—
ment of the forests, However, for many reasons this potential
cannot be fully utilized in practice. In this situation there is
a strong need for reliable methods for realistic long-term fore-
casts of timber yield and possible cut and for the analysis of

A paper written for the IUFRO conference at Blacksburg, Virginia,
USA, 24kth - 26th October, 1977.
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the effect of different forest management pelicies, both on
national orx regional level and on enterprise level.

Forestry research is very well established in Sweden since many
decades. We have carried out mnational forest surveys since the
1920:5 and much work has been done in developing methods for
long-term forecasts. Nevertheless we think that the existing
methods are mnot good enough for our present need. Yield re-
search has earlier been teo little focused on the problem

of making growth functions etc, valid for practical forestry.
And the results and methods from yield research have not been
used as much as would be possible in large scale forecasts.
These are, briefly, the reasomns why the research project HUGINi)
was started in 1975, with the task to improve ocur methods for
long-term forecasts. The project is performed mainly within the
College of Forestry. Financial support is given by the govern-
ment, some funds and the Swedish Pulp and Paper Association.

The project will be finished in 1980,

OBJECTIVES OF THE PROJECT

The objectives of the project can be summarized as follows:

- to develop a computerized system for long-term forecasts of
timber yield on mnational level or for regions within the
country, using data from the National Forest Survey 1973 - 77
and the following years as basis for the projections. This
system will be referred to here as the HUGIN system

~ to develop and evaluate methods for timber vield forecasts to
be used in other situations, for instance in long-term
rlanning within forest enterprises. In this case only components
(growth simulators etc. }, not a complete system, will be
developed. Much of this will come out as spin-off effects
from the work with the HUGIN system.

A more general objective is, as indicated above, to coordinate
som earlier planned research going on and try to direct some of
the future research towards this type of applications. Another
objective is to contribute with ideas concerning the future
design of the National Forest Survey.

In this paper the main emphasis is put on a discussion of the
HUGIN system for forecasts on national/regional level. Of course
much similar work has been done in other countries. It is not
possible to refer to these studies here, due to limited space.

PREVIOUS WORK IN SWEDEN

Here I will give a short review of previous work concerning
forecasts on national and regional level. Ever since the first
national forest survey in the 1920:s survey data have been

used in many investigations for analysis of the actual status
of the forest resources and for calculation of potential future

timber yield and cut.

1} HUGIN was the name of a wise bird (raven) in 01d Swedish
mythology.
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some decades further ahead. Only a few management alternatives
could be studied. Some investigations have been made concerning
the potential yvield in the very long run. Growth forecasts were
made by use of series of volume increment percentages or simple
vield tables based on inventory data. However,'already PETTERSSON
(1947) used regression functions derived from Yield research plots
for growth forecasts for the whole of northern Sweden.

for long-range forecasts of forest development has been con-
structed at the Department of Forest Survey within the College
of Forestry, (BERGSTRAND & NILSSON, 1976). The system describes
the probable development of the growing stock under specified
assumptions with regard to future management regimes and levels
of cut. The technique used can be considered as simulation, i.e,
the technique of linear programming is not used. Data from the
National Forest Survey in 1968 -~ 72 are the basis of the pro-.
Jections as well as of the construction of the growth functions
used in the system. The sample plots from the survey are
aggregated before the Projections into about 100 treatment
classes within each of 10 - 15 regions. In the Present version
of the system forecasts can be made for the next 100 vears.

Another system of a similar type has been developed by JONSSON.
(See JONSSON, 1977.) In this case the single sample plots are
calculation units, and growth is calculated for each single tree.

It should be added that there exist several computer programs
in Sweden for similar calculations on enterprise level. In most
0f these the accuracy of growth forecasts is low,

SOME FEATURES OF SWEDISH FORESTRY

In order to give a better understanding of the problems facing
us when making models for timber vield forecasts, I will give a
short description of Swedish forestry today.

The total area of productive forest land is 24 million hectares,
Out of this 50% are owned by private owners, 25% by companies
and 25% are s=tate or other public forests. The present annual
net growth and cut are 70 - 7?5 million mS over bark. Although
there is a substantial variation in the length of the vegeta-
tion period, the climate conditions are rather uniform through-
out the country. We have only a few tree species of economic
significance. (Norway spruce 46%, Scots pine 37%, birch 13% and
other species 4% of the growing stock. )

The most important timber products are pulp wood and saw timber.
Average rotation period is 60 - 150 years depending on site
quality and climate region. About 30% of the total harvest of
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timber comes from thinnings. The regeneration of the stands

is through clear cutting and planting or by natural regeneration
by means of seed trees (pine). At present 180 000 hectares per
vear are fertilized, mainly mineral soils. This area will probab-
ly increase. Some drainage of peat land is performed, which
probably alsc will increase. There is a potential of some millions
of hectares of peat land that can be transformed into productive
forest land, or where the present vield c¢an be increased. A -
comprehensive forest tree breeding program is performed. A new
tree species, Logdepole pine, is now introduced in a large scale
in northern Sweden. This species has shown good survival and rapid
growth in vyoung stands and is expected to give a higher vyield

(25 -~ 60%) than our own pine.

Insects have caused substantial damage during recent vears. Since
the use of DDT was forbidden, the pine weevil (Hylobius)} has se-~
verely damaged our seedling stands. Pine-shoot borers have
reduced the growth of ocur pine stands. Broad-leaved species
threaten the pine and spruce in young stands. High labour costs
for cleaning and restrictions in the use of herbicides make

this an increasing problem.

This exposé is probably enough to give an idea of the features
of the forestry system we try to describe in our models.

As mentioned earlier, data from the National Forest Survey will
be used in the HUGIN system to describe the starting situation
~in cur forecasts and also for constructing some of the growth

functions. Therefore, I will describe in the next section the

outlines of this survey.

THE NATIONAL FOREST SURVEY

The National Forest Survey (NFS) continuously provides data for
the planning and contrel of the utilization of the forest re-
sources. The following description refers to the survey 1973 -~
77. This deésign will be used also during the next few vears.

The NFS is a systematic sample survey, which covers the whole of
Sweden every vear. The observation unit is a temporary circular
plot with a radius of 10 m. The plots are grouped in clusters,
designed as squares with a side length of 1 000 - 1 600 m, each
containing & - 7 plots.,

The main elements of the NFS are

- assessment of site and stand properties, which is the basis
for the estimation of areas of various land classes and types
of forest

- assessment of growing stock (volume, increment, mortality)

- assessment of the fellings last vear {arveas and volume),
"stump inventory'!

- assessment of regeneration status and regemneration activities.

The growing stock is estimated through calipering of all trees
which have reached breast height and measurements on sample
trees. A bore core from each sample tree is sent to the office,
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where the width of the annual rings is measured in machines.
For the estimation of mertality it is estimated which trees
have died or have been wind-thrown during the last three vears.

The number of "volume plets” (plots where a complete site and
stand description and assessment of growing stock is performed)
on forest land is about 10 000 per year. On these plots there
are about 200 000 calipered trees and Lo oo gample ftrees.
Thus, a five vears material comprises about 50 000 sample plots
with one million trees and 200 000 sample trees.

TENTATIVE OUTLINES OF THE HUGIN SYSTEM
Some requirements of the system

The purpose of the HUGIN system is to provide assistance in
the planning of long-term timber production. Roughly speaking
there are two types of questions to be answered by means of
the system:

- How much timber of different kinds can be cut during the
following decades? - Such information is necessary for
decisions on investments in forest industry.

- What will be the effect on timber vield (and possible cut) of
variocus forest management programs and silvicultural treat-
ments? - This information is needed for decisions on forest
management policies and investments in primary production.

We plan so far a dynamic simulation model, which describes the
probable development of the forest resources under specified
assumptions as concerns future management regimes and desired
cut. Thus, the approach is very similar to the one used by
BERGSTRAND & NILSSCN, 1976.

Some general requirements are listed below:

- The system must be flexible enough to allow studies of a
great number of management alternatives.

- The accuracy of growth forecasts should be high, which means
as unbiased estimates as possible and correct relations between
the effects of different management regimes.

- The forecasts must be realistic, i. e. show what can be
achieved in practical forestry. Therefore it must be prossible
to include various restrictions concerning the utilization
of the forests for .timber production.

- It must be possible to extend the forecasts at least 100
vears.

- The system must be designed in a way which makes it easy to
replace different modules by new ones without changing the
whole system.

- All productive forest land in the area under study must be
included. It must be possible to add new forest area or
take away areas that will be used for other purposes than
timber production.

~ The computer costs for running the system must be acceptable.

- The system must not be too sophisticated and difficult to
understand,
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The main owutput will be

- annual yield (increment and mortality) in each decade

- size and composition of the cut in each decade (areas and
volumes)

~ the actual state of the forest resources at ten year inter-
vals (area distribution, volume and structure of the grow-
ing stock}.

Besides the stem volume over and under bark the following
parameters will be calculated for harvested timber, if de-
sired by the umser: the dry matter content in the stem wood,
the volume and/or weight of other biomass fractions {stumps &
roots, bark, needles/leaves) and an approximative distribution
of stem volume on assortments (saw timber and pulp wood). Dry
matter content and the amount of "other biomass fractions"
will be estimated by multiplying stem volume with appropriate
conversion factors.

Suggested design

In order to achieve the desired flexibility of the system and
high accuracy in growth forecasts, we plan to use the single
sample plots as calculation units. However, this means a large
amount of computer work. We are at present examining what the
computer costs will be using this approach. If the costs seem

to be unacceptable with the computers available today and during
the next few years, we will be forced toc aggregate sample plots
before the projections or include both these options in the
system. Perhaps the plot-wise approach is a mere nothing for a
computer in the year 1985 or 1988, even with 50 000 sample plots
and a million trees. It is an essential task of this project

to try to find out how the accuracy of growth forecasts depends
on the degree of aggregation and the method for growth simula-
tion.

A gemneral, simplified structure of the HUGIN system is shown in
figure 1. The input data describing the starting situation are
taken from the National Forest Survey, possibly supplemented
with other data that are not normally recorded in the survey.

In phase 1 the sample plots to be included are selected. Some
basic calculations and editing of input data and possibly
aggregation of plots are performed. Much of this work must not
be repeated in every run of the program.

Phase 2 includes decisions on treatments of the various plots/
groups of plots, projection of the state of the forest five years
ahead by use of growth simulators and calculation of the cut
(including dry matter content, assoriments etc. of the harvested
timber, if desired). This loop is repeated as many periods as
wanted, for instance 100 wvears. The treatments of the stands
will probably be carried out at ten yvears intervals, which is
normal in this type of applications in Sweden. However, it must
be checked that this approximation dees not lead to biased re-
sults.
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Tentative general structure of the HUGIN system.
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The user of the system can direct the calculations by means of
control cards. The system will be flexible so that the user

can either specify in detail the management alternative to be
studied, or apply prepared standard rules for the treatment of
various types of forest, or use a combination 6f the two option:

The results will be presented in tables and graphs and will alsc
be stored on disk or magnetic tape for furiher analysis.

No ecomomic criteria will be included in the system. The eco-
nomy of various forest operations must be considered in other
ways when specifying a management alternative.

The HUGIN system will be deterministic. However, some random
component must perhaps be used to get realistic diameter dis-
tributiong and a realistic picture of moertality.

ORGANIZATION AND COSTS

The HUGIN project involves researchers from several departments
of the college. The main work is done within the Department of
Forest Survey (which is responsible of the National Forest Sur-
vey) and the Department of Forest Yield Research.

The organization of the project is shown in figure 2. The pro-
ject committee has members from the college and from organiza-
tions outside the college. The research work is divided into
four sections:

Establishment of stands. Deals with the problems of growth
forecasts for young stands (less than 8 m height) and pre-
diction of the result when using various methods for estab-
lishment of new stands.

Growth in established stands. Deals with the problems of fore-
casting growth of stands higher than 8 m and prediction of the
effect of silvicultural treatments, for instance thinning and
fertilization. Problems concerning estimation of site guality
are also handled within this section.

Management regimes., This section studies how to specify manage-
ment regimes in the HUGIN system in a realistic way.

System construction. This section works with the design, pro-
gramming and testing of the HUGIN system.

Some associate sub-projects will deliver information on the
effect of fertilization etc., These sub-projects are not direct-
1ly managed by the HUGIN project, but they are coordinated with
the HUGIN, so that the information delivered will fit in with
the growth models. The mutual exchange of experience between
research disciplines is an essential objective of the HUGIN
project.

The total work planned until now corresponds to about 65 man-
vears, the associated sub-projects excluded. Out of this 50
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Figure 2. The organization of the HUGIN project.
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vears are within the sections Establishment of stands and
Growth in established stands, some part of it being field

work for collection of new data. The total costs, including
extra costs within the associated sub-projects, amount to

10 million Swedish Crowns, i.e. 2.1 million US $§. It must be
stressed again, that some of this research was initiated before
the start of the HUGIN project and would have been carried out
anyway .

PROBLEMS TO BE STUDIED AND SUGGESTED SOLUTIONS
General

In this section some problems studied in the HUGIN project will
be mentioned. Suggested approaches or sclutions to some of these
problems are alsc presented, but a detailed discussion is not
possible here. The discussion is focused on application in the
HUGIN system for national/regional forecasts. A well-known
general problem is that growth data from experimental plots al-
most always represent well-managed homogeneocus stands on homo-
geneous sites. Hence, they are not typical for large areas eof
practical forests. The way %0 solve this problem is an intellig-
gnt. combination of informaticon from inventories and experimental
plots. But, how to do it? That is the crucial point.

Another universal problem is the lack of data for new species,
new treatments etc., because there are no stands old enough to
gtudy.

Establishment of stands

The problem of predicting the development of seedling stands

and young stands is not an easy one. High and irregular mortali-
ty, especially the very first years after establishment,and com-
petition from weeds and not desired tree species are difficult
to model and quantify.

What we do is briefly:

- Study the state in very vyoung stands established with various
methods on various types of sites in practical forestry,
using existing regeneration survey data.

- Study the development of stands by means of existing data from
experimental plets, where repeated measurements have been
performed.

~ Collect new material in practical stands of the age 12 -~ 30
vears, where stand history is known, using probability samp-
ling in order to get a material representative for the whole
forest area of Sweden.

The following approach has been suggested for prediction of the
development of wyoung stands. The development of the number of
trees and the height of the trees are predicted. When the do-
minant height is about 8 m, the height distribution of the trees
is transformed into a diameter distribution, from which basal
area can be estimated. The predictions are made separately for
pine,; spruce and broad-leaved species.
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The average time needed to get an acceptable stand when using
natural regeneration is an important question. Another one is to
what extent the appearance of naturally regenerated seedlings
can improve a stand where the pPlantation has been unsuccessful,
Recent investigations have confirmed that the future vield in
our forests will depend very much on how successful forest
owners are in establishing new stands.

Growth in established stands
Site classification

Site index (h;,,) will be estimated cither by means of height
development curves or by means of site properties as described
by HAGGLUND, 1977.

Growth models

Within the project some methods for large scale growth fore-
casts will be evaluated, methods suitable for national/regional
forecasts as well as methods to be applied by forest enter-
prises. The models to be studied are dynamic growth simulators.
The two main approaches are stand simulators and single tree
models. Since information on spatial distribution {stem charts)
is very seldom available, only distance-independent models are
considered.

One requirement of the HUGIN system is to predict mnot only total
yield but alsoc the structure of the forests and of the harvested
timber. The importance of this requirement depends on the manage-
ment problem under study. An obvious advantage of single-tree
models is that the diameter distribution is obtained automatical-
ly. However, stand functions are probably less expensive to run

in the computer. But, if substantial computer time is needed in

the last mentioned case to derive diameter distributions, the

time consumtion will perhaps be of the same order for both methods.
This is under study at present.

Data for construction of growth functions

The choice of data basis for constructing growth functions is
at least as important as the choice of growth model. Qur two
main sources for growth functions are the National Forest Sur-
vey (NFS) and the so called Great Yield Inventory (GYI). The
GYI was carried out during the years 1940 - 65 and comprises

2 075 temporary plots with a size of 0.05 - 0.20 hectares. Data
from the GYI have already been used for a number of growth
functions. Although the GYI plots were located in practical
stands, they represent a more homogeneous population than the
average forest (homogeneous sites, homogeneous stands without
severe damages etc.).

Our tentative approach is to use data from the NFS to get the
level of growth, because this data set originates from the same
Population of forest sites as it will be applied on. However,
stand history is very badly recorded in the NFS. Therefore the
effect of thinning must be taken from the GYI or permanent ex-
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perimental plots. How this integration of information from

the variocus data seits or calibration to pratical level will

be done is not yet fully clear to us. Data from permanent plots
will be used mainly for test of growth functions and for studies
of the effect of thinnings.

New growth functions

The following new growth funciions are now being developed with-

in the project: _

- gtand growth functions based on NFS data

- single tree functions from NFS5 data (further development of
JONSSON'" 5 model)

- stand growth functions for mixed stands based on GYI data

- stand growth functions for Pinus contorta based on temporary
and permanent vyield study plots in Sweden and Finland

In an independent project stand growth functions for pine are

being constructed from GYI data.

Which models and functions will be used in the HUGIN system?

The question will remain for another couple of vears. The de-
cision will depend on the accuracy of the various methods,

their ability to show treatment effects and the computer costs
at the applications. Possibly a few different alternatives can
be used, to be applied in different types of forest. A hypothesis
is that functions from NFS data are the most suitable for existing
‘middlie-aged and old forests, which have only a few decades left
to clear-cutting. (Notice that the functions then will be applied
on the same set of sample plots as they are derived from.} For
existing voung forests and especially for stands generated in
the model after clear-cutting of the existing stands, possibly
functions from GYI data, but calibrated to practical level, will
be the best alternative. One reason is that such functions can
describe thinning effects in a bhetter way, which is more im-
portant to study in stands that will be left to grow for many
decades. It is likely that the single tree approach will be more
successful than stand functions in inhomogeneous stands {uneven-~
aged, many species). In homogeneocus stands the two methods will
perhaps have about the same accuracy.

Effects of thinnings

The thinning effect; as recorded in existing experimental plots,
can be considered as "ideal effect. In practical forestry the
selection of trees is not done as well as in experimental plots,
strip roads are often used, trees get damaged at logging opera-
tions etc. The effect of thinnings in real forests is therefore
less than the "ideal'" one. Some reduction is necessary in our
models, but unforiunately there is still a lack of data suitable
for studies of this problem.

Mortality
Recent studies of data from the NFS have shown that the mortality

during the last ten vears has been at least 10 per cent of gross
increment, the main part being windthrow and damage by snow. This
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is more than was known earlier, but on the other hand severe
damages of many kinds have been extremely freguent. The mor-
tality simulator we are ging to develop will be founded mainly
on the mortality data from the NFS. A total number of about

75 000 temporary sample plots from six Years survey are now
available with estimated mortality during six overlapping
periods of three years, together covering the period 1968 - 77,

Ingrowth

The problem of predicting ingrowth of trees is usually not a very
big one in our situation (except for the yeungest stands), be-
cause in the NFS all trees that have reached breast height are
calipered. However, since increment is not recorded for trees
with diameter less than Tive cm, we have some problem of

making growth functions for small trees.

Adjustment to average weather conditions

Before the constructing of growth functions the recorded incre-
ment is adjusted to the level corresponding to average weather
conditions. This is done by means of annual ring indices based
on sample trees from the NIS according to a method developed

by JONSSON, 1969. A problem when breparing the indices is to
separate the effect of weather from that of thinnings, ferti-
lization, damages etc. More than one million hectares of forest
land have been fertilized at least once. In order to bhe able

to separate the effect of fertilization from the natural growth
level and the annual ring indices we have been forced to investi-
gate which plots have been fertilized. This was done through
questionnaires and visits at the forest owners concerned. (Noti-
fy that it is impossible to determine in the field with an
acceptable certainty whether a stand is fertilized or not.)

Effect of fertilization and drainage

As regards the effect of fertilization we still have very few
data from repeated fertilization during periods longer than 15
years. Further there is still a rather great uncertainty con-
cerning the effect of practical fertilization compared to that
in experiments. An associated sub-project deals with the
question of predicting productivity of peat land after drainage
and drainage combined with fertilization.

Effect of forest tree breeding

Forest tree breeding in Sweden is directed mainly towards better
survival of young trees and/or higher yield of the stands. A
fundamental problem when modelling the growth of genetically
improved trees is whether the superiority in vield at low ages
wWill remain during the whole rotation. Much information from
provenance trials etc. concerns the growih of single trees
("single tree plots"). The question is whether the superiority
in growth will bhe as high in dense stands with hard com-
petition.
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Some statistical problems

A number of statistical problems are studied as regards the

construction and application of growth functions as well as an

analysis of the total accuracy of forecasts in the HUGIN

system. The following examples could be mentioned:

- the size and effect of errors in independent variables

- the effect of correlation between variables in inventory
data, for instance between site class and age, and how to
separate the effect of these variables when used as inde-
pendent variables in growth functions

- the influence of plot size. Growth functions are often based
on data from plots of a another size than the size of the
plots or stands they will be appiied on. The comnsequences of
this are examined. '

The "superforest" - does it exist?

A question very little studied (at least in Sweden) is teo what
extent the effect of various yieldincreasing measures can be
added {or multiplied), Let us take an example. If we establish
a stand using the best available technique, if we use the
"hest! species, for instance lodgepole pine now being intro-
duced in northern Sweden, if the plants are genetically im-
proved and carefully selected in the nursery and the stand is
intensively managed with weed and pest conirol, optimal clean-
ing, thinning and repeated fertilization - what will be the
result? - Certainly there is an upper limit {far) below the
yield level that could be calculated from all separate effects.
The example is perhaps extreme, but evidently the problem
exists even in the case of more moderate management of the
forests. We must be aware of the problem, not to make unrealis-
tic forecasts.

Management regimes

The HUGIN system will be used mainly for forecasts including

all categories of forest owners. The various owners have varying
goals and manage their forests in different ways with varying .
intensity. We must bare in mind that all the forest owmers will
never manage the forests in a way that is optimal from the
society”s point of view. There are also a number of restrictions
which influence the possibilities to produce and harvest timber.
It often takes a long time until new ideas and new knowledge

are applied in a large scale in practical forestry.

In the HUGIN project we are studying how to simulate the practi-
cal forest management and how to include the effect of signifi-
cant restirictions. Although this problem is very important, it
cannot be discussed here in detail.

System construction

In a simulation model like the one we are going to develop the
following steps seem to be the most time-<onsuming in the com-
puter:

- initial calculations and editing of data, which however must
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not be completely repeated every time

- the selection of units (sample plots} to be treated in a
certain way during the various periods

- the projection of the state of the forests by means of growth
simulators, o

As mentioned above we are at bpresent studying the computer time
needed when using some various approaches for growth simulation.
Since we have no results to report from this study, the problem
will not be discussed further.

FINAL REMARKS

It is obvious to everyone that it is impossible to solve all
problems concerning forecasts of timber yield in 4 - 5 years.
But we think that an integrated and concentrated effort like
the HUGIN project can achieve quite a Jot. It will be necessary
to continue the work even after 1980, in order to further im-
prove the system and include new knowledge.

A further development is to use the increasing knowledge of
casual relationships between growth and primary factors such
as insolation, water supply and nutrition. This approach will
certainly be useful, for instance for the modelling of the
effect of repeated fertilization and for prediction of the
effect of acid pPrecipitation.

The next generation of the HUGIN system could be models using
information from the bPermanent samplie bplots, that we hope will
be established within the National Forest Survey. Such plots
would give us valuable information on among other things mor-
tality, the development of young stands and on how the forests
are managed. But, if permanent plots are introduced, say from
the year 1982, the information from the first remeasurement
after five vyears will not appear until in the end of the 1980:s.

REFERENCES

Bergstrand, K-G & Nilsson, N-E, 1976, Long range forest develop-
ment models. Stencil. College of Forestry, Stockhoim.

Hagglund, B, 1977. Evaluationhof site quality in connection with
a model for large scale forecasting of timber vields.
Stencil. College of Forestry, Stockholm.

Jonsson, B, 1969. Studier bver den av vaderleken orsakade varia-
tionen i Arsringsbredderna hos tall och gran i Sverige.
Skogshigskolan, inst for skogsproduktion, Rapp o Upps
nr 16,

- 1977. A growth model as a basis for long~term fore-
casting of timber yields. Stencil. College of Forestry,
Stockholm,

Pettersson, H, 1947, Avverkningsberidkningar for dvre och mellersta
Norrland. Meddelande fran Statens skogsforskningsinsti-
tut, band 36,

October, 1977,




40

MULTIPLE BENEFITS FROM FORESTS:
" A SOLUTION TO A MOST PUZZLING PROBLEM

Stephen G. Boyce

Chiaf Forest Ecologist
Southeastern Forest Experiment Station
U. $. Department of Agriculture, Forest Service
Asheville, North Carclina

Demands for forest goods and services are rapidly expanding. This
variety of demands is stimuiating the development of multiple kinds of
management such as wildiife, timber, energy, watershed, wilderness,
road, and many others. These new kinds of management for new benefits
are creating conflicts in management actions on the same piece of jand.
Often, two or three benefits can be matched one-to-—one with an equal
number of management actions. However, when many benefits are considered,
the complexities of designing a whole management system become encrmous.
How to harmonize management actions to yield a desired combination of
multiple benefits is perhaps the most puzzliing and intractable problem
for forestry in this century.

This report describes a system for managing the forest by actions
harmonized to produce muitiple benefits. The system is cybernetic in
that it is guided toward a goal by feedback processes. It is based on a
computer model of the managed forest, in which the harvest of timber is
regulated to guide the forest toward a steady~state distribution of habi-
tats yielding a constant annual flow of harvested timber and other bene-
fits. This report describes a new structure for forest management sys~
tems, the underiying bionomic theories, and how the system can be applied
to a forestry situation. The details of the model are described in
another paper (Boyce 1977).

o

NEW STRUCTURE FOR FOREST MANAGEMENT SYSTEMS

Control and communication in biological systems are possible because
of structure~-the way the component parts are connected. There are many
kinds of structure; the type that is of interest here forms information
feedback loops that direct the behavior of the system to achieve or main-
tain some goal, such as keeping the level of blood sugar within the 1im-
its for life. These are negative feedback loops with goals. A negative
feedback process is one in which a decisionmaking process regulates the
system by comparing the present conditions with a standard or gecal and
making adjustments to achieve steady state. Feedback loops make the sys-—
tem aware of its own performance, using outputs to regulate inputs.
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Other kinds of structure may have no feedback loops, or may have
feedback which is positive rather than negative. Forests are examples
of groups of organisms structured as communities without negative feed-
back loops and with positive feedback systems. People, acting as marag-
ers, can interact with positive feedback systems, such as a forest, to
form negative feedback systems which can be brought to a steady state.

At steady state these systems can provide certain benefits in perpetuity.

A clock is a good example of a positive feedback system, which when
managed by a person becomes a negative feedback system and provides time
as a benefit, Energy from the spring moves the hands forward, providing,
as an output, the display of time. But the input is not affected by the
output; the clock has no mechanism for sensing its own performance and
taking corrective action in accordance with a goal. If the clock is run-
ning fast, it will deviate increasingly from the standard as time passes.
Past states do not control future states, even though the states {posi-
tions of the hands) are repetitive. The clock becomes part of a negative
feedback process when its owner adjusts the speed control device on its
back. He compares the clock's performance with a standard and decides
to take corrective action by retarding the speed control. Later, he
evaluates the performance again and takes further action, probably making
a smalier correction. The system osciliates and gradually reaches the
goal.

If forests are to provide multiple benefits in perpetuity, managers
and forests must become negative feedback systems with a goal and the
potential for steady state. And, obviocusly, a structure for forest man-
agement must be compatible with the natural forest. Thus it is necessary
to have theories, validated by potential falsification (Popper 1962;
Becht 1974), that describe the structure of the biological systems,

Bionomic Theories

Four bionomic (ecological) theories serve to interrelate empirical
data and to reduce complexity. As a model of the dynamics of control
and communication in a forest, the theories underiie the cybernetic
structure for management.

Theory of Individualistic Systems

Each living organism and its environment forms an individualistic
system with negative feedback loops guiding behavior in accordance with
the goal of survival. Behavior is directed by decision mechanisms.
These mechanisms are genetically and environmentally determined and are
the physiological, anatomical, and morpholiogical structure of the indi-
vidualistic system. Each individualistic system senses and reacts tfo
its own state. Past actions influence future actions to achieve the
goal of survival.

Mortality as well as behavior results from the dynamics of individu-
alistic systems. Death occurs when a feedback loop fails to maintain one
or more essential functions, such as respiration, circulation, food con-
sumption, hydration, and physical integrity, within the limits for
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survival. Failure in ohe or more feedback loops may result from changes
in the environment, or failure in the physiological, anatomical, and
morphotogical structure of the indivicdualistic system. It is this mor-
tality, resulting from the dynamics of individualistic systems, that
organizes surviveors into forest communities.

The theory for individualistic systems would be falsified by dis-
covery that any individualistic system's existence, mortality, or be-
havior is for the exclusive achievement of a goal for the forest com-
munity.

Theory of Community Organization

The mortatity of individualistic systems organizes survivors into
communities without goals. Large numbers of propagules of plants and
animals attempt survival in a forest. Most propagules, which are indi=
vidualistic systems, die by their own dynamics. This mortality organ-
izes the survivors into successive states. These successive states
have dynamics similar to those of the watch hands previously described,
but there is a major difference. Watch hands exactly repeat former
states, whereas biological communities do not. If the genotypes and
environments are similar to combinations in preceding forests, individu-
alistic systems will be similar but not identical. Thus the successive
states of organization only appear to be repetitive. These apparently
repetitive states of organization are well known as ''stages of succes-
sion,!

Forest communities are organizationally unstable because the sur-
viving individualistic systems are joined without community goals and
without feedback loops. Lacking feedback loops the community cannot
sense its own stage of succession and cannot bring past actions to in-
fluence future actions to achieve a goal for the community. The commu-
nity has no decision mechanisms to direct the 1ife, death, reproduction,
and replacement of mortal individualistic systems. The forest community
is an aggregation of survivors. No species is essential for community
organization. For example, the removal of American chestnut (Castanea
dentata {March.)} Barkh.) did not kill the forest in the same way that
girdling kills a tree. The chestnut was replaced by other individualis-
tic systems. In a simiiar way, successive generations of individualistic
systems are genetically and environmentally different from preceding
generations. Mortal individualistic systems are replaced by different
individualistic systems, not as a carousel (Moore 1975} but never again
to be exactly repeated. In the absence of community sensing and deci-
sion mechanisms to direct all individuals toward a community goal,
forests are perpetuated through geologic time without goals and with the
dynamics of systems without feedback ltoops.

The theory for organization of forests would be falsified by dis-
covery of a control mechanism that senses states of community organiza~
tion and directs the mortality of individualistic systems and the be-
havior of survivors to achieve organizational goals for the forest com-
munity.
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Theory of Material and Energy Flows

The flows of energy, nutrients, carbon dioxide, oxygen, water,
and organic materials are unidirectional and have the dynamics of sys—
tems without goals and without negative feedback loops. The flows of
energy and materials through the landscape are delayed by the kinds,
numbers, and dynamics of individualistic systems in the forests. Rates
of flow are modified by changes in the states of community organization.
Cycling is an additiona!l period of delay that is determined by the
dynamics of individuals. The significance of this theory is that the
delays in flows of energy and materials are brought to a steady state
when the distribution of states of community organization js brought to
a steady state,

The theory would be falsified by discovery of sensing and decision
mechanisms in the community that regulate the inflows, internal status,
and outfliows of energy and materials to achieve organizational goals
for the forest community.

Theory of Multiplie Benefits

The kinds and proportions of states or organization (habitats) de-
termine the kinds and proportions of human benefits available from a
forest. Many variables define the kinds of habitats of 3 forest area:
plant and animal species, age and size of the dominant plants, amount
of shrubs and herbaceous pltants, depth of the Titter, volume of accumu—
lated wood, amount and proportional distribution of nutrients, physical
structure of the soil, biomass, temperature, rainfall, and the flow of
nutrients and water. An infinite variety of habitats in a forest results
in an infinite variety of potential human benefits, which include scenic
values, hunting successes, hiking experiences, timber, streamflow, and
places to live for plants and animals. These benefits are available
from the states of the forest in the same way that time is available
from a watch according to the location of the hands. The stages of
succession in a forest are conveniently referred to as "habitats." 1In
these habitats, one may expect to find certain kinds and combinations of
individualistic systems and thus certain benefits, It is the proportion
al distribution of kinds of habitats that provides a particular combina=-
tion of benefits at a given time,

The theory for multiple benefits would be Talsified by discovery
that all potential benefits are simultaneously available from a single
state of community organization.

A New Management Structure

The bionomic theories reveal a logical structure for management.
The new management structure is to convert the goalless, non-feedback

feedback loops and with a goal of bringing certain proporticnal distribu-
tions of habitats to steady state. The goal is determined by the selec-
tion of one of an infinite number of biologically possible combinations
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of multiple benefits. The selected combination of benefits determines
the proportional distribution of habitats, a single goal, toward which
management actions are to be directed. With a single goal, the com-
plexities generated by attempts to match benefits and actions on a
cne~to-one basis are reduced to a single set of harmonious actions.

The way to achieve a distribution of habitats is to regulate the
diversion of older habitats to young habitats. If one uses two or more
rotation periods, habitats can be proportionately distributed to provide
various combinations of benefits in perpetuity. If two rotation periods
are superimposed (fig. 1) so that no habitat is allocated to a rotation
period until the time for harvest of stands from the shorter rotation,
then a large number of different combinations of habitats and benefits
are available for consideration.
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the distribution of habitats from different patterns of
harvest, , ,




45

Habitats may be delineated in various ways. In the example pro-
vided in this paper, five habitats are recognized:

seedling habitats.-~Stands with the median diameter of dominant
trees less than 1 inch (2.5 cm).

Sapling habitats.~~Stands with half of the dominant and codominant
trees between 1 and 5 inches d.d.h. (2.5 to 12.4 cm). A few scattered
large trees are admitted,

Pole habitats.--Stands with half of the dominant and codominant
trees between 6 and 11 inches d.b.h. (12.5 to 27.7 cm). Pole habitats
are classified by 2-inch (5 cm) diameter classes as pole~6, pole-8, and
pole-10 habitats (fig. 1). '

Mature timber habitats.--Stands with half of the dominant and co-
dominant trees between 11 and 16 inches d.b.h. (27.8 to L40.6 cm).

Old-growth habitats.--Stands with half of the dominant and codomi-
nant trees larger than 16 inches d.b.h. (40.7 cm).

A dynamic model projects the distribution of these habitats result-
ing from different patterns of harvest, or modes of management. Three
variables compose a mode of management: the fraction of the forest
which is to rotate through the old-growth stage, as opposed to being
harvested as younger mature timber; the ages of harvest for old-growth
timber and mature timber; and the size of openings created when timber
is removed.

Some old-growth timber is needed in an ares being managed for mul-
tiple benefits. 01d growth furnishes superior habitat for many kinds
of wiltdlife, it has obvious esthetic value, and, when finally harvested,
it yields large saw logs which are essential for certain uses. Delay-
ing the harvest of mature timber beyond the period for maximum timber
values can increase mast and the availability of this kind of habitat
for many plants and animals.

The size of openings is an important variable in the mode of man—
agement. Large openings lead to efficient harvest of timber and less
movement of sediment because fewer roads are needed in proportion to
the area harvested. Different sizes of openings provide different
kinds of habitats for plants and animals. And, the sizes of stands for
the older habitats are determined by the size of openings at harvest.
Size of openings does not affect the rate of harvest but does affect the
number and distribution of openings for a given rate of harvest.

The new management structure is comparable to that of a watch (the
forest) and a person (the forest manager}. The management goal is to
keep the hands of the watch (habitats of the forest) proportionately
distributed to display accurate time. There is an infinite number of
"accurate'' times, such as eastern standard time and others, as there is
an infinite number of combinations of forest benefits. The selection
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of an accurate time (a combination of benefits) determines the propor-—
tional distribution of the hands on the watch (the habitats in the
forest).

The biologically possible combinations of benefits can be computed
with the dynamic model of the managed forest. One examines different
modes of management by varying the coefficients for the proportion of
the total area permitted to succeed through old-growth habitats, the
age of harvest of the old-growth timber, the age of harvest of the ma-
ture timber, and the size of openings formed by harvesting. The rates
and directions of succession can be predicted for short intervals such
as a decade and with acceptable accuracy for many years. Inventories
taken each decade can be used in a corrective feedback loop to keep the
model of management actions congruent with the dynamics of the forests.

AN EXAMPLE

Once the theories and the structure for management are stated, a
number of mathematical methods can be used to model the system for man-—
agement. The techniques of industrial dynamics and the DYNAMO compiler
(Forrester 1961; Pugh 1976) are used in the example provided here.

From the bionomic theories the availability of benefits depends on
the state of physical organization of the forest-—the proportions which
are covered by seedlings, saplings, pole timber, mature timber, and old
growth, Algorithms, or statements of relationship, must be constructed
to express how a particular benefit depends on the distribution of habi-
tats. The algorithms are written as nonlinear supplementary equations.
An algorithm may be added, deleted, or changed without affecting the
core model or the other algorithms; thus this part of the structure is
quite flexible and may be readily adapted to different circumstances or
modified by new knowledge from research or inventories.

The particular relationships assumed between habitats and benefits
must always be regarded as tentative and subject to revision. We can
derive algorithms from current practical and scientific knowliedge and
make adjustments with new information. For example, a potential timber
index was developed from yield, stand, and volume tables for even-aged,
upland oak forests (Schnur 1937). Similar computations were made for
the habitats of various animals and plants, for the expected scenic
values, for the movement of sediment, and for other benefits and im-
pacts. These algorithms are described in a previous report (Boyce 1977).
Any number of benefits for which adequate data are available may be used.

ATl benefits and impacts were scaled 0 to 1. The value 1 represents
the production of a particular benefit if management favored that benefit
over all others. For impacts the value 1 represents the undesirable
Timit. Zero is the minimum for benefits and the minimum for impacts. For
example, the potential timber index is the ratio of maximum harvest to
actual harvest. The indices for bliuebird, ovenbird, deer, squirrel, and
pileated woodpecker are ratios of the potential to the actual amount of
- habitat for these animals. The index called '"'sediment' is the ratio of
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the geologic to the actual movement of sediment and is related primarily
to the amount of roads constructed or used. "Ugly' is a subjective in-
dicator of the closeup, disorderly appearance of recently harvested
areas.

The example is 6,396 acres (2,588 ha) of deciduous forest on
National Forest lands in Buncombe County, North Carolina. Three of the
infinite number of modes of management are illustrated. The '"fast!
mode provides timber and bluebird habitat near the maximum and minimizes
the habitat types for squirrels and pileated woodpeckers {fig. 2). For
the fast mode only 1 percent of the area is permitted to succeed through
old-growth habitats, 99 percent of the area is harvested at about age 85
years as mature timber, and harvest openings are limited to about 25
acres (10.1 ha}.

The ''salvage” mode provides maximum habitat for pileated woodpeck-
ers and minimizes the habitat for bluebirds (fig. 3). sediment remains
at the natural or geologic level for the first 70 years because there
are few trees near the 300~year age for harvest and few roads are cone
structed. After 70 vears, the construction of roads to harvest 300-year-
old timber increases the movement of sediment. Coefficients for the sal-
vage mode are to permit 99 percent of the area to succeed through old-
growth habitats, harvest the old growth when about 300 years old, and
limit harvest openings to about 1 acre. More roads are required to har-
vest trees in I-acre (.4 ha) openings than to harvest the equivalent
area in 25-acre (10.1 ha) openings. This relationship explains the rela-
tively high rate of sediment movement as old growth is harvested. "Ugty!
has a lTow index because openings are so small.

One intermediate mode called ''moderate! illustrates another of the
infinite number of choices (fig. 4). This combination of benefits and
impacts may be acceptable to most people because no benefits have a
index and no impact indices approach 1. The moderate mode permits 30
percent of the area to succeed through old-growth habitats, and old
growth is harvested at about 250 years. The 70 percent of the area suc—
ceeding through mature timber habitats is harvested at age 95 vyears.
Harvest openings for old growth are limited to 2 acres (.8 ha), and those
for mature timber to 25 acres (10.1 ha).

Displays such as figures 2y 3, and L permit interested parties to
make a rational choice among combinations of benefits. The infinite
number of potential choices provides alternatives not previously defined
or considered. The selection of a combination of benefits determines
both the goal and the actions for management. The goal is to achieve
and maintain the particular distribution of habitats that will provide
the selected combination of benefits. The only action considered here
is to harvest old-growth and mature timber at the rates and with the
sizes of openings specified to achieve the goal, Thinning, fertilization,
and other actions to enhance habitats may be included in the analyses
(Boyce 1977).
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The model computes the management actions for the next decade in
relation to the current inventory and the goal. For the example of the
‘'moderate'" mode of management, about 210 vears are required to bring the
distribution of habitats to the equilibrium distribution that will DI O
vide the desired combination of benefits for a long time (fig. 3). The
management actions for the next decade are to harvest no old-growth habi-
tats and 1imit the harvest of mature timber. The model directs the 10-
year rates of timber harvest to bring the distribution of habitats to
the goal (table 1),

Table 1.,-~The rates of harvest of mature timber habitats for the next
decade, the current inventory of the distribution of habitats,
expected change for the next decade, and the goal for the
"moderate'' example

Distribution of habitats

©s ¢ so

Years from: Rate of mature : : : :
inventory : timber harvest :01d growth: Mature ; Pole :Sapling: Seedling

Acres (ha)  « o o - . Percent -~ = « - ~
Current
inventory 2.9 5.7 68,7 19.6 3.1
i 29 (11.7) 2.9 6.9 68.0 19.6 2.6
2 Lo (16.2) 3.0 7.9 67.3 19.6 2.2
3 47 (19.0) 3.1 8.8 66.6 19.5 2.0
L L8 (19.4) 3.3 9.5 65.8 19.3 2.1
5 49 (19.8) 3.k 10.1 65,1 19.1 2.3
6 4o (19.8) 3.5 10.5 64,6 18.9 2.5
7 50 (20.2) 3.6 11.0 63.9 18.7 2.8
8 50 (20.2) 3.8 1.4 63.1 18.6 3.1
9 51 (20.6) 3.9 11.8 62,5 18.5 3.3
10 51 (20.6) 4.0 12,1 62.0 18.5 3.4

210 {goal) 18.0 10,5 41,9 25,4 4.2
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Deviations from the management actions can be detected in the 10-
year inventories. The inventories are used to correct harvest rates
for unexpected changes that may result from changes in markets, road
construction, wildfires, land use changes, insects, diseases, weather,
and other effects. The inventory is the sensing mechanism of a negative
feedback toop that functions each decade and keeps the management system
congruent with the forest.

CONCLUSIONS

Described here is a new structure for forest management systems,
the underlying bionomic theories, and how the system can be applied to
a forestry situation.

The system harmonizes forest management actions for multiple bene-
fits, gives all interested parties an opportunity to participate in the
selection of biclogicaily possible combinations of benefits, and provides
alternatives for management previously not available. Nc one benefit is
given preference over others and no benefits are arbitrarily treated as
constrained to the production of others. Management contreol is achieved
with a dynamic model that is kept congruent with the forest through peri-
odic inventories.

Keywords: Forest management, bionomic theories, dynamic model, multiple
benefits.
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YIELD OF SITE-PREPARED SLASH PINE PLANTATIONS

IN THE LOWER COASTAL PLAIN OF GEORGIA AND FLORIDA

JERCME L. CLUTTER

UNION CAMP PROFESSOR OF FOREST RESOURCES
AND

DAVID M. BELCHER

GRADUATE RESEARCH ASSISTANT

SCHOOL OF FOREST RESQURCES
UNIVERSITY OF GEORGIA

ATHENS, GEORGIA 30601

SUMMARY

This paper describes a svsten for estimating growth and yield of un-
thinned slash pinez plantations established following intensive site prepara-—
tion. The procedure was developed from field data collected on 487 plots
in tha lower coastal plain of CGeorgia and Florida. Predictor variables used
by the system are plantation age, average height of dominants and codomi-
rts, and nember of surviving stems per acre at the prediction age., The
basic predictions produced by the system are (1) number of stems per acrs
by one-inch dbh classes, and (2) average tree heights by one-inch dbh elags-
es. Per acre volume and weight predictions to varicus merchantability limits
can be easily calculated from this basic stand structure information. Some
comparisons with predictions from previously developed yield tables are dig-
cussed,

Keywords: Growth and yvield, Weibull distribution, yield tables, diametor
distribution.
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INTRODUCTION

The lower coastal plain of southeastern Georgia and northern Florida con-—
tains one of the world's great comcentrations of forest industry. The approx—
imate boundaries of this area (which is often referred to as "the flatwoods'")
are shown in Figures 1 and 2. Some 9.8 million acres of commercial forest
land are contained within the Georgia-Florida flatwoods of which 4.1 million
acres are owned by or are under lease to forest industry (McClure, 1970;
Bellamy, 1971; Knight, 1971).

The most recent figures available (Knight and McClure, 1971; Knight
and McClure, 1974) indicate that this region contains at least 2.2 million
acres of pine plantations with 1.5 million acres of this either owned or
managed by forest industry. As time passes, the area of plantations will
continue to increase and the industrial wood supply will become increasingly
dependent on plantation—grown trees.

Prior to about 1955, almost all plantations in the flatwoods were plant-
ed on old-fields or established in so-called "rough-woods" situations which
usually involved simply burning the site following harvest of a natural
stand followed by subsequent planting. Rough-woods plantings were generally
attempted only when competing understory vegetation was light but the re-
sults of such plantings were still often unsuccessful. Numerous yield tables
are available for old-field plantations in the flatwoods (Coile and Schu-
macher, 1964; Bennett and Clutter, 1968; Bennett, 1970). Yield estimates
for rough-woods plantations have been published by Coile and Schumacher
{1964).

During the 1950's forest industries in the flatwoods began to expand
their plantation acreage through the use of mechanical site preparation fol-
lowed by planting. Today, some form of mechanical site preparation and plant-
ing is the standard method of regeneration for forest industry lands in the
 flatwoods. Because of the relatively recent introduction of mechanical site
breparation as a silvicultural toel, yield tables for site-prepared planta-
tions have not been previously available. This paper describes a procedure
for predicting yvields of site-prepared slash pine (Pinus ellioittii Engelm.)
plantations in the Georgia-Florida.flatwoods.

THE DATA BASE

During the summer of 1975, University of Georgia field crews, working
in the Georgia-Florida flatwoods, measured 417 temporary sample plots in
unthinned, site-prepared, slash pine plantations made available by co-opera-
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Figure 1. Location of study area in Georgia.
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ating pulp and paper companies.;/ This initial data base was subsequently
augmented by the inclusion of 70 additional plots that had been previously
measured by cooperating companies. Out of the total of 487 plots, 391 were
"select" plots purposively located within gample stands to cover areas of
uniform (not maximum) density while 96 "random" plots were established at
randomly established locations within sample plantations. All sample plots
were rectangular in shape and were laid out to include approximately 64 orig-
inal planting spacings (usually in an 8 x 8 configuration). On each plot the
following measurements were taken:

. Plantation age

Length and width of plot (in feet)

Number of rows and planting spaces

Diameter breast height (o.b.) for each tree on the plot
Diameter, height, and crown class for at least two sample
trees in each occupied diameter class.

*

(S0~ R VS I R

From the field measurements, number of trees per acre by diameter class and
average height of the dominant and codominant sample trees were determined for
each of the sample plots. Diameter~height regressions of the form

2/ _ 1
ln(Hij)—— = Koy *+ Kli(—D—'—_) o

1]

were fitted on a plot-by-plot basis where Hjj = height of the jth sample tree
on the ith plot, Dj4 = diameter of the jth sample tree on the ith plot, and
Kgi and K3y are the sample regression coefficients determined for the irh
piot. Individual tree volumes were computed with the volume equation (Bennetr
et al., 1959) :

V = 0.002706 DH ~ 1.045389 (2)

cubic~foot volume (outside bark) to a

4.0 inch top (outside bark)

D = observed diameter at breast height (inches), and
H = observed total tree height (feet).

where v

i

Equations (1) and (2) were used to compute individual tree volumes by
diameter classes on a plot-by-plot basis. These volumes were multiplied by

1/ Brunswick Pulp Land Co., Container Corporation of America, Continental
Can Co., Inc., Gilman Paper Co., Hudson Pulp and Paper Corp., ITT Rayonier,
Inc., Owens-Illinois, St. Joe Paper Co., St. Regis Paper Co., Union Camp Corp.,
Buckeye Cellulose Corp., and the Intetrnational Paper Co. all made suitable
areas available for study and provided historical data concerning site prepa-
ration methods applied prior to stand establishment. The first ten companies
named have also provided financial support for data analysis activities through
their participation in the University of Georgia Plantation Management Research
Co-—-operative.

o
2/ The notation "ln" indicates a logarithm to the base e.
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acre basis to give the observed yield 3/ of the plot. -

the observed number of trees in each di?meter class and converted to a per
Additional details concermning methods of data collection and the character-
istics of the data set have been presented by Belcher. =

PREDICTING PLANTATION STRUCTURE AND YIELD

Diameter Distributions

Methods for estimating stand yields from predicted diameter distributions
were originally described by Clutter and Bennett (1965) and have been subse~
quently applied in various modified forms by a number of other research workers.
The predictions develcoped here are based upon use of the Weibull distribution
(Bailey and Dell, 1973) as the underlying model for .diameter distributions in
the sample plantations.

The probability density function for the Weibull distribution is

Cc

)}

c-1 Xx-a

fe =S5 G

0 elsewhere,

(a < x <= (3)

whaere 0 < a < =, b>0, and ¢> 0. The cumulative distribution function is
obtained by integrating equation (3) giving

x-a,*
{-(= 1}

Fx) =1 - e G35 (a < x < o (4)

0 elsewhere.

The proportion of the distribution lying between any two specific values of x
say x, and X, (xl j_xz) is defined as

P(xl, XZ) = F(xz) - F(xl)

3 All vields usged in this stuéy are outside-bark cubic-foot volumes per
acre to a 4.0-inch top (o.b.) for trees 4.6 inches DBH and greater.

&/ Belcher, David M. 1977. Yield of slash pine plantations in the Georgia
‘aad North Florida Coastal Plain. Unpublished M.S. thesis. University of Georgia.
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or

c e
-a X,-a
e = b ) }, (5)

X

1
P(xl, xz) ) =( b AR

Equation (3) was fitted to the observed diameter distrihution data from each
of the 391 select plots. Estimates of the parameters a, b, and ¢ were calcu-—
lated for each plot using a maximum likelihood algorithm developed by Harter
and Moore (1965) as incorporated in a FORTRAN language fitting program pro-
duced by Bailey (1974). Standard multiple regression procedures were then
used to develop equations for predicting the estimated Weibull parameters

(a, b, and &) as functions of plantation age (A), average height of dominants
and codominants (Hy), and number of surviving stems per acre at the prediction
age (N). In most prediction situations, Hq values would be obtained by refer-

encing an appropriate site index equation, The resulting equations are:
a = 8.04979 - 0.1G15176A + 0.131034H, - 3.04792 In(Hy) (6)
5
ro o= 107 8 = 1.044
y.x
b = -3.84157 + 0.05628A + 481.30737/% + 1.91111 ln(Hd) (7)
2
rT = ,357 s = 1.114
¥oX
¢ = 3.6261 + 9.4599/A | (8)
2
r~ = .020 s = 1.091
¥.X

Although the r-square values for these equations are relatively low, use of the
equations produces better estimates of the observed diameter distributions

than the use of constant values for a, b, and c. For a given set of values

fnr A, Hg, and N, the predicted diameter distribution is generated by first
solving equatioms (6), (7), and (8) for a, b, and ¢ and then solving, for

each diameter class containing enough trees to be practically significant,

the equation

n, = NP(i- .5, i+.5) (9)

wiere nj = number of trees per acre in diameter class "i", and P(i - .5, i + .5)
is the distribution proportion function defined in equation (5).

4s a practical check on the utility of this technique, differences in
observed and predicted mean diameters for each plotwere tabulated. Table (1)
shows that predicted mean diameter differed from observed mean diameter by
less than 0.5 inches in 84.7 percent of the observations and by less than 1.0
inches in 99.0 percent of tha observations. As a further check, frequencies
of differences in observed minus predicted basal area were calculated and are
presented in Table (2). Deviations of less than 10 square feet are present in
62.1 percent of the sample plots while 97.4 percent of the differences are less
than 25 square feet,
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Table (1) —- Frequency of observed minus predicted mean diameters for 391
sample plots.

Difference Relative
in mean Frequency Frequency

diameters (in.) : (%)

less than ~1.0 1 0.2

-1.0 to -0.5 25 6.4

-0.5 to 0.5 331 84.7

8.5 to 1.0 31 7.9

greater than 1.0 3 0.8

391 100.0
Table (2) -- Frequency of observed minus predicted basal area for 391

~sample plots.

Difference Relative
in Basal Area Frequency Frequency

(sq. ft.) (%)
less than —25. 6 1.5
-25 to ~20 6 1.5
-20 to 15 | 19 | 4.9
-15 to -10 b4 11.3
-10 to -5 | 46 11.8
-5 to 5 139 35.5
5 to 10 53 14.8
10 to 15 36 9.2
15 to 20 23 5.9
20 to 25 10 2.6
greater than 25 4 1.0

391 160.0
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Height-Diameter Relationships

Estimation of per acre volumes or weights from the predicted diameter
distribution requires some procedure for predicting average tree heights by
diameter classes. As a first step toward developing this capability, the
regression model

ln(Hij/Hdi} = wOi + wli ln{F(dij)} | (10)

was separately fitted to sample tree data from each of 326 select sample plots

where Hi. = total height of jth sample tree on the ith
J sample plot,
Hdi = average height of dominants and codominants
. on the ith sample plot,
di' = diameter of the jth sample tree on the ith
J sample plot,
ﬁOi’ ﬁli = sample regression coefficients estimated from

the data, and

Weibull cumulative distribution fumction value
for x = dij (see equation (4)).

F(Dij)

Equations to predict W,and W, from A, Hy, and N were then developed using standard
regression procedures. The final equations obtained are:

~

Wy = 0.492376 - 0.80449/A ~ 0.10039 n(ty) {(11)
2 = 196 8 = .02898
) y.x
and
%l = 2,52167 + 0.00010503N + .009147Hy (12)

~ 3.5611/A - 0.686789 In(Hy)

r2 = .209 s _ = .08124
. V.X
For any given set of values for A, Hy, and N, a height-diameter relatiogship is
ootained by sclving equations (11) and (12), and then substituting the Wy and Wy
values intoan algebraically rearranged form of equation (10) to obtain

H=1y e0 [r(p)]"L (13)

where D is tree DBH and H is the corresponding estimated total height. Although
the r2 values for equations (11) and (12) are relatively low, equation (13) explain
87.6 percent of the variability in sample tree heights. When equation (13) is

used in conjunction with an estimated diameter distribution, the D values used are
the mid-point diameters of the occupied classes with the exception of the diameter
class containing the Weibull loecation parameter (a). In this case, the diameter
class height is computed using a diameter mid-way between a and the upper limit

of the class.
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Calculating Predicted Per Acre Yields

The procedure for estimating yield for any combination of age, number of
trees per acre, and average height of dominants and codominants is as follows:

1. Determine the expected diasmeter distribution in terms of number of
trees per acre in each diameter class using equation (9).

2. TFor each occupied diameter class calculate a predicted height using
equation (13).

3. Use the midpoint of each diameter class and its associated height
in an appropriate volume (or weight) equation to calculate expected
volume (or weight) per tree for each diameter class.

4. Multiply expected volumes (or weights) per tree by‘the.corresponding
diameter class frequencies.

5. Sum the values obtained in step 4 to obtain the final predicted yield.

Table (3) shows an example of this technique for a sample plot with A = 25
years, N = 400 trees per acre and Hd = 60 feer.

As a preliminary test of how well the model fits the data on which it
was based, a comparison was made between observed and predicted yields for
all 391 select sample plots by subtracting the predicted yields from the
observed yields and computing the standard deviation of the differences.
The appropriate t-test shows the mean difference of 36 cubic feer per acre
to be significantly different from zero at the 5% significance level. Al-
though this average overrun of actual yield in relation to predicted yield
is small in practical terms, {(less than 3 percent of the average observed
yield) users may wish to adjust estimates produced by the previously des-
cribed system by adding 36 cubic feet per acre to all predicted yields.

An additional comparison was made by tabulating the percent deviations
over the observed yield classes. Percent deviation was determined by sub-
tracting the predicted yield from the observed yield, dividing this differ-
ence by the observed yield, and nultiplying by 100. Table (4) shows the
distribution of 390 sawmple plots by percent deviation and 1000 cubic feet
per acre volume classes. (One sample plot was excluded because it had
zero observed volume). Out of 390 plots, 64 percent showed deviations of
less than 20 percent in volume and 87 percent deviated by less than 50
percent in volume. It should be noted that the higher percentage deviations
(13 plots had deviations less than or equal to -100%) are associated with
relatively low observed volumes.

Comparison With Random Plot Yields

The model previously described is based on data from purposively selected
sample plets with uniform stocking and no evidence of damage. Thus it is an
estimator of potential yield of slash pine plantations in the study area. In
order to evaluate the ability of the model to predict average yields attained
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a=0.8033 b=6.5934 ¢ = 4 0045
ﬁo = 0.0692 W, = 0.1581
C?Z:s Trees/ Midpoint Height v%iiif/ Vi%iii!
(inches) Acre F(D) (feet) {cu. £t.} (cu. ft./acre)

2 1.7 L0011 21.4 0.0 0.0
3 9.3 .0122 31.4 0.0 0.0
4 26.5 .0536 39.7 0.0 0.0
5 53.1 L1511 46.7 2.1 112.5
6 80.1 .3199 52.6 4.08 327.0
7 91.2 .5416 57.2 6.54 596.3
8 75.6 .7583 60.3 9.40 710.9
9 43.1 .9084 62.1 12.57 541.0
10 15.6 L9774 62.8 15.95 249.2
11 3.3 .9968 63.0 19.58 64.7
12 A .9998 63.0 23.50 8.6

Total £00.0 2610.2

Table (3). Example application of the yield prediction technique for A = 25
Hd = 60, and N = 400.

?
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Table (4) —-- Frequencies of percent deviation of ohserved minus predicted

volumes by wvolume class for 380 sample plots.

Percent

e 500 1500 2500 3500 4500 5500 Total
< -95% 13 13
~90 5 5
~80 3 3
~70 5 5
~60 4 1 5
~50 4 1 1 6
~40 10 4 1 15
-30 13 10 23
~20 10 15 2 27
~10 18 24 9 3 54

0 15 30 15 3 1 64

10 10 28 12 5 3 58

20 18 21 8 6 1 54

30 8 11 3 1 23

40 9 9

50 2 5 7

60 2 2 4

70 4 4

80 6 6

90 3 3

> 95 2 2
 Total 164 152 50 18 5 1 390
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under current conditions, predicted values for volume per acre were com—

pared with observed values for the 94 sample plofs which were randomly selected
in the study area. On the average, observed yields were 66 cubic feer per

acre less than predicted yields, a difference which is statistically signifi-
cant at the 5 percent level. Hence, when the model is used to estimate potential
yield of healthy, uniformly stocked plantations, an average underestimate of

36 cubic feet can Be expected, but when the model is applied to estimate
currently attainable actual yield of existing plantations, an average over-
estimate of 66 cubic feet per acre can be expected.

COMPARATIVE YIELDS OF OLD~FIELD, SITE-PREPARED, AND ROUGH-WOODS PLANTATIONS

The availability of yield estimates for site-prepared slash pine plantations
invites comparison of these estimates with predicted yields previously published
for old~field and rough-woods plantations of the same species grown in the same
geographical area. Comparable rough-woods and old-field estimates have been
tabulated by Coile and Schumacher (1964). A second set of appropriate old-
field predictions has been prepared by Bennett and Clutrter (1968). (The
latter figures have also been presented in a wmodified format by Bennett (1970)).

Yield estimates predicted by the method deseribed in this paper together
with comparable estimates from the sources given above are presented in Table
(5} for various combinations of plantation age, site index, and numher of
surviving stems per acre. Dominant heights corresponding to various combina—
tions of age and site index were calculated for the system herein described
using a previously unpublished site index equation developed by the senior
author algebraically rearranged into the form

11
In(H) = 4.4548 - 17.6098/A + & *79G~55) 11n(sy - 3.7504] (14)

where 5 = gite index (base age 25). The entries in Table (5) for site index
70 include densities of 200, 300 and 400 stems per acre rather than 300, 400
- and 500 stems per acre since it is doubtful that a sgtand density as high as
500 stems per acre could be achieved at age 25 or 30 on site index 70 land.

Inspection of the results shown in Table (5) shows that the expected yields
for site-prepared plantations are almost always greater than the corresponding
expected yields for rough-woods plantations. There are some cells where the
rough-woods values are slightly greater than the associated site-prepared
yields, but it would be easy to overinterpret the importance of these outcomes
in view of the very small sample size involved in the Coile and Schumacher
rough-woods estimates. It is of interest to note that agreement between the
two sets of old-field estimates is quite good for site indices 50 and 60. TFor
site Index 70, the Coile and Schumacher expected yields exceed corresponding
values from Bennett and Clutter by 300 to 500 cubic feet per acre. It is, ¥
believe, quite possible that reasonable men might disagree as to which of these
two sets of estimates for site index 70 is most realistic.
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Table {(5) —— Comparable yield estimates for old-field, site-prepared, and
rough-woods slash pine plantations.

SITE INDEX 30

Type Estimated Yield {(cubic feet/acre)

Age 20 N=300 X=400 N=500

Rough~woods (Coile and Schumacher) 932 988 1016
Site~prepared 817 889 967
0ld-field (Coile and Schumacher) 1185 12384 1351
0ld-field (Bennett and Clutter). 12%4 1372 1417
Age 25 N=300 N=400 N=500

Rough-woods {Coile and Schumacher) 1263 1365 1431
Site~-prepared 1247 1406 1571
0ld-field (Coile and Schumacher) 1587 1744 1860
0ld~field (Bennett and Clutter) 1779 1927 2030
Age 30 - N=300 N=400 N=500

Rough-woods (Coile and Schumacher) 1538 1679 1777
Site-prepared 1615 1853 2097
0ld-field (Coile and Schumacher) 1919 2125 2282

0ld-field (Bennett and Clutter) 2171 2382 2534
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Table (5) -~ Continued
SITE INDEX 60
Type Estimated Yield (cubic feet/acre)
Age 20 N=300 N=400 N=500
Rough~-woods {Coile and Schumacher) 1703 1872 1997
Site-prepared 1562 1793 ~2030
0ld-field (Coile and Schumacher) 2106 2349 2536
0ld-field (Bennett and Clutter) 2069 2291 2464
Age 25 N=300 N=4dO N=500
Rough~woods (Coile and Schumacher) ‘2259 2511 2706
Site~prepared 2228 2610 2998
0ld-field (Coile and Schumacher) - 2777 31138 3392
0ld-field (Bennett and Clutter) 2759 3098 3373
Age 30 N=300 N=400 N=500
Rough-woods (Coile and Schumacher) 2717 3037 3291 o
Site-prepared 2784 3296 33813
0ld-field (Coile and Schumacher) 3325 3750 L097

Old~field (Bennett and Clutter) 3315 3754 : 4113




Table (5) —— Continued
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SITE INDEX 70

Estimated Yield {cubic feet/acre)

Type

Age 20 N=200 N=300 N=400
Rough-woods {(Coile and Schumacher) 2306 2737 3066
Site-prepared 2169 2629 3108
0ld-field {Coile and Schumacher) 2792 3343 3776
0ld-field {(Bennett and Clutter) 2495 3012 3421
Age 25 N=200 N=300 N=400
Rough-woods (Coile and Schumacher) 2998 3537 4045
Site~prepared 2878 3563 4269
01d~field (Coile and Schumacher) 3617 4358 4947
01d-field (Bennett and Clutter) 3225 3948 4530
Age 30 N=200 N=300 N=400
Rough-weods {Coile and Schumacher) 3564 4282 4843
Site-prepared 3455 4328 5222
01ld-field (Coile and Schumacher) 4291 5186 5905
3803 4698 5426

0ld-field (Bemmett and Cluttex)
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When the expected yields for site-prepared stands are compared with the
Coile and Schumacher old-field yields, it can be shown tlhat the site~prepared
values range from a minimum of 69 percent of the corresponding old-field value
to & maximum of 93 percent. Lower values of this ratio tend to be associated
with low densities, younger ages, and lower sites while large values of the
ratio tend to occur with high densities, older ages, and higher sites. Overall,
an average of 80 to 85 percent is reasonably representative. When site-~prepared
yields are similarly compared to corresponding old-field predictions from
Bennett and Clutter, the site-prepared values range from 63 to 96 percent of
the old-field estimates. The trend of the percentages in relation to age, site
index, and stand density is similar to that observed for the Coile and Schumacher
percentages.,

The final point should be made that the per acre yield estimates presented
in this paper are tentative interim figures since old-field site index curves
and old-field volume tables were used in calculating the estimates. Site
index curves and volume tables for site-prepared stands are currently heing
prepared and final yield tables will be published upon their completion. It
is, however, expected that the final yield estimates for site~prepared stands
will be very similar to the interim figures presented in this paper.

Manuscript Prepared: OQctober, 1977
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SINGLE-TREE COMPETITION MODELS, PREDICTING STAND
DEVELOPMENT AFTER CLEANING

Lennart Eriksson
rorest Engineer
Department of Operational Efficiency
The Swedish University of Agricultural Science

1. Introduction

With the purpose to analyse the possibilities in mechanizing
the work of cleaning {precommercial thinning), the project
"Mechanized cleaning" was started. The study at hand deals
with stand development after different cleaning patterns.

These patterns can be divided into the following groups;

~ Selective cleaning aiming at a remaining stand with evenly

distributed trees of good quality and large diameter.

— Strip cleaning, where trees are removed only within corri-
dors running through the stand.

— Combinations of strip and selective cleaning.

The patterns are shown in figure 1.

=) e X + Selecrive cleaning
»

// o _ Figure 1. Selective, strip and

b " % = Strip cleaning

# xxgé combined strip and
4

selective cleaning.

© Combined strip and

&
o O % selective cleaning
xo?é
0
X “/
ax Y2

o - stump
X = tree

u corridor
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2. Increment analysis of single trees

The increment model to be developed should respond for compe=
tition from neighbouring trees at various distances. An effect
of uneven competitor distribution as for trees at the edge

of the corridor should also be considered in the model.

The study started with measurements on sample plots in stands,
that earlier for some reasons, had been subject to cleanings

of various types mentioned above. The material consists of
about 300 trees of Norway Spruce {Picea abiles) and Scots Pine
(Pinus silvestris} on 17 plots cleaned at the age of about

6 years at breast height. The plots were measured 5 to 12 vears
100 = T20~T24 m.

The arithmetic mean height of the trees varied between 1.3 m

after the cleaning. The site index class was H

and 5.8 m at the time of cleaning. The number of stems per

hectare before cleaning were 2 700 to 8§ 500,

2.1. Bagsic increment model

L Ul i, e M . e, . e e Sy TR P TV ik, POV oy W i

Effects of cleaning on increment are dependent on effects
from other increment factors, such asg annual variation ¢f the
weather, site index ¢lass, competition before cleaning etc.
Such relationships ar@'considered.in the functions, using the

following principal expression;

t) = fu {uncleaned state} - fC (cleaning)

id (£t} is the rate of increment at the moment t
£ ( )} is the function of the effects of the uncleaned state

f {( ) is the function of the cleaning effect

The above expression was then develcoped into the following

baéic model transformed to suite the regression analysis.
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i (0, )
d a + b, - DIAMO + b L

log o1 T, ) = 1 2 AGE ¥ 10

+ b3 = S5ITE -

- COMP + CLEAN + ¢

where

the dependent variable is the logarithm of diameter increment
during the period 0 to year tp. Observed diameter increment

was adjusted each year, using a series of local climatic in-~
dices.

a and b are regression parameters.

DIAMO is the diameter at breast height under bark in mm of the
tree studied at the beginning of the period.

AGE Influence from age class has been taken into account by
the inverted mean age (AGE) at breast height of the
trees on the plot and added by ten.

SITE Site index is a difficult factor to determine in these
young stands. The method chosen in this study is based
on the length of the top shoots above breast height.
SITE is calculated as the arithmetic mean height in
meters {m) of the trees on the plot at 10 years age at
breast height.

COMP, the competition effect, and CLEAN, the cleaning effect

are described according to each competition model.

& is the error around the function.

Differences of increment between Pine and Spruce was regarded

just by grouping the material after tree species.
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2.2. Competition models

Different competition models were tested on the material
through multiple regression analysis. The analysis was divie-
ded into three model series, all estimating the effect of
changes in the close environment on the growth of individual
trees. In series No. 1 the influence on increment of compe-
tition and removal of competition at varying distances was
tested. In this connection the effect of one-sided compe-
tition also was analysed. This can be seen in figure No. 2,
where the competitors are grouped according to the distances
and to the positions in relation to openings around the trees

studied.

@ Lree studled ©

o competitors

Figure 2. Competition model to test influence on diameter in-
crement of the greatest free angle (STVFI) and of
competition from trees at different distances (GRP11,
GRP21, GRP31] outside the angle.

In series No. 2 a number of models were tested, previously
studied by others. These models often include the competition
situation by using previously fixed algorithms to describe e.g.
the influence of the size of the trees. An example of this

type of competition model is illustrated in figure No. 3.
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competition circle

@ tree studied © competitors

Figure 3. Model where the competition index is expressed as
the common area of competition circles of the tree
studied and its competitors. The diameters of the
circles are in this case proportional to the dia-
meters of the trees in guestion.

The influence of the level of increment before the cleaning
on the increment reaction after cleaning, was taken into account,

especially in the.third model series.

T T A A ki e R o . i e R . . . SR i, e s . v S i . S o

The analysis showed that height of the tree studied related

to mean height of the competitors within 5 m in all models was
an important factor. Furthermore, it was found that the effects
caused by competing trees disappear at a distance of 3 m from
the tree studied. The influence decreases over distance in a
way that is shown by the relations of the columns in figure

No. 4, as well as by the following selected part of a regres-

sion equation for Pine.
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10 «e. — 0,69%*%% GF1 - 0,08% GF2 -~ 0,06* GF3 ... + 0,65%**

log *d ~
GRL + 0,11%* GR2 + 0,03 GR3 -.-

where

lolog id is the logarithm of the increment of diameter

GFk is the basal area of competitors before c¢leaning within
the distance classes k=1 0-1 m, k=2 1-2 m, k=3 2-3 m

GRk is the basal area of competitors cleaned within the distance
classes k=1 0-1 m, k=2 1-2 m, k=3 2-3 m

* gymbols the level of significance of the coefficient esti-
mated at the analysis
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COEFFICIENTS OF THF LEVELED
WCAEMENT FUNCTIONS COEFFICHENTS

.

1
O.BJ

.

0.4 == et

0.2

o v i = e — ]
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Change in the jogarithm of the diamater gromth
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. [, g ey
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t 2 3 1 2 3 clans, m

e SCOUS PING  m e = Morway Spruce

Figure 4. Influence of competitors before cleaning {columns
under the line)] and of competitors removed {(columns
above the line) on the logarithm of the diameter in-
crement of the trees studied. The columns to the
left show regression coefficients from the analysis
and those to the right show the coefficients leveled
according to the model:
coefficient, = a + b —-—im—2

i (DISTi)
where i is distance class
a and b are constants and

DIGT is the distance between the competitors
in distance classes and the tree studied.
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There was no significant effect on the increment of one-sided
competition from the neighbouring trees after the cleaning.

On the other hand, there was an effect on the increment during
the first five years of one-sided competition which was pre-
valent before the stand was cleaned. There was also indica-
tions that trees further away than 3 metres influenced the
growth of the tree studied through the free angles (sectors
without competitors). This effect showed up during the period
5-10 years after cleaning. It ought td‘be pointed out that

the results apply to the increment situation of individual

trees.

Thus the individual trees do not react much different to strip
cleaning than to selective cleaning provided the intensity is
the same. Intensity is here defined as in the function in

page No. 6. The competing basal area before cleaning, however,
is important, as well as the intensity of the cleaning viz.
the number of stems removed and their size, and also the dis-

tance between the tree studied and its competitors.
3. Simulation

The next step was to use one of the models studied above in
simulated treatments of cleaning stands. The types of stand
treatments studied were conventional selective cleaning, strip
c¢leaning {corridors} and combinations of these two types. The
factors varied were the number of stems per hectare before and
after cleaning, the width of corridors and the distances bet-

ween these.

The treatments above were simulated on parts of four young stands
at cleaning age. The simulations were repeated in order to re-
duce the variation of the results, depending on e.g. spatial
grouping or uneven distribution of tree species or dimensions

in the stands. After each repetition 10 years of increment in

height, diameter, basal area and volume were calculated for
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every single tree. The calculations were based on a chosen
model where influence of the competitors was described by

the basal area at breast height of trees grouped in circle
rings around the tree studied. Influence of the height of

the tree studied was related to arithmetic mean height of the
neighbouring trees within 5 metres.

Natural thinning caused by crowding of trees was calculated
from a function, derived from studies of planted spacing ex-~
periments.

The results give stand development without taking intoc account
effects of insect damage, damage caused by transport vehicles
or of nutrition losses caused by removal of whole trees from
the stand.

4. Results of simulation studies (see figure No. 5 and No. 6)

- With the same number of remaining stems per hectare, total
growth per hectare of stem volume after cleaning is higher
after selective than after strip cleaning methods. One example
is shown in figure No. 5 after cleaning in a Pine stand of
10 000 stems per hectare. '

- With the same remaining stem volume, total volume growth
i1s on the other hand higher after strip cleaning (many
small trees) than after selective {a few big trees).

- When strip cleaning to the same remaining Voluma; the effect
of changing the width of corridors (and the width of strips
proportionally) in the interval 2-4 m is very small.

- When cleaning heavier by leaving less wide strips at con-
stant width of corridors, the result will be a positive
effect on diameter increment, for investigated intervals
of strip width (these changes between plots) - but negative

on the volume growth per hectare.
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Figure 5. Total volume increment of stems under bark 10 years
after cleaning, plotted over remaining number of
stems per hectare with the methods selective, strip
and combined strip and selective cleaning. When
cleaning with corridors the widths of those are

varied between 2.0 and 4.0 m.

- When cleaning heavier by widening corridors from 2 m to 4 m
at constant width of strips, the negative effect on volume

increment ig rather small.

- The highest total volume growth as well as the highest
natural thinning will be the result when not cleaning the

stand.
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= Natural thinning is high when strip cleaning and increases

rapidly with an increase in remaining volume. When selec-

tive cleaning, natural thinﬁing is low and occurs only at

a relatively high remaining volume.,

=~ Selective cleaning produces stands with large arithmetic

mean diameter. This is caused mainly by the removing of small

trees

and to a smaller extent by the growth during the sub-

sequent l0-year pericd. Diameter isg larger after heavy treat-

ments
stems
years

bined

of high selectivity. As an example, cleaning to 2 400
per hectare will give a diameter of the median stem 10
after cleaning of 66 mm with selective, 57 mm with com-—
Strip and selective and 47 mm with strip cleaning.

Arithaetic mean |
diametar uader bark H
p” £

80—

# Selective

7044

. Lomb inest

TR strip and
seiective

40 4

30 4

Wideh of che
cnrcidor, w

40 4
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Felevtive Inerement viface

04 elFuvt

o v T T Homent
bolive At 5 waps 10 aars
Clumny, g e

elenning rianing

Figure 6. The arithmetic mean diameter with different methods

of cleaning to varying number of stems at the four
points in time: before and after cleaning and after
pericds of increment of 5 and 10 vears. When cleaning

with corridors the width of these are 2.5 m.
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~ The effect of the selection of trees on the increment of
diameter is high when the number of trees before cleaning
is high. It is low when the trees are grouped distributed

or when cutting corridors in combination with selective

cleaning.

- 8trip cleanings do not affect the diameter distributions.
The increment however is unevenly proportioned between dia-
meter classes. Selective methods will result in high and
narrow distribution curves and an evenly proportioned incre-—

ment between stems.

The results are confirmed by comparisons with the development
during 5 years in strip cleaning experiments, as well as by

comparisons with some other investigations.

The investigation is reported in an English summary (stencil
of about 30 pages) with the same name as this paper. Two
reports in Swedish with English figure texts contain the whole
work as well as the references. The reports are published by
the Department of Operational Efficiency, Royal College of

Forestry, Sweden as "Research Notes" No.:

99/1976 Competition models for individual trees after cleaning.

Lennart Eriksson.

108/1977 Simulation of stand development after cleaning.

Lennart Eriksson.
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THE GRID METHOD - A WAY TO GENERALIZE SAMPLE TREE DATA

by
Bjorn Hagglund

The College of Forestry
Department of Forest Yield Research
S-104 05 Stockholm, Sweden

ABSTRACT

An alternative to more common methods of forecasting forest
growth is to construct "whole stand" growth functions based on
inventory data. This approach gives a correct representation

of the population under study, and, at the same time, has the
simplicity and other advantages of the 'whole stand" concept.
However, an evident problem is to estimate growth per unit area
and other variables on inventory plots. The problem arises from
the fact that the number of sample trees per plot is usually toe
iow to permit Ywithin plot" calculation of growth per unit

area etc. In this paper, some methods to solve that problem are
dealt with. The main principle of all methods discussed is to
calculate growth per unit area etc for each plot by means of
sample tree data from several plots.--.inm other words sample
trees are "borrowed" from other plots. The method finally chosen
- the so-called grid method - is described in detail. The out-
come from a case study is reported.

BACKGROUND

As reported in the paper by GOTE BENGTSSON, we are now at The
College of Forestry in Sweden, working with a large scale,
long-term timber yield forecasting model. This work is named
the HUGIN-project. One essential part of this project is to
develop "whole stand" growth functions, based on inventory data.
These functions will describe growth per unit area under
different circumstances. We think this "whole stand” type of
growth functions might be an alternative to the more common
approaches
- single~tree growth functions based on inventory data
(see for example BENGT JONSSONs paper) or
- whole stand growth functions based on vield research data
and reduced to a "practical’ level {(see for example KILKKI
& POKALA, 1975}).
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These two approaches are alsc dealt with in the HUGIN project
and we hope to be able to make interesting comparisons.

When making whole stand growth functions from Swedish inventory
data {(the National Forest Survey) the first and most evident
problem is to estimate growth per unit area on the sample plots.
The difficulty is that the plots are small {(circular, radius

10 m) and growth is measured only on a few sample trees (on
average 3 + 5 trees per plot including two dominant height
trees). Besides growth also age, height, diameter, species and so on
are recorded for the sample trees. Every tree on a plot is a
so~called caliper tree which means that diameter and species
are recorded. With these notations a sample tree is alsc a ca-
liper tree.

Obviously the number of sample trecvs per plot is too small to
permit plotwise calculation of growth, volume etc per umnit
area in the traditional yield research way. Therefore an in-
vestigation was made, the aim of which was to develop and
analyze new methods for the generalization of sample tree data,
which could solve our problem. We did not have to start from
scratch, as such a method ~ the grid method - had already been
developed though not thoroughly analyzed with respect to the
HUGIN problem. This method has earlier been used by research
leader GOTE BENGTSSON for estimating volume, and by mr K-G
BERGSTRAND, professor N-E NILSSON and professor BENGT JONSSON
in connection with single tree growth functions for timber
forecasts.

In our work with the grid method in the HUGIN project, mr
SOREN HOLM made the statistical analysis of the method while
mr ANDERS MARTENSSON programmed the method for computer.

SOME ALTERNATIVE METHODS

To be able to formulate our problem more precisely and to de-
scribe som alternative methods, we have to introduce some
symbols.

X : A vector with variables, the values of which are known
both for sample trees and caliper trees. The components
in X might refer to the tree (diameter, species) or to
the plot (site index, stand density etc). A compoment in
X is denoted Xy

Y : A vector with variables which are known for sample trees
only. We denote a component in Y as Yy

i : An index for sample tree mo, i = 1, 2 ....., n where n is
the total number of sample trees in the data set used

i : An index for caliper tree no, j =1, 2 +...., m where m is
the total number of caliper trees in the data set used

A : A vector with regression coefficients.
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What we want to do is to estimate a vecior Y for each

caliper tree. For this operation, the information in the vec-
tor X is used. The estimated V:sg shall be summarized to plot-
wise sums {or means). From these "plot data', regression
functions describing growth bPer unit area shall be constructed.
We want the estimation of the Y:s to he such that the growth
functions become reasonably unbiased and precise.

For performing the estimation of Y-vectors, at least three
different methods might be considered. The regression method
means that every component of Y is described separatly as a
function of X. The functions are constiructed according to the
principle of least squares and might be written as

Yy = £(A,X)

This approach is fairly similar to the standard methods of yield
research. However, here we use dato from many plots to esti-
mate A, while the standard methods usually only make use of
"within-plot" data.

For the distance method a "distance', B, in terms of X is
defined between a sample tree and a caliper tree. The "distance™

is written as a function

Dij = g(X{i), X(3))

For example, Dij’ might be computed as
. . - . o

Dy = B (e (x (1) - 3 (31

where W is a weight for * .

Each caliper tree is compared toc each sample tree. A certain
caliper tree is allotted that vector Y which originates from
the sample tree minimizing Dij'

A third alternative is the grid method which might be regarded -
as a special case of the distance method (the distance is

either 1 or 0). Groups of trees, so-called cells, are defined

in terms of the different xg. For example, one cell might

contain all spruces with a diameter of 15 - 20 cm, growing on
plots where site index is 20 - 25 m and so on. The cells together
form a multidimensional grid. The caliper trees are allotted
Y-vectors from sample trees in the same cell.

This allottment is performed in steps. As a first step, the
grid is fairly demsely spaced. Then there are of course many
cells with caliper treed where there are no sample trees.
After making those allottments which are possible, the cells
are made bigger step by step until all caliper trees are
allotted Y-vectors.

The three methods have been judged to have the following
properties.

The regression method probably gives good estimates of each

Yk separately. However, as the different Yk:s are estimated
separately (multidimensional regression techniques are not
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considered), there is an evident risk of creating treeg with
unreasonable combinations of properties. Further, the regression
method will strongly decrease the variation in the data set,
which is undesirable. We therefore judge the regression method
as not suitable for our purposes.

The distance method is theoretically attractive, but demands
caliper trees and sample trees. Even if this problem might be
gsolved technically, it is difficult to find proper values for
different wk. Therefore, like our precursors, we have chosen

to work with the grid method. Whether this method will give
acceptable results or not mainly depends on the construction

of the successive grids. Dense grids, opened in small steps,
will give good results but high costs. Very open grids will be
cheap, but will, in extreme cases, give similar results to those
obtained by a random allottment of Y:s.

S0ME FEATURES OF THE GRID METHOD

Below the variant of the grid method used in our work with the
HUGIN model is described. Also some statistical aspects of the
method will be discussed.

As mentioned above, the grid method is used for allotting a
vector Y to each caliper tree. Y is taken from sample trees
and comprises the following components:

Bark thickness

height

height to first live branch

eventual damage

age at breast height

diameter growth the last five years and the five years before
volume growth the last five years

When analyzing the output from the grid method, the components
height, age and (especially) diameter growth the last five
years are considered as most important.

At the practical application of the grid method, the data set
from the National Forest Survey is first divided into a few
large groups, so-called supercells, defined by geographical
regions. The main reason for introducing the supercells is that
the sample trees are selected with varying sampling intensity
in different regions. Within each supercell, the sampling inten-
sity within 5-dm diameter classes is constant. The maximum size
of each supercell is determined by the size of the core store
of the computer used. The supercells are treated separately.

Within the supercells, grids are successively formulated in
terms of the X-vector components. Some important such com-
ponents are listed below.
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Tree variables:

- Species

- diameter at breast height. The S~cm diameter class
is kept as a cell border through all grids. This is
because the sampling intensity varies between 5-cm
classes

Plot variables:

- stand age

- site index

- basal area per ha

~ species composition

- latitude and altitude

-~ forest type

~ earlier thinnings

- occurrence of fertilization
and others

In total, we use 12 X-variables, each on maximally 15 levels.
Some of the X-variables are combinations of original variables. -

The first grid is very densely spaced and defined by species,
diameter class and plot no. Thus, at this step, all allotiments
are made "within plots". In this way we are able to ensure that
all caliper trees which are also sample trees get their "own"
Y-vectors.

After this "within plots" step, the grid is opened up, step by
step, making the cells bigger. As soon as a cell with caliper
trees also contains sample trees, allottment of Y:s is made,
and the caliper trees are together with their Y-vectors stored
on a result file.

Technically, the grid method is done in such a way that the
cell-identifying X~variables are -for each step - coded in a

few computer words. The caliper and sample trees are stored

on two separate files which are sorted according to the coded
celluidentifications.After‘sorting, the two files are matched
and an allottment of Y-vectors is made when caliper and sample
trees have the same cell-identifications. If there is more than
one tree of each type with the same identification, special
rolling routines are used. If there are still caliper trees
without Y:s left after the complete matching, a new, more open
grid is formulated. Thus, the cell-identifications must be
recoded and the files resorted. In an especially simple case
the recoding is done by simply dropping the last variable in
the identification code. Here, no resorting is needed.

An evident problem in the bProcedure described here is how to
Judge the quality of the results, Such Judgements are necessary,
for example when choosing between alternative grid designs,
Below, some statistical aspects of the grid method are discussed.
The discussion is founded on investigations made by mr SOREN
HOLM.

It is evident that the grid method will pProduce some bhias at
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plot level. There will be a tendency that "extreme' caliper
trees are allotted Y-vectors from sample trees which are not

so "extreme'". In other words, there will be a bias towards
more central parts of the data set. Further, plots with many
sample trees will tend to be over-represented. It is important
to design the successive grids so that the bias om plot level
is not transmitted to the growth functions. As mentioned above,
the outcome of the performance of the grid method will be a
data set which could be used for constructing functions for
growth per unit area.

For a more quantitative statistical analysis of the grid method,
several methods could be used. HOLM has developed a model, by
means of which it is possible to deduce formulas for different
interesting variances, standard errors etc. As the model is
fairly complicated, this way of working is difficult. A simpler,
but somewhat less informative way of judging the results is

to perform the allottment procedure with the sample trees
temporary acting as caliper trees. (85-allotiment: Sample

tree to Sample tree). In this way the allotted Y-vectors can

be compared to the measured, ''true' ones. For each sample tree,
a measure of deviation, b, can be calculated according to the
formula

b (i) = ¥ (1) - ¥y (1)

where ‘

i : index for (sample) tree no

?k: allotted value of the k:th component of the Y-vector

Vit “true", i e measured, value of the k:th component of the
Y-vector

The deviations b might be aggregated in different ways, for
example by plot and/or over different components in the
X.vector. In this way, bias of different kinds can be detected.
A "good" grid design will give small values both of average

b and of the variance of b.

COMPUTER ASPECTS

The grid method does pose some computer problems, mainly because
of the large amount of data which needs to be used. In order to
avoid unacceptably high costs, we have to design our gomputer
programs Very carefully. Weuse a fairly big and fast computer,

2 CD 6600 with a core store of 80 000 words, each of 60 bits.
We will not desgscribe the programs in detail here, but merely
give an idea of the main principle of the processing.

First, the data from the National Forest Survey is primarly
processed. At this moment volumes, site indices etc are
estimated. The resulting file is used to create two binary
work files, one for the caliper trees and one for the sample
trees. The cell-identifications are coded according to the
principles described above. The files are matched, and the
caliper trees are allotted Y-vectors. The cycle is repeated
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in a step by step procedure until there are no caliper trees
without Y-vectors left. Figure 1 shows schematically the
structure of the processing.

The programs used are writtem im FORTRAN IV code. As the programs’
involve many machine-specific operations such as shifting and
masking, they probably cannct be used on computers cther than
big CD computers without extensive modifications. :

A CASE STUDY

The grid method has been preliminarily tested within the HUGIN
project by means of a data set comprising 2 392 plots from the
National Forest Survey. The numbers of caliper and sample trees
were 43 391 and. 5 111 respectively. The X-vector contained the
following variables

number of values

tree diameter class g
tree species 5
species composition of the stand 10
stand age class 10
site index 8
relative density i0
cutting class i0
field and bottom layers ' 8
form of stand (even-aged, two-storeyed etc) 8
earlier cuttings 6

The allottment of Y-vectors to caliper trees was performed

in six steps, denoted 0O to 5. Step O was an allottment within
plots. At step 1, all X-variables had their original codes.
This means that the grid at step 1 contained about 1.4 billion
cells. The grid was successively opened in steps 2 -~ 5 and
contained at step 5 only 9§ cells, correéponding to the same
number of diameter classes (see table 1).

Figure 2 shows the number of caliper trees allotted Y-vectors
in the different steps. As can be seen, more than 40% of the
caliper trees got their Y:s in step 0. The dense grid in step
1 gave a low number of allottments (4%). However, these are
probably fairly accurate. Most of the remaining allottments
were made in steps 2 and 3. The very open grids in step 4 and
5 needed to be used for less than 0.5% of the total number of
caliper trees. '

Figure 3 shows the number of times each sample tree was used
in steps 1 to 5. On average, each tree was used 5 times, but
the distribution is skewed. Most sample trees were used less
than 5 times, but a few trees were used very often (up to 60
times). In the National Forest Survey, trece sampling intensity
does increase with increasing diameter. As can be secen in
figure &, this leads to small sample trees being used more
often than large.

One essential part of the case study was the "8S8-allottment!,
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Figure 4. The number of times a sample tree is used (median)
over diameter class.
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performed according to the pfinciples‘déscribed above., Most
results from this operation relate to the allottment of the
Y-component "five years diameter growth'.

In general, the standard deviation of differences between
measured and allotted growth is much greater than the mean
difference. As expected, there is a general tendency for bias
towards the more central parts of the data set. For example,
very small trees are, on average, allotted values of growth
which are too high while large trees are given values which
are too low.

To summarize, our most important conclusiomns from the case
study were

- age and diameter class are the two most important X-variables,
but many other variables are of interest

- it is very important to keep trees (and plots) treated
(thinning, fertilization) in different ways in different
cells ‘

- the number of X-variables and the number of steps must be
increased in order to reduce bias and increase precision.
This will increase the costs for computer time, but not as
much as was preliminarily estimated.

- the SS-allottment seems to be a powerful tool for evaluating
different grid designs.

REFERENCES
Kilkki, P & Pakéié, R, 1975. A Long-Term Timber Production

Model and its Application to a Large Forest Area -
Acta Forestalia Fennica, vol 143.
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EVALUATION OF SITE QUALITY IN CONNECTION WITH A-MODEL FOR
LARGE SCALE FORECASTING OF TIMBER YIELDS

by

Bjérn Higglund

The College of Forestry
Department of Forest Yield Research
5-104 05 Stockholm, Sweden

ABSTRACT

site index! have been incorporated in a model for long term
forecasting of forest yield, the so-called HUGIN? model.

Two methods for estimating site index are used in the HUGIN
model and thus described in this paper. Site index curves,

site index on plots where the stands are even-aged, undamaged,
not toe young, mainly of one Species etc. Such stands are re-
flecting site productivity in an unbiased way. On the rast of
the plots, where the stand does not fulfiil those restrictions
mentioned, site index is estimated directly from site facters.

In a dynamic forecasting model, the species on the plots might
change due to measures taken by man or nature., This leads to
Some problems as estimated site indices are pPrimarly linked

to the species existing at the time of plot measurement. To
overcome these difficulties, functions comnverting site index
from one species to another have been constructed and imple-

mented in the HUGIN model.,

Studies of the accuracy of different methods of site index
estimation show that Site index curves should be used as soon
as the stand fulfils those restrictions mentioned above.

INTRODUCTION

1) dominant height at a fixed reference age

2) as reported in the paper of GSte Bengtsson, the HUGIN model
i8 now under development
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dependent on the quality of the forest sites in the area under
study. Hence, forest site quality must be estimated in a reli-
able way if the model is to give a correct prognosis of wyield.
In this paper is reported how site quality is evaluated in the
Swedish HUGIN forecasting model.

In the HUGIN model, site gquality is expressed through site index,
i e the dominant height of a stand at a prefixed reference age.
The "stand" which site index refers to is "ideal™, i e even-
aged, undamaged, of one species and so on. Numerous studies
indicate that site index is a fairly efficient measure of site
quality in growth functions.

Estimating site index invelves several operations such as data
collection, data processing, the use of different functional
relationsships and so on. All those routines and functions
needed to estimate site quality together form a site quality
evaluation system, a SQ-system. If such a SQ-system is to give
correct estimates of site index, it must fulfil certain require-
ments. Some important such reguirements are listed below.

- site index must reflect the properties of site and may not
include uncontrolled effects of stand history. This is the
reason why we state that site index refers to an "ideal"™ stand.

- site index shall be estimated without large scale bias and
(under this restrictipn) with as high precision as possible

- the estimation of site index must be strictly objective

- every site (plot, stand) on forest ground must be assigned
an estimate of site index

- the relationships between site indices for different species
must be known to such an extent that every site {(plot, stand)
can be assigned a site index corresponding to any species
which might be of commercial interest on that particular
site

- it must be possible to computer-code all parts of the 5Q-
system involving the manipulation of data.

The requirements listed lead to some important conclusions.
That site index always shall refer to an "ideal" stand implies
two alternative designs of the 5Q-system. One is to develop a
method for site index estimation in which the eéxisting

stand is not used at all. The second possibility is to use the
existing stand when it is in acceptable condition, i1 e is
reasonably similar to the "ideal" stand. When the stand is not
acceptable, some stand-independent method must be used. We have
chosen the second type of SQ-system, mainly because this approach
seems to give the highest overall precision. Hence, we have to
design at least two methods for site index estimation, one for
acczptable stands and one for areas where the stand cannot be
used.
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THE 84 - SYBTEM

The S5Q-system used in the HUGIN model is a part of a more
complete system for site quality evaluation. In the complete
system, site productivity is measured in terms of potential

vield (mean annual increment at the time of culmination).

For the HUGIN wmodel, we only use those parts of the system

which concern site index estimation. These parts are schematical -
1y illustrated in figure 1.

In stands acceptable as indicators of =site productivity, site
index is estimated from measurements of dominant height and age
by means of site index curves. Such curves give fairly accurate
estimates of site index, but the indices obtained are primarly
linked to the dominating species of the stand. Therefore,
functional relationships between different species growing on
similar sites are constructed. These relations might be used
for converting site index from one species to another.

If there is no stand, or if the stand is not acceptable, site
index curves cannot be used for unbiased estimation of site
index. In these cases we use functions expressing the rela-
tions between site index and site factors. In this way we get
less accurate but alsc less biased estimates of site index
than with site index curves. Functions of this type can be
developed for different species. Hence, in this case, it is
not necessary to use the "change-of-species™ facility. In
the following, the different parts of the 5Q-system used in
the HUGIN rodel will be described more in detail

SITE INDEX (URVES:

Site index curves show the relationships between stand age
and stand height at different levels of site quality. Under-
lying the curves is often some mathematical function, the
bparameters of which are estimated from height/age data by
means of some statistical procedure. Site index is defined as
height at some prefixed reference age. The curves are used
for assessing site index in stands acceptable as indicators
of site productivity.

The site index curves belonging to the Swedish SQ-system have

the following properties. Most of the curves show the develop-
ment of dominant height over age at breast height. Dominant

height is defined as the arithmetic mean height of the 100

(by diameter) largest trees per hectare. The most common de-
finition of site index is dominant height at a total age of

100 years, h,pas. Figure 2 shows a typical set of curves, those for
Scots pine. Today we have curves for Pinus silvestris, Pinus
contorta var latifolia, Piceg abies, Betula verrucosa, Quercus
robur and Fagus silvatica (HAGGLUND, 1974).

The principles used for the construction of the Swedish site
index curves is reported in HAGGLUND, 1972. A brief summary
follows below.

An important principal basis for the construction of the curves
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Figure 2. Site index curves for Scots pine in Sweden,
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is the definition of "true'" site index for a stand. Assume that
we have estimated site index for a stand a large number of

times. The estimates refer to different ages, uniformly distribut-
ed during the whole rotation. "True® site index is the arithmetic
mean of these estimated indices. At the construction of site
index curves we want to minimize the variance about "true'" site
index in some given data set. At the same time we have resiric-
tions, saying that two points {(h;, t,) and (h,, t,), where h,

and h, are two different heights and t, an age, must be placed

on different curves. Further, the curves may not intersect.

Preliminary studies indicate that a fit of a function

h o= £{t, A) +.ieiuvenernnen Gt et ee s eerasecaceeaana cnoaes (1)
h height

t : age

A stand (site) parameter

to a set of observed heights and ages will give a set of curves
satisfactorily fulfilling the requirements implied by the de-
finition of "true' site index. This is the technique used to
construct the Swedish site index curves.

Data for the Swedish curves consists of true time series of
observations of height and age. Data originates either from
repeated measurements of permanent plots or from stem analysis
of felled trees. In the latter case, the felled trees are

among the 100 largest per ha at the time of felling. However,
it is not certain that these trees have been dominants through-
out the whole life of the stand. In other words, the development
of "dominant :height trees' might differ from the development

of dominant height. We call these differences ''ranking effects”
(see figure 3}. Studies of the ranking effects by means of
permanent plot data show that these effects are of such magni-
tude that they bave practical importance, at least for Norway
spruce. Therefore, we have corrected stem analysis data for
ranking effects.

The model used for describing dominant height development

is principally of type (1). It is derived from the so-called
Chapman-Richards function (CHAPMAN, 1961; RICHARDS, 1959) and
is, in our version, given the following form.

Kt 1/(1~-m)

hi{i, t) = A(di} - (1 - e ) 2 e e Ph e aees . (23
' . by g
k = by, + by, = A(i)

by a
m = by, + by, A(d)
where
n(i, t) = dominant height in stand no i at age t years.
A, k, m = parameters to be estimated. A is an asymptote and

a "site parameter?. k and m are functions in A.

b - parameters to be estimated in the relations between

k, m and A.
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The model is (in logarithmic form) fitted to a data set accord-
ing to the principles of least squares. This fairly compli-
cated operation is performed in three steps.

Step 1. Locate, for every height development (plot) the point
where height and age are most safely determined. As
we work with the model in logarithmic form, these points
are defined by the plotwise arithmetic means of logarith-
mic height and the corresponding wvalues of age. The
points occcur of course at different ages for different
developments. We call the points (tm(i), hm(i))

Step 2. Fit the model (2) simultaneously to data. This is done
in the following substeps

2.1 Give (i e guess, but think first) starting values
to the parameters by, - by,

2.2 Force the model to fit the points (tp{(i), hy(i))
by means . of, for example, a simple step-halving
procedure. The parameters b,, - by, are kept
constant during this substep, and thus the fitt-
ing is done by means of the ''plot parameter"
A(i) enly. In this way every height development
(plot) gets a value of A(i)

2.3 Compute new values of byy; - byg by means of the
Gauss-Newton method of non-linear regression
(HARTLEY, 1961). During this substep, the para-
meters A(i) are kept constant

2.4 Repeat from 2.2 until convergence

Step 3. Perform a linear regression analysis, where the residual
from the function obtained in step 2 principally is the
dependent variable. In this way it is possible to check
the results from step 2 - the outcome from step 3
shall not alter the results from step 2 very much. We
can also introduce new variables in the funection and,
for example, check for influences from site properties
on the shape of the site index curves. Step 3 is thus
a type of "stage-wise'" regression analysis.

Models similar to (2) have been used by many researchers for
the construction of site index curves. In some investigations,
the parameters A{i) have been replaced with some simple function
of site index. Site index is directly or indirectly measured
from data, which, in most cases, regquires a data set where all
plots have reached the reference age. (BRICKELL, 1966; LUND-
GREN & DOLID, 1970; BECK, 1971). This technique might lead to
some bias due to regression fallacy (WALLIS & ROBERTS, 1956).
Site indices measured might, especially close to the borders
of the data set, be affected of what we call random influences.
As site index is measured at a fixed age, the shape of the
curves might be affected. This risk of regression fallacy 1is
the reason why we linked our site parameter A(i) to safely
determined points occuring at different ages for different
developments.

Another way of solving the fitting problem was demonstrated by
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FRANZ & RAWAT, 197L4. They fitted the Chapman-Richards model to
each height development separately. In this way they got a number
of estimates of the Parameters of the model. Using these esti-
mates as data, they constructed regression functions expressing
the relationships between the parameters of the model and some
meéasure on site guality. A similar way of fitting the Chapman-
Richards model was also investigated by I*{;fiGGLUl\TD.i 1972. However,
his separate fits gave results quite different from those oh-
tained by simultaneocus fitting. The reason for this is probably
that simultaneous fitting means a consequent minimizing of the
sum of squares around the variable h (dominant height), while
separate fitting Partially means minimizing the sums of squares
arcund the parameters of the model. Tn HKGGLUND, 1972 the con-
clusion was drawn that separate fitting does not generally

lead to site index curves which represent a least squares solu-
ticn of the actual problem.

The site index curves used in the HUGIN model have been checked
in many ways. By means of grouping of data and by introducing
site properties in the height development functions we have
checked that the form of the curves is mnot seriously affected
by site conditions. The representativity of the data sets used
has been checked with new data. To summarize, the checks indi-
cate that

~ the curves describe the data sets used to construct them
correctly :

- there are no strong effects of site conditions on curve form
at fixea site index. This conclusion is of course not general
as Sweden is a fairly small country

- checks with new data indicate a good representativity of the
curves,

In the HUGIN model, the function (2) is used for estimating
site index in computer from measurements of dominant height
and age at breast height. As the equation to be solved at this
operation is non-linear, an iterative solution must be used.
Several methods can be used for this Purpose. We have chosen a
zimple and sufficiently fast step-halving routine.

ESTIMATING SITE INDEX FROM SITE PROPERTIES

As mentioned above, site index curves camn be used for site
index estimation only in those cases when the stand is accept-
able as an indicator of site productivity. However, on many
of the plots treated by the HUGIN model, the stands are not
acceptable. To be able to estimate site index on these plots,
we have to design a method for assessing site index from site
properties. The study performed for this purpose (HAGGLUND

& LUNDMARK, 1977} is briefly reported below. The aim of our
work was to establish functional relationships between site
index {(for Scots pine and Norway spruce) and site properties,
In order to facilitate the practical use of the results of
the study, the site properties under consideration were re-
stricted to those which could easily be measured in the
field.
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Data for the study was obtained from the National Forest Sur-
vey, an annual inventory of the Swedish forests. In this in-
ventory, circular plots with a radius of 10 m are laid out

on forest land. The two largest (by diameter) trees on each
plot are used for measuring dominant height and age at breast
height. Further, a number of measurements of site properties
are recorded. These measurements refer to the geographical
location of the plot, teo scil conditions and to ground vege-
tation. Some important variables are exemplified below.

Latitude.
Altitude.

Distance to coast. Areas closer to coast than 50 km are dis-
tinguished.

Climatic regions. Some regions of maritime or continental
climate are distinguished.

Soil properties:

Soil texture. The mechanical composition of the soil is con-
verted to an index of soil texture.

S0il depth. Four classes are distinguished.
Thickness of humus layer.
S0il profile type. The depth of different layers is recorded.

Soil moisture. The main criterion is the vertical position
of the watertable. Five classes are distinguished.

Surface/subsurface water flow., Assessed from the inclination
of the ground surface and the lenght of the sliope above the
plot. Five classes are distinguished.

The ground vegetation is used as an indicator mainly of the
nutritional status of the soil. The vegetation is recorded as
independent descriptions of the bottom and field layers,

which are combined to forest types according to the principles
proposed by TAMM & HOLMEN, 1961.

In figure 4, a plot from the National Forest Survey is shown
together with some variables important for us. Our original
data set comprised about 15 000 such plots. However, we could
of course only use those plots where site index could be
estimated in.an unbiased way with site index curves. A number
of selection rules were formulated in order to ensure that only
such plots were included in the final data set. After this
selection procedure, the data set comprised 3 385 plots. This
means that about 80% of the original plots were discarded,

the most common reason being that the stand was not 'pure
Scots pine or Norway spruce. The selected data set was used to
estimate the parameters of a model, describing the relation-
ship between site index and site properties. The model is
actually an integrated multiplicative growth model, originally
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Figure 4. The National Forest Survey plot with some variables
important in our investigation.
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formulated by JONSSON, 1969. The basic assumption in the model
is that the effects of different growth factors work together
in a multiplicative way. As it is the effects (and not the
factors) which are interacting multiplicatively, the relations
bebweon different growth factors and their effects must be
modelled. As a proper description of this work must necessarely
be fairly voluminous, we here only refer to HAGGLUND & LUNDMARK,

1977.

The process under study is fairly complex and involves some
very complicated interactions. In order to make the model
reasonably simple, we roughly solved the problem of complicated
interactions by dividing the data set into processing groups
and fitting the model separately to the data in each group. In
this way we could, for example, take into account the fact
that the effect of temperature climate varies for different
levels of soil moisture. In total, ten processinggroups were
formulated. The groups were defined by species (Scots pine/
Norway sprice), soil (mineral soils/peatlands), soil moisture
{three classes) and forest type (three classes).

In figure 5, the regression function obtained for the processing
group "Norway spruce on mineral soils, moist and slightly water-
logged secils" is shown as an example of the results.

The main results of the study can be summarized as follows

- the effects of latitude, altitude and mobile soil water on
site index are greater for Norway spruce than for Scots pine

~ the more moist the s0il, the stronger is the positive in-
fluence of mobile soil water

~ the negative effect of increasing altitude is greater if there
is no regular flow of mobile soil water than if such a flow
exists

- within a soil moisture class, the effect of mobile water is
greater the less fertile the forest type is

~ the climatic regions have, in some cases, strong influences
on site index. A continental region in the central part of
southern Sweden has a positive effect on site index for Scots
Pine on very dry and dry soils. A maritime region along the
eastern coast of southern Sweden has a negative effect on
site index for both Scots pine and Norway spruce on mesic
soils when the forest type is herbs, grasses or grounds
without field laver

- deep soils have a positive effect on site index for Scots
pine on very dry, dry and mesic soils

- textural index influences site index in most Scots pine pro-
cessing groups. The coarser the soil, the lower is site index

- the influence of forest type is mainly as expected. This
means that herb types, grass types and grounds without field
layer are better than dwarf-shrub types which are better than
lichen types.
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Figure 5, Norway spruce on moist and slightly waterlogged soils.
Some partial relationships.
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The results of the study were checked against new data - 809
temporary plots, laid out for vield research purposes. The
check gave a fairly satisfactory result as the overall differ-
ence between estimates of h,,, performed with site index curves
and from site properties was not more than 0.21 m. Hence, there
does not seem to be any overall bias in the functions. However,
when the checking material is divided in processing groups, some
big and statistically significant differences appear. We do not
know for sure whether these differences are due to the fact

that the functions are biased within the groups in question, or
whether the checking material is too small to permit a division
into ten groups. Some uncertainty concerning the quality of

our results thus remains, but we have started doing some com-
plementary work in order to clarify the situation.

Many topics can be raised in connection with ocur study. Here,
however, we shall only mention four

- does the selection procedure affect the representativity of
data? In other words, when we discard about 80% of our data
as '"mon-acceptable stands'", do we at the same time ignore
some important combinations of site properties?

~ we know that many measurements in odur data set are subject
to considerable error. We also know that, in regression
analysis, random errors in independent variables might lead
to a "thinning out” of the regression functions (MADANSKY,
1959). Is this of practical importance?

- we can ohserve that the residuals from our functions have
a strong, negative trend over stand age. We explain this
as an effect of the fact that the distribution of ocur data
set 1s skewed in relation to site index/stand age. Is this
the true explanation?

- the composition of the ground vegetation layers, and thus
the forest type, might change according to variations in stand
density, stand age and tree species composition. This might
cause some problems when applying the results in practice.

These questions are discussed in HAGGLUND & LUNDMARK, 1977,
but we cannot say that we found.completely convincing answers,
Nevertheless, we will use our functions in the HUGIN model.
We do not think there is any better way to estimate site in-
dex in those situations where there is no acceptable stand to
rely on. However, as mentioned above, we will continue our
work with the functions in order to reduce the number of
guestion-marks which still surround them.

CHANGE-OF -SPECIES FACILITY

When making a forecast of forest growth over a long period of
time, it is often realistic to assume change of species after
clear-cutting on a fraction of the area under study. To make
proper decisions on this question, it is necessary to know the
site quality in terms of, for example, site index for different
species. However, when using site index curves, the site index
estimates obtained are linked primarily to the species of the
existing stand. In order to overcome this difficulty, we have
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to design and use relationships between site indices for
different species growing on equal sites. One such relation-
ship between the site indices for Beech and Norway spruce in
southern Sweden was presented by CARBONNIER & HAGGLUND, 1969.
A new investigation, in the first stage concerning a comparison
between Scots pine and Norway spruce, started in 1975. A first
report was published by LEIJON, 1977,

The most proper way to perform this new investigation would,
of course, be to establish controlled experiments. This method
is also used to some extent, but it will take a long time to
get the results. In order to produce results more quickly, we
have chosen teo base the present study on temporary plots; laid
out in the existing forest. Pure stands of Scots pine and Nor-
way spruce, growing adjacent to each other on equal sites are
Searched for by the staff of the National Forest Survey and

by forest owners. Reported stands are first of all thoroughly
investigated in order to Secure that the sites really are
equal. If the stands and sites are accepted, 2 - 3 gircular
plots are ebjectively placed in each stand. Site indices are
estimated with site index curves and a number of site proper-
ties are measured. The output of the investigation will amongst
other things be functions where site index for one species is
the dependent variable, site index for the other species and
measures of site properties independent. These functions will
be incorporated in the HUGIN 35Q-system.

ACCURACY

The main principle for choosing which method to use for site index
estimation in the HUGIN model is to use the unbiased method
giving the highest bPrecision. We have already stated that site
index curves should be used in "acceptable" stands and thus

we have indicated that the curves give higher precision in
estimated site index than do the use of site Properties. In

the following we will discuss the accuracy of the two methods,
First we point out that a number of checks indicate that the
methods are free from large scale bias, Hence, it seems reason-
able to regard all errors as random and limit the discussion

to precision only,

Generally, getting measures of Precision is an important part
of the work with the HUGIN 5Q-system. We might need to know

the precision of estimated site indices in order to calculate
the overall precision of the yield forecasts. Further, as

site index is often used as an independent wvariable in regress-
ion analysis, we might alsoc need Precision estimates to bhe

able to assess the eventual "thinning ocut" of regression
functions, following from random errors in independent wari-
ables (MADANSKY, 1959),

In general the error of a site index estimate results from

-~ prediction errors. These errors originate from the functions
used to predict site index. For eXxample, most stands have a
dominant height development which does not exactly follow
the site index curves
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- measurement errors

-~ sampling errors. In those cases when site index estimates
from sample plots must be generalized, sampling errors occcur.

In the following we mainly discuss those errors which are most
evidently method-dependent, the prediction errors. We start by
briefly summarizing a study of site index curves (HAGGLUND, 1975).

As stated above, we define the "true" wvalue of site index for
a stand as

t2
Brae (1) = 1/(ts - ty) Jﬂ hyoo (i, t) dt
t"l

hyoe (i) : "true' value of site index for stand (plot) no i

ty, t, : ages; t, is a low age and té is well bevond the
normal rotation

hygefi, t) : site index, estimated with site index curves for
stand (plot) no i at age t years. h;a(i, t) is
assumed to be free of measurement and sampling
errors.

In practice, the integral is replaced by a sum. The prediction
error (Sp) is a function of age and can be written as

Spg(i, t)=E(hy (i, t) = hyae(i))®

The symbol E is for expectation. To estimate Sy, we have used
data from repeated measurements of permanent plots. The data
set, which comprises 203 plots inm Scots pine, has not been used
for the construction of the site index curves. Figure 6 shows
the result of repeated estimation of site index in the data

set. As can be seen (it can also be shown numerically), there

is no trend in site index over age. Hence, the curves used to
estimate site index are unbiased, and all deviations from "true"
site index are regarded as random.

The evident problem in estimating Sp from the data set described
is to estimate "true site index" for each plot. The developments
observed do by no means stretch over a whole rotation. To over-
come this difficulty, we constructed a simulation model, which
described the data set and could be realized over long periods
of time. The model is on the form

hy 6o (i, tj) = Bl(tj)hlao(i, tj_i} + Ba(tj)hloo(i, tj_z) + €(1, tg)

plot no
t, age at measurement no j. The ages t,, t; ... are
J equidistant in time. The interval between them is 5
vears. At each age tj, hygae (i, tj) is determined with
linear interpolation
B,, By : coefficients to be estimated

€ : stochastic component
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The model is formally a second-ocrder, autoregressive, stochastic
one. The coefficients B, and B, were, as well as €, estimated
for different ages tj with regression analysis. Investigations
showed that € is approximately normally distributed.

The model was used to simulate repeated estimates of site index
over long periocds - figure 7 is an example. By making a large
number of simulations (8192), we got stable estimates of Sps
which are shown in figure 8. As can be seen, the prediction
error of site index (standard deviation per plot) is about 2 m

at an age at breast height of 10 - 15 wvears. At increasing age,
the error decreases quickly to a minimum of 0.6 -~ 0.7 dm at
80 - 90 years. After that, the error increases slowly with in-

creasing age. These figures are valid for Scots pine on homo-
geneous sites.

Turning to the method of using site properties, the estimation
of precision is fairly simple. In this case we camn use either
the sum of squares obtained from regression analysis, or the
outcome of the check with yield research data reported earlier.
The former way of estimating precision means using data from
the National Forest Survey {("inventory data'}, and thus prob-
ably getting estimates of precision which refer to average
practical conditions. The other method ("research data')} gives
result which are noen-representative but comparable to those
figures for site index curves shown in figure 8. Table 1 below
gives the estimates of precision obtained with the two methods.
It should be observed that the figures include both prediction
and measurement errors (we cannot separate them). However, the
prediction errors are by far the larger.

Table 1. Standard deviation, m, of h,,s per plot when using
site properties. The figures include both prediction
and measurement . errors.

Inventory data Research data
Scots pine 3.0 2.1
Norway spruce 3.6 3.0

We see that there is a considerable difference between the
estimates of precision obtained from inventory and research
data.

Figure 9 shows a comparison between the precision of the two
methods - using site index curves or relationships with site
properties - for estimating site index. The standard deviations
illustrated refer to Scots pine and include both prediction
and measurement errors. Comparisons should be made between
those curves marvked "research data'. We see that site index
curves from a stand age of about 10 vears give the highest
precision. For much of the age scale, the superiority of site
index curves is very apparent. This is the reason why we state
that site index curves should always be used as soon as the
stand is in acceptable condition.
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Figure 9. Comparison between the precision obtained when using
site index curves and when estimating site index from
site properties. The standard deviation includes both
brediction and measurement errors. Scots pine.
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DESIGN OF THE SQ-SYSTEM IN THE HUGIN MODEL

The S5Q-system described has been implemented as a part of the
HUGIN model. More precisely, the system is used in a primary
pProcessing part of the model, foregoing those rarts which are
directly used for the forecasting of yield. Figure 10 shows
Schematically how data flows through the SQ-system. It should
be noticed that this design is the one used today - work is
presently being done to make the system more complete and the
outcome of this work might change the design to some extent.

By use of the HUGIN 3Q-system, every plot gets one site index
for Scots pine and one for Norway spruce. Further, if there is
an acceptable stand of any other species on the plot, the site
index for that species will also be estimated. In this way we ¢
believe we get a SG-system, which makes it possible for us to
study many interesting alternative site/species strategies for
the future timber production of Sweden.
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A GrowTH MODEL AS A BASIS FOR LONG-TERM FORECASTING
OF TIMBER YIELDS
(A preliminary version)
By Bengt Jonsson
Department of Forest Mensuration and Management
College of Forestry, $S-104 05 Stockhoim, Sweden

1. General

In a previous study {Jonsson 1974), the author has described
a method for the ltong-term forecasting of timber yields and

application of the method in regional estimates of potential
cut.

This study deals with growth functions for individuai trees
based on data from the northern half of Sweden collected by

the Department of Forest Survey. Combined with other functions
(see below), these functions can now be used in forecasts of
forest development, according to simple logging alternatives,
in this part of Sweden for periods of up to 50 years hence.

The logging alternatives can be varied in respect to their
point in time, the nature of the operations and their
intensity,

This paper deals with the model of growth functions and also
with the accuracy of the functions.

List of functions used

Number
pine Spruce birch

Diameter growth functions 3 3 2
Height curve functions 6 6 6
Bark functions 2 2 2
Volume functions 2 b 2
Thinning response functions 3
Natural thinning functions i
Total: per tree species 13 13 12

together 4
Total number of functions used 42
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2. Growth functions
2.1 General

The growth of a tree is the result of a compliicated process
embracing a multitude of factors. Generally speaking, it

is retatively simple employing experimental investigations
to determine the influence of one or more factors on a given
phenomenon. However, this assumes that regular trials can
be arranged and that the results can be awaited.

Other studies are based on phenomena which have occurred under
natural conditions before the start of the investigation. They
are therefore of a non-experimental nature - with all the
statistical problems that this implies (see Wold 1956). In
such cases, it is not possible to vary one or more factors

and keep the other factors influencing growth under statistical
control. Instead, all relevant factors are active without
control, and it may be difficult to distinguish the influence
of one or more factors from the infiuence of others.

In such cases, the analysis employs schematic models based

on the knowledge available on the growth process. Attempts

are then made using empirical materials to quantify the role
of essential factors in this process or, in other words, to
estimate some of the parameters in the model. The models
should be realistic, but, at the same time, usable in practice.

2.2 Growth model
2.2.1 Objective and conditions

Every growth model is designed according to its intended
purpose and to the conditions existing as regards observation
data, etc. The objective of this study is to quantify the
influence on annual diameter growth of both the tree and

the environment, with consideration given to the influence

of the weather. With access to material including both growth
particulars and other relevant data, it should be possible to
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estimate the separate and the combined influence of essential
factors on growth.

2.2.2 Construction of the growth mode!
2.2.2.1 General

A growth model is therefore constructed for the above case.
The approach and its motivation are described in Jonsson (1969).

Among the factors affecting tree growth are the properties

of the tree. The extent to which these properties influence
growth is in turn affected by the site factors, i.e. forces
and matter surrounding the tree, which release, limit, favour,
retard or hinder the constitutional growth process,

For the period of time between t1 and tz, the growth may be
expressed as

t, t,
i(t7,t2) = g i(t) dt = ‘f £ {I(t), J(t), K(t)} dt (2.1}
t t :

where 1 = growth
I, Jand K are vectors with a large number of components,

where 1 = the internal, growth-determining factors
J = the external, non-climatic growth-determining
factors and
K = the external, climatic growth-determining
factors.

K(t) is a multivariate, stochastic process with two periodic
components (year and day) and variations around these.
K(t) also influences the development of I(t) and J{t}.

Baule™s law (1917) states that the interaction between the
various growth factors is multiplicative, i.e. the effects
of the various growth factors multiply each other (cf.
Jonsson 1969, page 34).
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Let us assume that the vector J includes components (J,)
which the above Taw applies to. but that the way in which the
other components (J]) and I influence the growth is unknown.
Let us assume further that the effect of K is multipiicative.
From this and from (2.1) the growth between t and t+dt may

be written as i(t) dt, where

i(t) = FII(t), Jy(t)} - gldy(t)} - h{K(t)} (2.2)

Since functions f, g and h must be positive, both sides of
the equation may be expressed in logarithmic form, thus

In i{t) = 1In fI(t), Jy(t)} + 1n g{Jz(t)} + In h{K(t)}  (2.3)

It is assumed that ti and t, limit calendar year j. During
this time, the non-climatic factors undergo successive changes.
The condition of the trees and the soil vary according to the
season as has been demonstrated by several researchers (cf.
Jonsson 1969, page 35). Among other things, the conditions

are affected by the weather. As a result of this weather,

the effect of non-climatic factors will vary during the year.

It is further assumed that fj and g; are the logarithm of
the mean values during year j of f{I(t), J1(t)} and
9{Jd,(t)}, with normal weather effect during year j. Thus,
these expressions represent the average influence that would
prevail 1f all conceivable weather conditions were distributed
during year j. This implies that fj and g; are conditional
expected values for year j.

lLet us now assume that

ep(t) = In FII(t), (1)} + In gld, ()} - 5 - g5.

then
ty

i, = f.+° 1 ] 7 (%) hiK(t)} dt 2.4
i3 1J. = j+ gj + ﬂ . e ¢ (t)} . ( . )
1
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2.2.2.2 The influence of climatic factors

If the Togarithm of the integral expression in {(2.4) is
‘designated Hj and the mean value for year J of all possible
values of H is Rj, then

Tni, = Fj *gyt Ho + (R, - H.

j i 5 J). (2.5)

In this expression, Hj ~ H is the logarithm of the annuall
ring index adjusted for autocorre]at1on and divided by 100 )
(cf. Eklund 1954).

If ? and § are expected values under normal weather effects
dur1ng the who]e life of the tree up to and including year j,
and if €2 f + gJ - fJ - gJ, then

1n1j = fj+gj+Hj+62j+(H.~

o

;- R (2.6)

In this expression, 523 + H - HJ corresponds to the Jogarithm
of the total annual ring 1ndex divided by 100 (cf. Jonsson
1972). This logarithm is designated Tn uj.

1) Definition of annual ring index

Let b3 be expected value of ij on the condition
that K(t) = the real weather (say F(t)) up to the point t],
when the year j begins.

Let similarly, the same be valid for b up to the
point tO = the "birthday" of the tree or a fixed point
of time.

We now can write
bJ‘. = E(“EJ. [{K(t) = F(t); t= t]})

and
bj = £(ij HK(t) = F(t); t=ty}) .
Definition: *adjusted" annual ring index = 100 E%
J
i
total annual ring index = 100 Ei
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Therefore
In iy - Tn us = fj t g5+ Hj’ (3.7)
which may also be written

ij _ ~ _

N

However, the annual ring index occurring in practice is the
mean value of a given population of trees (P). The annual
ring index for individual trees naturally deviates from that
for the population. In the case of an individual tree (s)
we write the following:

Tnu_. = 1In Ups + € {2.9)

53 353

where €353 represents the deviation of the individual tree
in this respect. It seems reasonable that this component
has a normal distribution with a mean value of zero and

with a stable variance for the trees in the popuiation.

Thus, for an individual tree we get the expression

i,
VR g .+ H.. .
In Eéj fsj T g5t Hsg * E3q40 {3.10)
i .
which, if 24 is designated 7_,, may also be written
Up 5]
Inigy = %sj t 9oy + Aoy + eggye (3.11)

Accordingly, Tsj in the latter expression is the growth
under normal weather conditions throughout the 1ife of the
tree (up to and including year j).
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2.2.2.3 The influence of external, non-climatic factors

In expression (2.?]),'§Sj designates the logarithm of the
effect of the components in JZSj
conditions throughout the life of the tree.

under normal weather

This we write in the following way (cf. Jonsson 1969, pages
21 - 22).

m
9; = In {Csj . IIT (1 + qrsj)}’ (2.12

where Csj is a constant and g is a function of component

rsj
No. r in Jz under normal weather conditions throughout the

Tife of the tree.

The significance of arsj is evident from the following identity

g .
- . e rsd - Crsj \
g!‘Sj = 1In {CY‘SJ 4 (1 + T)}s (2'13.
and thus
egm‘j -C .
- rsj ;
q.. = . (2.14
rsj Crsj

From this it can be seen that arsj denotes a percentage change
in the influence on growth.

From (2.12) we obtain

m
95 = InC.. + InTT] (1+ qrsj)’ (2.15)

which, using Taylor“s theorem, may be developed and written
- 2
- mo_ Q¢ 5)
Gy = InCgy + X}(qrsju =+ ), (2.16)
r=
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2.2.2.4 Total, theoretical model

If Fj is written E{In f(I;5 Jy4)} » then our theoretical
model will take the following form

In isj = Hsj + In Csj + E{In f(Isj’ J?sj)} +
N C S
;ﬂ(qrsj S ) e (2.17)

However, the construction of our model is not yet sufficient
for practical application and must therefore be further
developed.

In the model,

- 2
. (Gpgy)

where ( designates a function in Jerj (which is thus a value

of the Jz-component No. r for tree s and year j).

Using the same designations, we obtain

InT. = H, + InC_. + E{In f(I

j sj sj o+

sj’ J?sj

m
+ ;ﬂ E{Qu(Jppes)} + 35, (2.19)

However, we wish to employ the conditions of the different
growth-determining components in I and J at the start of
year j. such as these conditions would have been under normal
weather conditions throughout the 1ife of the tree. Let
designations with the prime symbol refer to these conditions.
Let us also assume that the conditions develop during year j
according to a "normal" pattern,




Thus,

in 1sj = Hsj + In Csj + 1In f (Isj’ J}sj)

m
+ EE]OP(JZrSJ) * €353‘.

(3.2

However, these "normal" conditions are not always known; the

known conditions are sometimes only those that have arisen
during the weather conditions Prevailing during the 1ife of
the tree, Nonetheless, in many cases these real conditions
will probably be almost identical to the "normal” ones,

2.2.3 Specification of the mode
2.2.3.1 General

The task we are now faced with involves finding suitable

variables and analytical expressions for the model functions.

Using empirical material, we then estimate the parameters
in these expressions, obtaining growth functions.

As precisely as possible, the variables should describe,

or be a measure of, the properties of the growth~determining
factors. The selection of these variables is Timited to

the observations contained in the available materia] and is

also dependent on FTimitations in connection with the use of

the functions.

The analytical expressions to be selected should either have
a buiTt-in control which corresponds to known conditions or
be flexible, governed either totally or partially by the

material in cases where our knowledge is inadequate., Systematic

errors can be iptroduced by means of strict control and, through

excessive flexibility, features in the materia] may be incly
that are not Qeneral but caused by a random component.

ded
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The selection of analytical expressions constitutes a vital
element which forces us to make more or less subjective
appraisals.

2.2.3.2 Material

The model has been designed for use in a special study. We
chose to construct the model from data of sample trees and
sémp]e plots contained in the National Forest Survey. How-
ever, this material is not primarily intended for yield
studies. Consequently, we cannot expect the material to
contain all the requisite data. For instance, we know
nothing about previous fellings in the sample-plot stand.

The sample plots are laid out systematically in the forests
in Sweden and comprise circular plots with a radius of
6.64 m.

2.2.2.3 Interaction between internal and some external
factors

The interaction between the internal factors and the external,
non-climatic J1wfactors has not been specified above (cf. 2.2.2.1}.
We assume that the vector J} can only assume a limited number

of values, and that for each one of the values In f‘(I;j, J;Sj)
can partly be approximated by a second-degree expression in

a variable which describes the properties of the internal
factors of the tree. The remaining part is approximated by
another tree variable, common to all J1 values. This is assumed
to apply to all trees of a given tree species. If the J3 vectar
comprises classes in the Jonson classification system for site
quality, and if the former variable describing the properties

of the internal factors consists of the diameter of the tree

at breast height, and the other variable is the number of annual
rings at breast height, the following general model may then

be obtained:
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(1, 37y = oK) L a(K) (k) 42 . a2
In f7(1°, J]) = g + B1 « d+ B e d” 4 33~ a + 34 a
where k = Jonson site quality class
d = dbh
& = number of annual rings at breast height, and
s 81, 82, 63, 84 = parameters.

Consideration is also given to the influence of age in that
the above parameters are estimated separately for three
different age classes.

2.2.3.4 The influence of other external, non-climatic
factors

The position of the tree in the stand relative to other

trees is expressed as the ratio between the dbh of the tree
and the dbh of the Targest tree in the sample piot. This
diameter ratio is roughly equivalent to the tree class which
designates the position of the tree in the stand in respect

of the height of the tree. The effect of this relative position
is expressed in the model in the form of a second-degree
function in the diameter ratio,

The basal area at breast height in the sample plot is used

to express the density of the stand around the trea. A

change in the density (e.g. as a result of thinning} implies
an effect on growth, which effect will gradually increase
during a period of several years before it subseqguently
decreases, Unfortunately, as mentioned earlier, informations
of such changes are not included in the National Forest Survey
material. However, whether or not feliing has taken place

in the stand can generally be established by field studies,

in which the stands are assigned to one of the cutting
periods, a or b. This classification is based on a subjec~
tive assessment of the cutting requirement. If cutting
within ten years from the time of the inventory is deemed
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neéessary, then the sample plot is assigned to cutting period a.
If cutting is desirable in 10 - 20 years time, the sampie plot
is assigned to cutting period b.

Recent thinning has probably been carried out in stands in
the b-class sample plots and, consequently, the favourable
influence of the thinning on the growth of individual trees
will be greater than in stands of trees with the same basal
area in a-class sample plots. To make this evident, the
model has been constructed so that the influence of density
on the growth is written in the form of a second-degree
function in the basal area for each of the two cutting-
requirement classes separately.

The tree itself is incTuded in this basal area, the real
purpose of which is to denote the density of the stand
around the tree. This is done with an eye to the practical
application of the growth functions and is considered
permissible, since the diameter square {d2) of the tree also
constitutes a variable. This assumes the value of its
coefficient, which eliminates the effect of the basal area
of the tree on the growth.

The influence of the geographical Tocation of the sample
piot is written in the same manner as that employed pre-
viously (Langiet 1936), i.e. with a linear function in
each of the three variables, viz. latitude, altitude and
the product of these variables.

The model is an example of how one or more growth-determining
properties can be divided into classes {e.g. site quality
class, cutting-requirement class, etc) and how the in-
fluence of one or more variables in each class can be
described. Special expressions for these variables are
necessary for each property.
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2.2.4 Total specified model and example of diameter growth
function

The final model is as follows

in id = a(k) + ng)o d + ng). ¢ 4 By-a 4+ By - a® 4
t Bg- g“‘ + Bg - (gu)z + ng)- G + Sép)- GZ +
g 9
t Byt B+ Bigm H + Brp- BH . (2.21
where 1d = five-year "normal” diameter growth
(Note: not one-year as in the model)
k = Jonson site quality class
d = dbh
& = number of annuai rings at breast height
dg = diameter of the largest tree in the circular plot
P = cutting period
G = basal area of the sample plot
B = latitude
H = altitude

{(See Figures 1 and 2).

2.2.5 The accuracy of the diameter growth functions

A number of diameter growth functions have been produced,
We shall now deal with-an efucidation of the accuracy of
the functions. The standard deviation of individual trees
between the real and estimated growth at breast height is
approx. 50 - 60 % for pine and spruce aged between 5 and
125 years, and approx. 65 % for trees aged between 1071 and
200 years. These figures may seenm somewhat high, However,
we must remember that the functions provide a forecast of
the growth of individual trees, For practical purposes it is
sufficient to know the total growth for a larger number of
trees within a given area. For the purpose of elucidating
the accuracy in the calculation of growth for a number of
trees, the following processing was performed.
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Figure 1. Partial relation between five-year diameter growth

and the diameter of tree on sites of different classes and the
diameter ratio.

The arrows indicate the average diameters in the material.
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The area studied (i.e. the northerh half of Sweden) was
divided into four latitude groups, each group then being
subdivided into three altitude areas. Accordingly, twelve
geographical areas were obtained. The trees included in the
material were then divided into four age classes within each
of the geographical areas. The mean observed growth of the
trees in each age class was then compared with the estimated
growth. The difference, or the residual, is an expression
of the magnitude of the error in the given class and for the
number of trees concerned.

The question then arises as to whether these errors are
purely random or whether they also contain a systematic
component; for instance, as a result of the influence of
age and geographical location being stated incorrectly in
the functions. In the case of pine and spruce, an attempt
was made to illustrate this important aspect as follows.

Twelve geographical areas and four age classes within each
area gives a total of 48 classes and, consequently, 48
residuals as well. The age classes embrace the intervals,
5-25, 26-50, 51-75 and 76-~125 years, measured at breast
height. If we plot these residuals en a graph against the
number of trees in each class, the result obtained will be
as shown in Fig. 3. This gives us some information about
the scatter or, in other words, the error in the functions
used.

If, ideally, this error were independent, having the same
distribution around zero, then nearly all (95 %) of the
points would 1ie within the unbroken Tines, which describe

a curve in the illustration. These lines are derived from
t 20//n, where o denotes the standard deviation of the
function and n the number of trees. In reality, the points
are not arranged in this way, although not far from it.

We may therefore conclude that the error inherent in the
determination of the mean growth is favourable and has




only a slightly disturbing effect on the final result in
the case of many trees from a given age class within a
limited geographical area.

It may also be claimed that the effect of both age and
geographical location is expressed apparently without any
major systematic errors in the function.

The vital question now is whether the functions can be used
to forecast the development of a stand without appreciable
errors being incurred. This was studied by means of a
comparison of relatively well-documented, real growth with
those calculated. We are of the opinion that the cases
compared agree well (cf. Jonsson 1974y,

3. Applications for the functions

As mentioned earlier in the introduction, the 42 functions
have been used to make forecasts of the development of the
forests within the parts of Sweden covered by the study for
periods of up to 50 years hence and according to simple
logging alternatives. The togging operations can be varied
in respect of their point in time, their form and their
intensity.

The functions are intended_for use with the material from
the National Forest Survey, with individual treatment and
development of stands, or parts of stands, in the sample
Plots (radius of sample plot = 6.64 m),

Thus, the development of individual trees is calculated
separately,

The stand development is based on the observed condition
of the stand at the time of inventory and is calculated
for consecutive five-year periods. The results are noted
0, 5, 15, 25, 35, 45 and 50 years after the time of
inventory.
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Computer programs for the calculations are available.

A detailed description of the work is presented in
Jonsson (13974, only in Swedish).
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ON THE COMPUTATION OF ANNUAL
RING INDICES

Bengt Jonsson and Bertil Matérn
Royal College of Forestry
Stockholm, Sweden

The method described in this paper has been applied
at the Swedish College of Forestry since the 1960's
(see Jonsson 1969, 1072).

A stochastic model

We consider a group of n trees, which are conceived
of as a sample from s large population. The annual
rings of the n trees have been recorded for a certain
period. We denote by &ij the width of the ring formed

by the ith tree in the jth year of the period. By hij

is denoted a corresponding hypothetical value: the
ring width that would have occurred if the weather
influences had been normal during the whole life of

the tree,
We now make a number of assumptions on the relation
between the actual (aij) and the hypothetical (hij)
ring width., We first write
a. . .
iIn (zﬁi = m, + €1 {1)
i3 dJ dJ

Here m, denotes the population mean -~ in the year j -
of ln(aij/hij). It represents the influence of the

weather on the annual diameter growth in the popula-~
tion. The terms {Ei'} are deviations of the indivigual

trees from the population mean mj. They are supposed

to be random variables with expectation 0 and a common
v . 2 ( ) + 3 -
arlance, Gé say /s We have here a multiplicative

model for the way in which various factors influence
the diameter growth. As in other cases, & model of
this type is best treated by a logarithmic¢ transforma-
tion: From the assumed constancy of the variance of
the £'s it is seern that the best linear estimate of

m, 1s
J

11’1
ln a,, == } 1n 1

3 PO
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To shorten the subsequent fermules, we write

i n
X, = = Z In a. .
J i=1 4
1 4]
£, == ] 1n b, .
‘ i=1 J

for the logarithmic means of the actual and hypo~

thetical ring widths, respectively. Since ocnly the

values {aij} - and hence {x.} - are known, we need
. J

some additional assumptions to get Turther. These
assumptions will essentially be that the "weather
component ', s i1s stationary (in J) and that the

¢omponent representing all other influences, ., is
J

g _smooth (evolutive) function of j which can be Approx
imated by a simple mathematical expression such as a
pPolynomisal in j of low degree. This latter assumption
seems reasonable if the number (n) of trees is not

too small,

Estimation of the index

Our estimates of mé noew take the familiar form of
residuals from a function graduating the series {xj}.

In the following, we take this function to be =
polynomial of degree g

If the series {mi} can be considered as purely random

o

(thus & series of identically distributed independent
elements), the obvious way to estimate the coefficient:
of the polynomial is to minimize

Elxy b = vd - ... - b 38 (2)
S ©

However, there exist g00d reasons to sassunme that the

nature of the series {mj} is not purely random. A

simple model +%hat aprears to suit the situation much
better is the autoregressive scheme of first order
(see e.g. Jonsson 1969). We then mssume

m, = . + oz,
J TRy J (3)
where s is "purely random". The term ym,_, in (3) re-

Presents a carry-over effect from one year to the next .
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Using this approsch, the estimates bo’ b’, ceey bg,

and an estimate ¢ (say) of the autoregression
coefficient v are obtained by minimizing

. . g . . g1y 2
g{xé bo byj=ee. ng c[xj“1 bo bj(J IR A bg(J 1) J}
(4)
In comparing results obtained by basing the estimation
on (4) instead of (2), it is seen that the values of
the coefficients {bk} do not differ very much.

Cf. fig. 1, which shows graduaticns with polynonials
of degree 1 and )4 according to the two principles.
The xj~values are means of logarithms of widths of

annual rings of 15 pines from the Muddus area in
northernmost Sweden. However, 1f we apply ordinary
regression methods to estimate the standard srrors of
the b's, the two approaches give divergent results. .
One example may suffice to indicate this divergence.
If we base the estimation of a linear trend bo+b1j

upon (2) and also base the error calculations on the
assumption that {mj} is & purely random series, the

value obtained for e(bj) will be only half of the

value that would have been appropriate if the true
model were {3) with y = 0.6,

A remark may be made concerning the "retransformation"

of the logarithmic values. Let ﬁj be the estimates

obtained from the residuals. The directly corresponding
index is

T. = 100 exp(d.
J © p(mJ)

However, we may wish to adjust the index in such a

vay that the sum of the widths of all annual rings {aij}

adjusted by the index of the respective years egualg
the total sum ggaij. Using the properties of the
1J
lognormal distribution (see e.g. Parzen 1960 p. 3L8)
we find that we should then make a slight adjustment
by computing the index from the formula
1 (A Sz)
I. = 100 ex m,-——
j P AT

where s2 igs the variance among the residuals {ﬁj}.

It should finally be pointed out that if the index of
annual rings is determined by fitting a smooth trend
function to the empirical data {(in logarithmic or

other form), then the index can only reflect the short-
term variastion in the influence of weather factors.
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If the weather is undergoing & long-term movement,
the effect of this change will be included in the
graduating function. Hovever, if we include in this
function alsc meteorological factors (Jonsson 1963,
p. 2bh), we at lemst have a chance to obtain an index
that reflects the influence of the weather also over
longer periods. If we obtain a good fit by such a
function, we can also hope to get a high precision

in the determinsation of the index.
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IMPACT OF PLANTING DENSITY AND JUVENILE

SPACING ON THE YIELD OF DOUGLAS-FIR

KENNETH J. MITCHELL
ASSOCIATE PROFESSOR OF FOREST RESOURCES
COLLEGE OF FORESTRY, WILDLIFE & RANGE SCIENCES

UNIVERSITY OF IDAHO

SUMMARY

The impact of planting density (2,722, 1,742, 889, 436 and 222 trees/ac) and
juvenile spacing on the vield of Douglas-fir, Pseudotsuga menziesii (Mirb.) Franco,
was investigated with the Tree and Stand Simulator (Mitchell, 1975b) using height in-
stead of age and site as the independent variable.

High mortality in closely spaced plantations upgrades the vigor of the population
through natural selection and increases the average height of the stand as it reduces
the number of trees until little evidence of the initial density remains., Close spacing
yields the greatest gross volume but accumulated mortality accounts for much of the
difference. The standing volume is greater in dense plantations because of the larger
number of trees. Heavy mortality removes the advantage leaving little difference un-
til later in the rotation when the benefits of natural selection appear. Basal area and
volume growth are similar although the former is accelerated when the trees are grow -
ing freely. The average diameter at breast height of widely spaced plantations is large
because the trees have bigger erowns for a longer time allowing them to utilize more
resources. This advantage is lost when the high mortality in dense stands allows the
crowns of survivors to increase in size and produce more diameter growth because
the diameters are smaller and the trees are more vigorous. The age and height of
the stand when the mean annual volume increment (MAI) culminates on a given site is
not atfected by spacing, but the increment and therefore the sustainable yield declines
at the wider spacings.

Young stands spaced from 1,742 to 436 or 222 trees per acre surpassed the
volume of the unthinned controls. The MAI culminated at a higher level but later.

(Keywords: Model, Spacing, Douglas-fir, Yield)
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INTRODUCTTON

B
. L . . 1 n - . 3 -
This report” examines the simulated growth and yield of stinds of Douglas-fir,
Pyeudotsura menziesii (Mirb,) Franco, in relaticn to the number of trees established
te "

per acre, The level of stocking is controlled by planting density and juvenile spacing.
The resalts apply to even-aged stands of second-growth Douglas-{ir growiag on moist
sites of medium to high productivity on the coast of British Columbia. Only pianted
stands are considered but the conclusions should apply to stands of natural origin where
the age of the trees and the density of the stand is faivly uniform.

The Tree and Stand Simulator (Mitchell, 1975a, 1975b) used in this investigaticn
allows the erowns of individual irees to expand and contract agymmetrically in a three-
dimensional growing space in response to internal growth processes, physical restric-
tions impesed by the erowns of competitors, and various suvironmental factors (e. g.
site guality, defoliation, animal damage) and cultural practices (e.g. thinning, pruning,
fertilization). The crowns add a shell of foliage each year that benefits the tree in dim-
inishing amounts for five years. The volume increment produced hy the foliage (s dis-
tributed over the bole annually and accumulated to provide tree and stand statistics.

METHEODS

The model was calibrated to conform with a large industrial data base of 480 per-
manent sample plots before undertaking the spacing experiments. Most plots ranged
in age from 15 to 110 years and were measured 2 to 4 times at an interval of about 5
years for a total of nearly 1200 measurements. The height of site trees was used as
the independent variable in place of age and site index to simplify the caltbration proce-
dure and generalize the results of the spacing experiments. The yield tables constyucted
by McArdle, Meyer and Bruce (1949) for Douglas-fir in the Pacific Northwest ghow neg-
ligible difference among sites 80 to 140 when total cubic volume per acre is related to
the average height of dominants and codominants. Higher sites produce less volume rel-
ative to the height of site trees but this departure may be caused by non-site factors guch
ag stand density, The industrial data base was analyzed by separating plots with full
stocking (0. 08 < average distance between trees/height of site trees < 0.12; Wilsou,
1951) into site classes ( < 66, 66-75, 76-85, 86-95, 96-105, 106-115, 116 # King, 1966).
There was no apparent difference between the volume/height relationships of the sites
above 75 feet. The lowest site class was obviously different, Consequently, the height

Erhe Productivity Committee of the British Columbia Forest Service and the College of
Forestry of the University of 1daho provided the support for this project.
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of site trees was used in place of age and site to calibrate the model for number of trees,
volume and basal area per acre, and average diameter. The results can be applied to
all but the lowest sites.

The experiments are designed to isolate the action of one or more variables of
interest. Other variables are removed or held constant to prevent them from confound-
ing the results. It is desirable, for example, to have the same trees involved in each
experiment so that the populations are identical genetically. Spacing or number of trees
per acre is varied by altering the size of the plot and the distance between the trees rather
than the number of simulated trees. However, limitation of the computer make some
designs unrealistic. The design of the experiments described in this report is shown in
Table 1. All trials are performed with the same population of 400 trees except for the
extreme densities. Four hundred trees spaced 14 feet apart occupy 1.8 acres making
the run prohibitively expensive because the cost if primarily determined hy the size of
the plot. Consequently, 49 trees were established in Experiment 8, Four hundred trees
in a 0,15 acre plot are insufficient for Experiment 1 with 4 -foot spacing because the high
mortality associated with this density would leave too few trees per acre to adequately
represent the distribution of tree sizes at the end of the rotation. The number of simu -
lated trees was increased to 625 which left about 50 trees when the dominants reached
- a height of 160 feet, 3

Table 1. Design of the experiment.

Experiment Initial Number of Number of Juvenile
spacing  trees per simulated spacing
(feet) acre {rees (feet)
1 4x4 2722 625 none
2 5x5 1742 400 none
3 5x5 1742 400 X7
4 5x5 1742 400 10x10
5 5x5 1742 440 14x14
6 7x7 889 400 none
7 10x10 436 400 none
8 14x14 222 49 none

Trees were planted according to a square spacing regime with some variation to
mimic field conditions. A forward and lateral standard deviation of 0. 5 feet was re-
quested about the intended location. The resulting spatial distribution was identical in
all but the 4x4 and 14x14 regimes where it was extended or curtailed to accommodate
the different number of trees., Juvenile spacing in Experiments 3, 4 and 5 was accom-
plished by removing the shortest trees in the plot when the site trees reached a height
of 10 feet. The tallest 25 simulated trees (6 percent) comprise the gsite trees, Each
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run wasg terminated when the site trees reached a height of 180 feet which is 30 to 40
feet beyond the range of the calibration data. Consequently, statistics beyond a height
of 160 feet should be interpreted with caution.

RESULTS AND DISCUSSION

The height of site trees is the independent variable in the following discussion.
[t can be related to age and site by means of the site index curves developed by King
{1866},

Planting Density

Planting density refers to the number of trees planted per acre. Competition is
the only source of mortality other than juvenile gpacing which ig considered later.

Number of Trees

Mortality of overtopped trees begins abhout the time of crown closure or later if
the trees are widely spaced (Figure 1) and continues at 2 rate of about 5 trees per acre
per foot of height growth of site trees until the ratio of the average distance between
trees to the average height of site trees decreases to about 0,10, This ratio remains
fairly constant throughout the remaining life of the stand.

The high mortality assoeciated with close spacing offers an opportunity te upgrade
the vigor of the population through natural selection. The best 200 trees selected from
a population of 1742 trees (5x5 spacing), for example, will obviously be more productive
than the same number selected from a population of 436 trees {16x10 spacing). High
mortality also lowers the tree-to-tree variation among the survivors and increases the
number of stems per acre towards the end of the rotation. The small differences in the
aumber of {rees in the three densest plantations were removed during the summary of
the data to prevent them from confounding the comparisons presented in the following
sections,

Average Height

The average tree increases in height at a rate which is 20 percent below the site
trees prior to suppression and mortality {(Figure 2y, Competition early in the life of
the stand suppresses the height growth of enough trees in the two densest levels to de-
press the average height, However, the suppressed trees die and the increase in the
relative vigor of the populations bew mes quite evident, The average height of the irees
remaining when the site trees reach 180 feet is given below along with the increase rel-
ative to a hypothetical stand with no mortality:
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Figure 1. Relationship of spacing and site height to number of trees.
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Figure 2. Relationship of spacing and site height to average height.
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Spacing Trees Living Average Inerease Relative
planted trees height in height increase
per acre @ 180! (feet) (feet) %)

4 2722 220 174 36 21
5 1742 220 172 28 19
7 889 220 © 163 19 13
10 436 196 158 14 10
14 222 159 152 "8 6
(21) (100) (100} (144 (0) (0)

The height growth of a few trees in each stand is retarded slightly by competition at
180 feet but this will not affect the results appreciably. Natural selection has effect-
ively increased the productivity of the site. However, the apparent site index corres-
ponding to a particular initial density may be high or low depending upon the selection
intensity employed in the derivation of the site index curves,

Gross Volume

Gross volume includes the standing volume and all previous mertality in an
effort to measure the total productivity of ihe stand.

Close spacing provides the greatest production (Figure 3) because the crowns
can occupy and utilize the growing space relatively quickly. Furthermore, the high
mortalily improves the vigor of the popuiation as discussed previously., The relation-
ship between gross volume and initial spacing is approximately linear, The insert in
the upper lefthand part of Figure 3 shows that the production at 160 feet of height in-
creases 7(0 cubic feet for every foot the spacing is decreased. This implies that a limit

of about 30, 000 cubic feet could be produced at this height with very close initial spacing.

Total Volume

Total volume represents the standing volume left after the mortality is subtracted
from the gross volume. The high mortality associated with close spacing removes g
disproportionately high volume from the closely spaced stands leaving very little differ-
ence in the standing volumes, with the exception of the widest spacing, when the site
trees reach a height of 30 to 100 feet (Figure 4), Consequently, litile can be gained from
close spacing unless the mortality is salvaged. This may not be feasible considering
that the average diameter of trees that die in the 5x5 stand is 5.1 + 0.4 inches during
the period in which site trees grow from 90 to 100 feet, The advantage of close spacing
is not realized until later when the stand capitalizes on the beneficial effects of the high
mortality and natural selection,

The curves in Figure 4 exhibit a rather obscure pattern which is exaggerated for
illustrative purposes in the insert in the upper lefthand corner. Each stand grows freely
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initially followed by a period of high mortality relative to the final phase when mortal-
ity is minor (Figure 1). The duration of these periods is affected by the initial spacing
which ensures that they are out of phase.

Basal Area

Standing volume and basal area bear a similar relationship to height although the
mwaves'' are somewhat amplified in the latter case (Figure 5) and overlap because more
orowth ig distributed towards the base of the hole when trees are widely spaced and have
long crowns and a high live crown ratio. All stands concentrate increment at breast
height until they reach a volume of 4000 cubic feet (Figure €) and a height of about 70
feet at which point basal area increment in the 5x5 stand declines because of competition
and receding crowns. The 10x10 stand is not affected until the site trees reach 110 feet.

Diameter

The diameter of the tree of average basal area is largely a result of the duration
of the period before the crowns close and competition begins (Figure 7). It ranges from
3.5 to 7.0 inches at 50 feet of gite height, The separation of the curves remains fairly
constant after mortality reduces the number of trees to a common level (Figure 1}, The
distribution of heights and crown dimensions is similar in all stands during this period
giving rise to about the same increment in terms of volume and basal area. All trees
are then growing at the same rate and the difference in the bole dimensions are due to
past growing conditions. That is, trees originating in widely spaced stands have larger
crowns for a longer period allowing them to utilize and incorporate more resources.
However, the closely spaced stands have a lasting advantage because the trees are sup-
erior genetically. The smaller diameters will also tend to increase faster because a
congtant amount of area increment is distributed over a shorter circumference. These
factors will reduce the differences in diameter towards the end of the rotation. Note
that the average diameter of the three densest stands is almost identical at 120 feet, and
the trees in the 10x10 stand are only an inch larger.

Mean Annual Increment

The age and height of the stand when mean annual volume increment (MAI) culmi-
nates on a given site is not related to the initial spacing but the increment and therefore
the sustainable yield does decline at the wider spacings (Table 2). The MAI culminates
first on good sites when the site trees are 170 feet tall and 95 years old (Table 2) followed
by the medium (140-150 feet at 100 years) and poor sites (120 feet at 108 years). This is
considerably later than indicated by McArdle, Meyer and Bruce {1949) because the volume
increment of the permanent sample plots used to calibrate the model does not decline

noticeably.

Juvenile Spacing

The three uppermost curves in Figure 8 show the gains that can be achieved by
precommercially thinning a stand with 1742 stems per acre (5xb spacing) to two different
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Figure 5. Relationship of spacing and site height to basal area.
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Table 2, Culmination of mean annual volume increment (MAT) on good (G)
medium (M) and poor (P) sites in relation to spacing.

Spacing MATI Height ' Age
(teet) (cubic feet) (feet) (years)
G M P G 7 P G M P
4 280 188 111 170 150 120 95 109 108
5 262 177 107 170 140 120 95 94 108
7 257 173 105 170 140 120 95 94 108
10 247 166 103 170 150 120 95 109 108
14 230 161 96 160 140 120 85 94 108
5 - 10 274 185 113 170 150 120 95 109 108
5 ->14 283 192 109 180 150 130 107 109 134

levels., In both cases, the shortest trees were removed when the gite trees attained a
height of 10 feet. Spacing initially reduced the number of stems, volume and basal area,
and increased the average height and diameter. However, the standing volume and basal
area recovered and eventually surpassed the unthinned stand. The length of the recovery
period was governed by the intensity of thinning. Stands reduced from 1742 (5x5) to 889
(7x7) stems (not shown in Figure %) recovered hefore the site trees reached 80 feet but
only gained about 30 cubic feet of standing volume thereafter.

Columns 1 to 3 of Table 3 show how the vield at 160 feet is affected by spacing a
stand from 5 to 10 feet. Standing volume, basal area and diameter increase 5 to 10 per-
cent and it is up to the manager to decide if 1140 cubic feet of velume will offset the cost
of juvenile spacing. Almost any rate of interest is likely to discourage this practice un-
less the larger diameters increase the value considerably.

The MATJ of stands spaced from 5 to 10 or 14 feet culminates higher but later than
the control (Table 2).
Table 3. Spaced stand statistics at 160 feet of site height.

5x5 5->»10 difference 10x10 difference difference
(1) {2} (2)-(1)=(3) (% (2)-(4)=(3) (4 -(1)=(6)

Number of stems 231 222 -9 207 15 -4

Average height 152 153 1 140 13 -12
Gross volume 267256 25867 ~858 23630 2237 -3095
Standing volume 21986 23126 1140 20700 2426 -1286
Basal area 376 412 36 396 i6 20

dbh 17.3 18.4 1.1 18.8 -0, 4 1.5
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Another management alternative may also be of interest. Should dense plantations
be established and later thinned to favor the best trees, or should the plantations be widely
spaced initially ? A 5x5 plantation spaced to 10x10 is compared with a 10x10 plantation
in Figure 8 and Columns 2, 4 and 5 of Table 3. Juvenile spacing increases the standing
volume by 2426 cubic feet or 11 percent which again must be related to the extra cost of
planting and spacing. The volume is increased by 4,500 cubic feet if 14-foot spacing is
desired (Figure 8).

Wide Spacing vs Close Spacing

Widely spaced stands having 436 trees planted 10 feet apart are compared with
dense stands spaced 5 feet apart (1742 trees) in Figure 8 to assess the advantages and
disadvantages of each regime when trees reach a height of 160 feet. The information
summarized in columns 1, 4 and 6 of Table 3 assumes that the manager has the option
of planting at either density. Wide spacing reduces the number of stems, average height,
gross volume and standing volume while increasing the basal area and diameter. The
differences vary between 5 and 12 percent. Close spacing produces an extra 1286 cubic
feet of standing volume. Again the manager must decide if this return is sufficient to
justify the extra pianting costs. Wwide spacing would most likely be favored if a realis-
tic rate of interest is applied. '
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LONG RANGE FOREST
DEVELOPMENT MODELS

Niis-Erik Nilsson
Royal College of Forestry
S-104 05 Stockholm, Sweden

1. Introduction

Forestry is a sector where long term planning models have been applied
since very long ago. The main reason for this is the long production
period. The development period for a forest stand is mostly between

50 och 150 years, to be compared with one or more crops per year within
agriculture. Ancther important characteristics of forestry is that the
forest crop during a considerable part of the growth period either can
be harvested partly (through thinnings) or totally {through clear cutting).
The forest crop thus both is a product and a production means. In Sweden,
Tike in many other countries, there is a forest law which prohibits the
clear cutting of too young stands. The national forest policies mostly
aim at securing a sustained or increased annual yield. One dilemma is
that the rotation period for maximum volume production is considerably
Tonger than the rotation period for highest profitability when discount-~
ing expected costs and revenues at a reasonable rate of return.

The forest development model, which is presented in this paper, is based
on data from the Swedish Nationa] Forest Surveys. The first applications
of the model were in connection with the development of an evaluation
system for forest and forest land which was used at the countrywide 1975
taxation of real estates. The present version of the model was used by
the 1973 Forestry Commission in order to analyse and describe the present
wood balance situation in Sweden. In its first report the Commission
stated that the wood consumption in Sweden in 1973 and 1974 corresponded
against a gross cut of 84 million m3 {trunk volume with bark). According
to the model calculations and assuming unchanged silvicultural intensity
the long term production capacity of the forests was no more than 66-70
million m3. The continued work of the Commission will concentrate on
measures for increased production such as intensified silviculture, fer-
tilization and ditching. Our present efforts to improve the calculation
model must therefore take into account that the model should allow the
identification and evaluation of a range of future possible management
regimes, which means that improved knowledge of the effects of silvi-
cultural measures is essential.

This paper will present the existing version of the model and to some
extent outline features which are being introduced during the summer 1976.

2. Objectives of the model

The model aims at describing the probable development of the Swedish
forest resources under specified assumptions with regard to future
management regimes and levels of cutting.

The objective would not be to identify the optimal management regime,
but rather to identify possible and probable management alternatives
taking into account the existing ownership structure and ranges of
state forestry policies.

The forestry system to be studied (figure 1) contains the following main
elements or problem areas.
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The Swedish forest resources comprising approximately 24 million hec-
tares of forest land which are described by data from the national fo-
rest survey.

Growth processes which are studied through yield research and by incre-
ment measurements which are part of the forest survey.

Management regimes which must be identified and discussed together with
representatives of forest owners and managers but which partiy can be
identified by observations made by the field survey teams.

Timber harvesting poiicies, which can be studied by stump inventories
and consumption statistics as far as historical trends are concerned.
When it comes to the future the level and intensity of cutting is one
of the open variables which can be varied from one alternative to the
other in order to indicate possible ranges of future yield.

The calculation model should merge these elements into a dynamic system
and allow that the system can be steered and controlled by a number of
steering parameters.

One very important gualification is that the model must be simple

enough from pedagogical point of view, to allow detailed discussions
with forest managers and forest policy-makers on the choice of develop-
ment alternatives and steering functions and parameters. From pedagegi-
cal point of view it is also necessary to break down the calculations
into phases or sequences which can be presented and discussed separately.
Figure 2 contains a comprehensive description of the model structure.

The development of the model has taken place "in the open" and has been
influenced by a number of reference groups with high subject matter
competence.

3. The Swedish National Forest Survey

Purpose

The Swedish National Forest Survey continuously provides data for the
planning and control of the utilization of the forest resources on a
regional and national level. The survey provides data on the current
state of the forest and on measures which have been taken. The survey
estimates the size and composition, the Tocation and technical proper-
ties of the forest resources and the increment. Regeneration measures
and the extent of the annual fellings are also observed.

Background

The National Forest Survey has been working since 1923. Four complete
surveys have been implemented since then. The first was during 1923-
1929, the second 1938-1952, the third 1953-1962 and the fourth 1963-
1972.

Originally the survey was carried ocut county by county in the form of
strip surveys in which both area and volume assessment were performed
within a 10 m wide survey belt.

During the second National Forest Survey the assessment of the volume
was based on circular sample plots {of approximately 140 m2}. The volume
assessment and mast of the area descriptions have been based on sample
plots of this type during the third and fourth surveys. A reorganization
was carried out in 1953 which resulted in an annual, low-percentage
survey of the entire country.
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The reorganization also made it possible to record the annual fellings
by means of a stump inventory which refers to the last concluded Togging
season. In addition, the reorganization has made it possible to estimate
annual climatic variations in increment. In 1973 the survey was re-
arranged and the field work was increased considerably.

Methods

The National Forest Survey is an annual systematic cluster sampling of
the forest resources of the country. This inventory is carried out by
the Department of Forest Survey at the Royal College of Forestry in
Stockholm,

The present method of inventory means that the entire country is covered
each year by a grid net of circular sample plots. These sample plots are
Tocated along the sides of squares which are called "tracts". QOne tract
of this type (3 cluster) is a work unit intended to constitute a day’s
work for the survey crew. The sampling density varies from one part of
the country to another. The density is greatest in the south and gradu-
ally becomes lower towards the north.

Each year some 1500 tracts are inventoried. This work is carried out
by some 20 survey crews with 5-7 members in each crew.

The accuracy of the survey is so adapted that the resylts - primarily
the volume - can be presented county by county with a satisfactory de-
gree of reliability after a five-year interval.

Results are presented in various ways. Some of the main results are
presented annually in the Swedish Statistical Yearbook of Forestry.
Other more detailed accounts are presented in the form of reports from
special studies of the kind which is described in this paper.

The sample plot and sample tree data produced by the National Forest
Survey 1s probably unique as far as biologic inventory data is con-
cerned. It covers practically the entire country below the alpine tree
Timit, it has been collected by objective sampiing methods and the

Area_inventory. A careful description of the various site and stand
properties is made for all sample plots on forest land. This data then
provides a basis for various area calculations and for the estimation

of total volume, growth and fellings.

sample plots are selected as sample trees. On those trees factors
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determining the valume and increment are measured and certain technical
properties are described. A bore core taken from each sample tree is
processed in the laboratory and provides data on the diameter increment.

Stump inventory. The stump inventory is intended to provide an assess-
ment, by recording the stumps on special "stump plots", of the quanti-
ties felled each year and the areas which are affected by various types
of cutting. The data recorded for those sample plots includes data on
the ownership category and the type of cutting method employed.

4. Treatment classes

The state variables describing the forest resources must refer to some
classification system. One possibility would be to keep the sample

plots as units, but we have in our model chosen to aggregate these plots
into treatment classes.

The aggregation procedure must take the following demands into conside-
ration:

1/ The treatment classes must be as homogeneous as possibie with
regard to biological growth.

2/ The classes must be relevant for the decision rules used by
forestry management.

3/ The total system of treatment classes must be pedagogical and
facilitate the discussion with decision makers and representatives
from practical forestry.

4/ The number of treatment classes must be reasonable taking the data
processing costs into account.

The first point mentioned above tends to increase the number of classes
and the last two points to reduce it. We have tried to arrive at a
reasonable compromise by aggregating the sample plots into about 100
treatment classes in each of about 10 geographical areas. In addition

a breakdown into 2 or 3 ownership classes is being applied.

The treatment classes are défined by means of the following state
variables:

stand age/cutting class

site index/vegetation type

density

cutting priorities based on field observations

in some areas a further breakdown on forest types and accessibility
is applied

oo a oo

The treatment class is regarded as a “stand” in the calculations. The
class is described by a number of "state variables", which are sums
or averages of the corresponding sample plot values.

The calipered trees are aggregated according to tree species (four
classes) and diameters (ten 5-cm classes). Within a subclass the follow-
ing variables are recorded:
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number of stems

average age (at breast height)

average diameter and volume

average diameter and volume increment during the last five years.

Age, volume and increments are originally known only for the sample
trees. Through an initial "pairing" operation each calipered tree is
matched to a sample tree and given the values of that sample tree.

In addition to these state variables there are also variables charac-
terizing the whole stand, such as average site index, density, alti-
tude, vegetation type etc.

From the state variables described above several other variables can
be calculated, such as volume per hectare, average diameter, basal
area, increment percentage etc.

5. Growth models

Established stands

The dynamic part of the model should project the state of the forest
resources period by period.

The most important of the state variables is the volume (cubic metre
trunk volume over bark) of each treatment class. Within the treatment
class the volume is recorded separately for four different tree
species (species groups) and ten diameter classes. Each such subclass
is projected individually.

The information about the initial state comes from the survey sample
trees and includes data about the present volume and the volume incre-
ments during the last two five year periods.

This type of data can be used for projections in several ways. We have
adopted as a theoretical framework the growth model proposed by Chap-
man-Richards, according to which the development of the size W of an
organism follows the differential equation:

dW/dt = nWm - K.l | (1)

where n, m and K are parameters depending on genetical and environmen-
tal factors.

Derivating the basic function above gives, after some simpltifications:

d2W/dt? = m . (dW/dt)2/W + K - (m - 1) - dW/dt (2)

Equation (2} expresses the acceleration of growth as a function of size
and its rate of change. The equation is remarkably simple. The unknown
exponent m in the basic function has disappeared as exponent, which
means that the remaining two coefficients (m and K - (m - 1) can be
estimated with ordinary least square techniques.

In practice the development is not followed continuously but in periods.
The derivatives above are thus replaced by the corresponding differences:
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Wn = size at the end of period n

1

aly = Wy - Wy increment during period n

O%My = Dp -~ By difference in increments between period n

and n-1

5]

Equation (2) is accordingly replaced by
A% = a - QU2 + b AU (27)

As mentioned above the coefficients are dependent on environmental
factors. There are no corresponding theory to guide the selection of
factors and the functional form of this dependance. By trial-and-error,
using residual analysis, we have found the site index, the basal area
and a simplified vegetation classification to be appropriate as modify-
ing variables in equation (27).

Summarizing, our projection technique involves the following two steps:

A. Initial calculation using least square technique of "increment diffe-
rence function" based on the model equation {27} and data from the
survey sample trees.

Different functions are calculated for different tree species and
geographical areas.

The coefficients in {27) are functions of site index, basal area
and vegetation type.

B. A one-period-ahead forecast of volume development is calculated
according to the formula:

Wntl = Wp + AWp + D261

where Wp and AW, are known, either initially based on sample tree
data, or, subsequently, as a result of the corresponding calculations
for the last period, and O2Wn+1 is calculated using the least squere
equation from step A.

Young stands

The method discussed above is not applicable to young stands. One reason
for this is that the calculations presumes knowiedge of the increment
during the last five years. Thus, all trees must be at least five years
old at breast height (where the increment core is taken}.

The growth model, however, is unreliable even for some time after this
age, due to the difficulties to incorporate the effects of cleaning and
natural Josses during the early years of a stand.

Instead we define initially the state of some treatment classes on
different sites at the age of about 20-60 years (just before the first
thinning). At an appropriate time interval after clearcutting we assume
that the clear cut areas have developed stands equal to our defined
treatment classes, which are called "planting classes”.
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The planting classes can be taken from among the initial treatment
classes based on the survey data. In that case the classes will reflect
previous intensity of forestry management. Alternatively the classes
may be defined more or less synthetically with the aim of reflecting
anticipated future forestry intensity, for instance that clear cut areas
are planted with pine or spruce of a defined guality.

Thinning and fertilization effects

The growth mode incorporates methods for handling thinning and ferti-
Tization effects based on recent studies of data from permanent sampie
plots.

6. Management regimes

The system of forest management in Sweden is very homogeneous which
facilitates our modeling work. One reason for this is that there are
not more than 3-4 tree species which are of economical relevance. The
dominant objective of forestry is the combined production of raw mate-
rial for the pulp and board industry and the sawmilling industry. We
therefore apply a management system which aims at a high volume produc-
tion, the most valuable end-product being timber for the sawmilling
industry. For ecological reasons the regeneration of forest stands is
by clear cutting and planting or by means of natural regeneration by
seed trees, which are being Teft to grow 10-15 years after the final
cutting. Out of the total yield from a forest generation about 30-50
per cent is taken out as thinnings during the growth period. The
growth period varies with site and Tocation from about 50 years in
south Sweden to 150 years in north Sweden. As was mentioned in the in-
troduction it is imperative that such a Tong production period would
necessitate Tong range management models.

Figure 3 will illustrate the principal management cycle. The classifi-
cation into treatment classes apparently also is a classification into
development classes or development phases.

In the field survey a classification into both "cutting classes” and
age classes is made. In the present model work we apply a combination
of cutting classes and age classes for our basic classification. Plots
which in the field are classified as mature for clear cutting are
aggregated to a member of “"clear cut" classes and the rest of the plots
are aggregated into age classes.

The clear cutting policy in the model can be steered by priority func-
tions or by simple algoritms which aim at simulating the clear cutting
policy (or lack of policy) applied by more than 100,000 private forest
owners, )

After clear cutting there is a period of stand establishment for which
it is not possible to apply growth functions. The waiting time for the
birth of a new stand and the early development of the new stand is
mainly due to human influences and is in the model represented by the
choice of “planting class" at a somewhat later stage.

The next stage of development is the thinning phase. The thinning
policy is steered by functions or algoritms similar to those which are
used to steer the clear cutting. A complicating factor is that thinning
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stimulates the growth of the remaining trees, which makes it necessary to
apply a "thinning effect model" which influences the basic growth functions.
Similar effects are caused by fertilization and ditching, measures which are
now being included amohgst activities within the model.

The following example indicate in which way the model can simulate alterna-
tive management regimes:

{a) The total volume cut per year is determined. The initial values are
based on present cutting statistics. The values referring to later
time periods are preliminary estimates, which may be changed in later
jterations, due to their effects on the standing volume.

(b} The volume cut per year is split between clear cutting and thinning,
according to present praxis and estimates regarding future thinning
policies.

{c) The treatment classes are selected for cutting according to defined
priority rules {until the quota is filled). We have applied two types
of rules to mirror the differences of optimality among the many forest
owners. As a first step we use a broadly formulated rule such as
"clear cut x per cent of all forest in site class y which is over
z years of age". In the second step we use a more specific and "optimal"
rule based on state variables such as age, expected increment (with
regard to site class), actual increment, diameter etc.

7. Output

The basic output from the system is a "balance statement” for each time
period showing:

Initial volume

+ increment

- natural losses
- thinning

- clear cutting

= final volume

Fig 4 is a typical example showing the development over ten 10-year periods
of the three most important components in the balance statement, i.e.

F = dinitial volume
T = increment
A = cutting (thinning and clear cutting)

This particular diagram shows that the total volume (F) will decrease rapidly,
if the cutting (A) is kept on the present Tevel (84 mil] m3) during the first
10-year period. The diagram further shows that the cutting must be reduced to
66 mi11 m3 during the remaining periods, in order to restore the total volume
to its present tevel of 2 200 miil m3.

8. Further development

A cross~-disciplinary project has recently been started within the Swedish
College of Forestry in order to bring about a further development of long
range models of the type now presented. This project will run for 5 years
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and engage 50 man-years or more. The project will be working within four
problem areas: growth processes, establishment of young stands, management
regimes, and mode! construction. The last mentioned preblem area is a minor
part of the project since we believe that the Himiting factors rather relate
to subject matter knowledge than to the mathematical-statistical frame-work.

The constructors of the model described in this paper have also made a very
limited effort to build up a computer model of Tand-use development in a
tropical country. This model aimed at demonstrating competing claims between
agriculture and forestry and the need for a iong range land use programme in
order to retain the productivity of land and to secure the supply of food
and wood. -

The type of models discussed in this paper deals with future land use
strategy or Tand use policy. One can foresee a rapid development of model
work on the enterprise level, both of strategical-policy kind and short-
term or middle~-term models of tactical-operative kind. Models of the latter
kind exist, but they are mostly not sufficiently realistic with respect to
biological foundation.

Nils-Erik Nilsson

Karl-Georg Bergstrand
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Figure 1. The forestky system
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ESTIMATING INDIVIDUAL TREE GROWTH WITH TREE POLYGORS
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INTRODUCTION

Individual tree growth models have received considerable attention in
recent years. Such models can be used for individual tree growth and stand
simulations for growth studies and fertilization experiments.

In the past different approaches have been taken to evaluate the effects
of competition on individual tree growth. In many cases average density, ex-
pressed as number of trees or basal area per area unit, proved to be unsatis-—
factory as it represented stand averages which often were not well correlated
with individual tree characteristiecs. Spurr (1962) described a method to
determine stand density at a particular peint in terms of basal area per area
unit but did not specifically develop a inter-tree competition index. Bella
(1971) developed a competition index, the Competitive Influence-Zone Overlap
(CIO) which takes into comsideration the influence zone of each tree and the
amount and nature of interaction.

Brown (1965) suggested a different approach, the area potentially avail-
able or APA. Other modifications of this method were described by St8hr
(1963) and Moore et al. (1971).

This paper reports on the application of the APA or tree polygon method
and several alternatives to the estimation of tree growth in a stand of
tuliptree (Liriodendron tulipifera)}. ‘

TREE POLYGON METHODS

The tree polygon method developed by Brown (1965) is based on the as-—
sumption that each tree in a forest stand has potentially available to it
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half the -distance to a neighboring tree. The stand area of the tree then is
determined by erecting perpendicular bisectors to the lines from the center
tree to its neighbors. The intersections of these perpendicular bisectors
represent the corner points of the tree polygon or APA (area potentially a-
vailable) (Figure 1).

Figure 1. Tree Polygon

Trees that are too distant from the center tree will be excluded from the APA
automatically, effective neighbor trees do not have to be identified explicitely.
The tree polygons are mutually exclusive, i.e. there is no overlap between two
adjacent polygons.

The distance allocated to the center tree is calculated ag

- 1
3 Ty
where
Ai = distance from center tree to ith neighbor
a, = distance from center tree to perpendicular line

In Brown's definition of a tree polygon the relative size of the trees was
not considered. An alternative definition was suggested by Stohr (1963). In
this method the lines comnecting the center tree with its neighbors are divided
proportional to the diameters of the trees so that larger trees are sllocated
more growing space than smaller trees. The portion allocated to the center
tree (tree 0) is calculated as

do
a, = A
i do + di i
where

dO = diameter of center tree

di = diameter of ith neighbor
Ai = distance from center tree toc the ith neighbor

a, = distance from center tree to perpendicular line

o
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Moore et al (1971) define tree polygons derived by division proportional to
basal area or d°. 2

O
a =.,,__.._m.-.-.-.-.A
a2 1
o 1

Both of these methods take into account the spatial distribution of trees and
their relative sizes in terms of diameter or basal area, but they do not con~
sider directly the relative competition of trees in space.

Tree competition is to a large extent influenced by the relative height
of trees. To test the effect of tree height in defining the tree polygon
area three models were developed. The first model divided the connecting
lines from center tree to neighbors proportional to tree height.

o

The second model divided the distance proportional to d-h.
d-h
A

a. = o O

The third model divided the distance proportional to dz-h.

di'ho
a, = A
i 2 2 i
dovh0 + di'hi

The concept of tree polygons can be extended into the third dimension by
defining a tree growing space represented by a geometric solid. Ideally,
crown dimensions and relative status would be dincluded in such a model. Jack
(1968) used such a concept to devise a competition factor that took into con-—
sideration tree polygon area and the relative heights of the neighboring trees.

- Measurement of crown dimensions is very time consuming and expensive,
and measurement errors are normally high. Therefore, in this study the three
dimensional growing space of a tree was approximated by a geometric solid
which was derived by multiplying the tree polygon area by the height of the
center tree. The tree polygon may be constructed by any of the six methods
discussed previously. These models will approximate the actual growing space
to different degrees.

Tree characteristics can be expected to be correlated with the growing
space, as a tree will grow more rapidly and attain larger dimensions faster
if a larger growing space is available, everything else held constant. To
test the correlation between alternative definitions of growing space and
tree growth, correlation coefficients have been derived.
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PROCEDURES

A 23 year old tulip tree {(Liriodendron tulipifera) stand (Illini Plan~
tations, Urbana, Illinois) was measured in 1974 and again in 1977, and the
i,Y coordinates of all trees and their diameters were recorded. In addition
the height of every tree in the stand was measured in 1977. The total stand
consisted of 340 trees of which 231 trees were selected as sample trees. A
buffer strip around the plot was not included in the analysis to avoid any
potential bias in defining the tree polvgons of border trees., Stand charac—
teristics are displayed in Table 1. ‘

A computer program was designed to calculate two dimensional growing
areas and three dimensional growing space for all =ix methods.

Table 1 Stand characteristics of Il1lini
Plantation tulip tree stand

Year
1974 1977
Average diameter
{em) 14,72 i6.97
Total basal area ‘
(m2) 4,36 5.84
Number of sample
trees 231 231

For each tree the X and Y coordinates, the diameter, and height have to
be specified. For a center tree the computer program determines the polygon
area by evaluating the size and location of the 5 closest neighboring trees
in each quadrant, i.e. a total of 20 trees are included in the calculations.
Tree polygon areas and three dimensional growing space were calculated for
all six methods described. Correlation analyses were performed to test how
well tree basal area growth is related with two dimensional growing area
and three dimensional growing space.

RESULTS

To examine the relationship between growing space and tree growth,
correlation coefficients were derived for tree basal area growth and growing
area (two dimensional tree polygon) and for basal area growth and three
dimensional growing space.
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Table 2 Correlatlon Coefficients

Tree polygon with Correlation coefficlient between tree

Method . X basal area prowth and
dlstancsz Egezelghbors two dimensional ﬁhree dimensional
v growing area growing space
1 equal 0.241 0.515
2 proportional to diameter 0.744 0.766
3 proporticnal to height 0,549 0.635
4 proportional to d ~ h 30.776 0.775
5 proportional to a2 0.822 0.816
6 proportional to d?.n 0.825 0.811

The correlation between basal area growth and the tree polygon constructed
by equal division of the lines connecting the center trees and its neighbors,
is lowest with r = 0.241. TFor tree polygons constructed by a method that
divides the distances proportional to diameter, height, basal area, or volume
the correlation coefficients increase considerably (Table 2). The highest
correlation coefficient was found for method & that divides the distances
proporiional to 42k, It rcould have been expected that the correlation co-
efficlent was very high for tree polygons constructed proportionally te 4,

&29 or 44h due to the high correlation of basal area growth and tree dimensions.
For example, the correlation coefficient for basal area growth and diameter
war 0.873% and Ffor basal area growth and height 0.635.

1f now tree polygons are constructed that are highly correlated with
dismeter, height, or both then we could expect basal area growth to be corre-
jated with tree polygon ares regardless of the original relationships involved.
The stronger the correlation between tree polygon area and the diameter or
basal area, the stvonger will be the correlation between tree polygon area
and basal area growth. For the tuliptree stand the highest correlation co-
efficients for tree polygon area and diameter were found with methods 5 and
6: the correlation coefficients for basal area growth and tree polygon were
highest with these twe methods alsc.

The correlation between tree basal area growth and three dimensional
growing space were found to be considerably higher than the correlations with
two dimensional growing area for methods 1, 2, and 3, and somewhat smaller
for methods 5 and 6.

To test whether tree growing area or tree growing space can explain a
significant amount of varlation of tree basal area growth, regression analyses
were conducted. Alternative regression models were defined to predict tree
basal area growth from a set of independent variables for each of the methods
discussed.

The models that explained the largest amcunt of variation for all
methods tested were of the form:

(1) Y

i

bo + le + b2H + bBGA

bo + b,D + b,H + b,GS

and (2) ¥ 1 3 3
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where Y = tree basal area growth
D = diameter at breast height
B = total tree height
GH = growing area
GS = growing space

The RZ ranged from 0.7835 to 0.7948, the standard error of prediction was
equal for all twelve equatdions with §.0023.

Table 3 HMultiple regression coefficients

Tree polygon Regression Model
method Y = £(D,H,GA) Y = £(D,H,G8)
1 (G.7835 0.7844
2 0.7850 0.7873
3 0.7851 0.7865
4 0.7880 0.7899
5 0.7910 0.7927
6 0.7%44 0.7948

The variables growing area or growing space were for all six methods
significant, i.e. these variables explained a significant amount of variation
in tree basal area growth. For all six methods, the models with three di-
mensional growing space as independent variable explained a higher percent-
age of variation than the models with growing area as independent variable.

SUMMARY AND CONCLUSIONS

Individual tree basal area growth is well correlated with two dimensional
growing area and three dimensional growing space. Correlation ceefficients
are lowest for tree polygons based on inter—tree distances only. They are some~
what higher for tree polygons constructed proportional to height and become
highest for polygons constructed proportional to diameters or basal area. The
area of tree polygons constructed proportional to d? or d2h has the highest
correlation with tree basal area growth,

Tree growing area and growing space did prove to be significant in pre-
dicting basal area growth from a set of independent variables. The regression
equations predicting basal area growth from diameter, height and growing
space explained in all cases a higher percentage of variation than the equa-
tions containing two dimensional growing area. The models containing the
diameter squared terms (i.e., models 5 and 6) explained more variation than
other models and the three dimensional models containing d? terms explained
the largest percentages with 79.27 percent and 79.48 percent respectively.

Further experiments should be conducted to study the interrelationships
of tree basal area growth and tree polygon area for other forest conditions
as these individual tree growth models can provide useful information for
scientists and managers concerned with tree growth,




178

ZUSAMMENFASSUNG

Die Korrelation von Standflache und Zuwachs und Standraum und Zuwachs
von Einzelbaumen wurde anhand von 231 Individuen eines Liriodendron
tulipifera Bestandes getestet. Standflachen und Standraume die mit
Beriicksichtigung der Stammdurchmesser oder Stammgrundfléchen konstruiert
wurden zeigten hdhere Korrelationswerte als solche die propoertional zu
Hhen oder durch Halbierung der Entfernungen vom Zentralstamm zu den
Nachbarn konstrujert wurden. Regressionsanalysen mit Stammgrundfl&chen-
zuwachs als abhingigen Variablen zeigten, dass sowohl Standfléche wie
auch Standraum einen statistisch signifikanten Anteil der Gesamtvarianz
erkliren. Regressionsgleichungen, die Standflichen oder Standriume enthielten
die proportional zu d2 oder d2h konstruiert wurden hatten hbhere RzeWerte
als andere Gleichungen. Die Variable Standraum fiihrte im den sechs
verschiedenen Modellen zu hBheren RZ Werten als die Variable Standfliche.

Kev Words: Tree growth, Growing space, Growing area, APA
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GROUPING FOREST GROWTH SIMULATION PROCEDURES
INTO A GENERAL ﬁSER—ORIENTED SYSTEM

Clark Row
Forest Service
U. S. Depertment of Agriculture

Elizabeth Norcross
Duke University

Abstract--A generalized simulation procedure can project timber
growth for 12 United States species or species groups according to 20
published sets of relationships, as well as employ user-provided re-
lationships. The procedure is now part of MULTIPLOY, a computerized
timber management evaluation system widely used in the United States
Forest Service. MULTIPLOY's enhanced simulation capability permits
forest management analysts to use just one computer system to:

(1) simulete growth of a variety of species, and to modify growth

for local circumstances, {2) combine forest establishment and growth
with financial evaluation, and {3) directly compere one growth proced-
ure or sgpecies with another.

To meet pressing needs for a user-oriented computer system that could evaluate
timber growing opportunities, the Foreat Service developed MULTIPIOY, a special
simulation system for developing and evaluating alternatives for managing individe
ual timber tracts (Row 1974). MULTIPIOY facilitates both technieal and economic
analysis of investments making the best use of information available. MULTIPLOY
also is extremely user-oriented, without requirements for detailed formsts of
input, sequence of input records, and speciasl codes or classifications.

Timber simulation can uss yields entered as tebles, or supplied by built-in
or user-developed mathematical procedures. Routines the user can call will esti-
mate mejor environmental impects; simulate fires and pests; project prices, costs,
and other financial factors; evaluate economic returns in seversal ways; and pro-
vide information for further planning and resource allocation.

The MULTIPLOY system confisuration

Figure 1 shows the general scheme of the computer system. In processing a
problem, the first phase interprets the natural language memo, codes the informa-
tion, and edits the codes for completeness and consistency. The second phase
processes each trial within the problem. Types of run can either (1) make
sensitivity tests on a wide range of decision parameters such as rotation age
or stocking density, (2) make stochastic trials, with growth rates, prices,
costs, or other factors varying according to selected probability distributions,
(3) perform case triale, with each trial a different project, described by infor-
metion read from a record or (4) gimply evaluate one trial. A trial can start
with an existing stand, or bare land.
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Within the trial processing loop, a second loop governs the advance of
time period by period. Period length may vary from one to many years, but
must stay the same throughout s problem. A regeneration lag can be inserted
between rotations. Within each time period four simulation processes
occur--timber growth (or establishment); losses from fire, storm, or pests;
treatment or harvest; and nontimber outpute. The management regime can pro-
gress with an initial regime for the first rotation (or remainder of present
rotation for an existing stand), then change to a subsequent regime for the
second rotation. The simulation sequence of periods can cease after one or
two rotations, or continue for 50 periods.

The output of MULTIPLOY includes a timber stand and output table, a trial
summary with financial results, and a sumnary of all trials, in which the user
can gelect the information tabulated. The System can process several entire
problems consecutively.

Yield tables vs. gimulstors

Though analysts end planners within the USDA Forest Service have used
MULTIPLOY extensively since 1975, almost all users have employed yield tables
entered via the input memo. Simulation routines have seen little use, and
then only on a research basis.

Yield tables are useful in only limited situations. They are applicable
to stands regenerated by techniques that control number of trees established
within a narrow range, such as planting. They are usable, though less satis-
factory, when uniform timber is thinned to g prescribed density and the size of
the trees left varies little. But for other treatments, yield tables, whether
"normal™ or "menaged," are awkward and inflexible.

When projects treat stands in verying conditions, "custom” simulation of
yields in each project is more senaltive to conditions of existing astands.
Determining the sensitivity of financisl returns to varying intensity of treat-
ments, such as thinning to verious basal areas, is accomplished more readily by
growth simulation.

MULTIPLOY is capable of incorporating adaptations of timber stand generators
or simulators developed by biometric research. In the summer of 1977, the
tinber simulation system was redegigned and fitted with specifications for 20
simulation procedures to enhance its usefullness as a mensurational tool. This
paper specifically discusses the details of the timber simulation procedures,
including both programmed relationships and provisions for modification by
users. :

Typeg of timber sgtand simulation compatible with MULTIPLOY

In recent decades forest biometricians have developed timber stand simule-
tion procedures in varying degree of detail of stand and process description.
Many are modeled after Clutter's (1973} concepts of compatible growth and
yield models. Other procedures like that of Stage (1973) model to greater
degree biclogical processes. Types of published simulators, from the most
general to the most specific, are:
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1. Aggrepgate stand simulators, using average descriptive
measures for stand height, diameter, basal area, number of
trees, and volume. ©Some separste the component smaller
than merchantable diameter based upon relationships to
average descriptors.

2. Diameter distribution simulations, using distributions
described by mathematical functions such as beta, Weibull,
binomial, or expomential distributions.

3. Stand table projections, using e table of trees by diameter
class. Growth of trees within a size class results in
movenent of trees to larger classes by specified rule.

b Individual tree simulations, with sample trees representative
of the stand, and not described by spatial locations.

5. Individual tree simulations, where each tree is located
spatially in reference.

Because MULTIPLOY was already a large system, the growth procedures
selacted were limited to the first two types. The system could be mdapted
to stand table projection (type 3). The information required for individual
tree simuletions ruled out directly incorporating procedures for types 4 and
5. But such simulators cen generate tables that could separately be used in
MULTIPLOY. '

‘ Furthermore we gpecified that each selected growbth procedure must be
adequately described in the literature, with published examples of simulated
management regimes against which we could check our adaptations. The species
or species group concerned had to represent a significant timber type under
management in the United States. A wide variety of other simulation procedures
for foreign species would have been equally adaptable.

The growth procedures selected are shown in table 1. TFor some species or
species groups several growth procedures were available for separate geographic
areas. Unfortunately, all were for even-aged stands. We have since learned
of other simuwlation procedures that are also adaptable to MULTIPLOY.

Some simulators are only applicable to plantations, and others to natural
stands, ag shown in column 3, and some have specific projection periods, as
shown in column 5. Also shown are the authors of the biometrical analysis
(column 6}, site index year (column 7), and applicable ranges of sites and ages
(column &), The site productivity range generally covers 90 to 95 percent of
land in the forest typs. But often the procedure is applicable only to younger
ages for which mensurational data is available.

Lagtly, the fourth column shows the classification of projection procedure
uged. Thig is:
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Table 1.-~Applicable growbh-simnlation precedures incorporated

Regen-— Projec~ Projec— Site
eration tion tion index Site Age
Speciles Region type 2/ type l/ period é/ﬂuthors year range range
Loblolly pine Coastal Plain N RNGS v Schumacher 50 60-120 2080
& Coile
Piedmont P BDF v Lerhart & 25 4080 10-30
Clutter
Highlands P WDF v Smalley & 25 A0-70  10-40
Bailey
Bailey & Dell
Smalley & Bower
Slash pine N RNS v Schumacher 50 A0-100 20.80
& Coile
P BDF v Bennett & 25 40-BC 10-30
Clutter
Fonderosa pine Black Hille N GED 10 Myers 100 2/40-70 20-150
Southwest ¥ SED 10 Myers 100 2/40-70  20-150
Interior N RNS v Lynch 100 4070 70-150
Douglag-fir Coastal N GEV v Bruce, 100 80-200 10-100
DeMars &
Reukema
Shortieaf pine N RKS v Schumacher 50 40-100 20-80
& Coile
P WDF v Smelley & 25 30-60  10-40
Bailey & Dell
Smalley & Bower
Longleaf pine N RNS v Schumacher 50 50-100 20-80C
& Coile
Oak-hickory N GERB Vv Pale 50 55-85  20.110
Yellow poplar P GEB v Beck & 50 9C-130 20-70
GEV i Della-Bilanca
Aspen Lake States N GER v Schlaepel 50 6590  20-60
Lake States GED v Schlaegel . 50 6550 20-60
Red pine N GEB v Buciman 50 45«60  30-160
Lodgepols pine N GED 10 Myers 100 2/ 40270 20-150
Mixed conifers i GED 10 Alexsnder, 100 2/ £0-110 20-160

Definitions for these classifications are in “text.

Regeneration type: W = natural, P = planted.
Projection period: V = variable, 10 = 10 years.

el

Shepperd,
& Fidminster

Site index year for western species assumed to be 100 when ungpecified in literature.
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Procedure Svymbol
RETURN TO NORMAL STOCKING RNS
RETURN TO NORMAL EBASAL AREA RNB
BETURN TO NORMAL VOLUME . RNV
GROWTH EQUATION FOR BASAL AREA GEB
GROWTE TQUATION FOR VOLUME GEY
GROWTH FQUATIOR FOR DIAMETER GED
BETA DISTRIBUTION FUNCTION BDF
WETBULI. DISTRIBUTION FUNCTION WDF

STAND TABLE PROJECTION STP

The return-to-normal growth procedure has been used rarely in recent growth
and yield research, but numerous timber growth and yield studies that use the
approach are still veluable. Most modern growth and yield research employs
growth equations for basal area, diameter or volume (either for the emtire stand
or by diameter classes).

In using mathematical distribution functions for diameter or basal area
of stands, growth is projected as the stand becomes clder by estimating stand
- deacripbors independently for each period. These include survival of trees, the
largest and smeliest diameters, and parameters of the distribution function. It
has proved successful for umthinned planted timber stands in the Southeast
(Lenhert and Clutter 1971, Bennett and Clubtter 1968, and Balley and Dell 1973}.

Within a problem the memo instructions may specify a different simulation
process be used (1) for "treated" regimes vs. "untreated" regimes, (2} in first
rotation as succeeding rotations, and (3) before vs. after thinning, or in eny of
the eight combinations of these classes.

Functions of timber simulation covered

Essentially two aspects of timber simulation, at a minimum, must be
included in a growth procedure. First is gtand esteblishment. For aggregate
stand simulation, several descriptors must be assumed or simulated to develop
a static description at the time of establishment. These are:

1. - Age at which the stand is "established," after which
pericd-to-period growth can be simulated

2. Height of dominant/codominant trees or average trees.

3. Any two of the following four items:

a. Number of trees established

b, Diameter of trees established

¢. DBasal area of trees established

d. Stocking index, if one is available for species

From any two items, the others can be computed.

The second aspect is the estimation of period-to-period growth, taking
into account effects of treatments. In predicting growth, several processes
must be simulated. Thesge are: '

1. Height growth.
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2. Size growth, either growth in average diameter, or gross
or net growth in basal area, cubic volume, or changes in
parameters of diameter distribution funetions.

3. Mortality in basal area or volume, if size growth is in
gross besal area or volume.

4. Mortality in numbers of trees.

From descriptors at the beginning of a period, the growth processes must
project at least a measure of height, size, and number of trees at the end of
the period. From these the remaining descriptors may be estimated.

Equation types within processes

The component equation types for each of the projection methods are shown
in table 2. No growth projection method uses all types of equations, becausge
several are mutually exclusive. For any of the simulation procedures except
the diameter distribution functions, the user can temporarily override any of
the component equations by specifying an equation of the form:

{equation name) = (a user-supplied formuls)

Users can enter their own formulas for each simulation equation listed with an
asterisk in table 2. A use of the user-supplied simulation equations is in
modifying yield tables entered directly as input to MULTIPLOY. If & variable,
such as total or merchantable volume, is missing, the variable will be auto-
matically computed by MULTIPIOY if the appropriate equation is given. Any
combination of entered and computed variables can be used in an equation, so
long as the information is present in the systen.

However, the user can construct his own entire simulation routine by
supplying all of the necessary equations given in table 2. In this case, he
can designate his oun species name, and needs to provide site index only if he
uses slte index in one or more of the simulation equations. Figures 2 and 3
show the input into a hypothetical simulator and the resultant yield table.

Organization of the timber gimulation system

In entering the timber subsystem, processing control goes to one of four
subroutines, depending on the condition of the stand and the simulation
process used. TFigure 4 shows the flow of control within the timber subsystem.
The essential simulation is performed in one of four subroutines.

1. Diemeter function simulation, if the procedure uses a diameter
distribution function and age is at least establishment age
before first cutting.

2. Establishment simulation, if an aggregate simulation process
is used and the stand is at establishment age.

3. Natural stend growth simulation, if an aggregate simulation
process is being used and the stand is already established.
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TO: MULTIPLOY TDATES

" PROMI SANALYST IS NAME ¢

SUBJECTE ¢STMPLE HYPGTHETICAL GROWTH PROGEDURE?

® MANAGEMENT REGIME

PREPARE SITE FOR REGENERATION

PRECOMMERCIAL THIN AT AGE 10

SIMULATE TIMBER GROWTM BY GROWTH EQUATION FOR BASAL AREA
ASSUME ESTABLISHMENT AGE 1S 20

ASSUME 300 TREES ESTABLISHED

ASSUME S0 SQUARE FEET OF BASAL AREA ESTABLISHED

THIN TO 80 SQUARE FEET BASAL AREA

HARVEST FINAL' YIELD AT 60 YEARS

# EQUATIONS FOR COMPLETING STAND TaBLE

ASSUME SITE INDEX IS 80

HEIGHT & 10 « &I = Bg0 # T

VOLUME IN TOTAL CUBIC FEET = JO0008 # b se 2 2 H
ASSUME MINIMUM PULPWOOD DIAMETER IS 6.% INCHES

VOLUME RATIO IN MERCHANTABLE CUBIC FERY = | = .8 s B
ASSUME MINIMUM SAWTIMBER DIAMETER IS 8 INCHES

YOLUME RATIOC IN MERCHANTABLE BOARD FEET = 07 = .12 # D

& GROMTH EQUATIONS
GROWTH IN BASAL AREA = 15 ® SY / T
MORTALITY IN NUMBER OF TREES = w .05 « 3 7 T

® COSTS AND PRICES

COST OF PREPARING SITE IS 40

COST OF PRECOMMERCYAL THINNING IS 15
COSY OF PRESCRIBE BURN = 5 = .05 & T
COST OF SALE PREPARATION = 3 & Q¢
PRICE OF PULPWOOD 15 $5

PRICE OF SAWTIMBER IS $60

WRITE USING 80 COLUMN FORMATS
RUN PROBLEM PLEASE
s$ToP

Figure 2.--"Memo" input for MULTIPLOY

PANALYST IS NAME?®
MOV 16e 1977+ AT 6156

'SIMPLE HYPOTHETICAL GROWTH PROCEDURE?

YIELDS USED IN &NALYSIS BEFORE THINNING DEVELOPED FROM ww

SIMULATION FROM USER'S FQUATIONS

YIELDS YSED IN ANALYSIS AFTER THINWNING DEVELOPED FROM ==

YEAR

A
0

10

20
30

49

50

60

y
0

10

ey
30

40

50

&0

S0 90, 300. T.& 66,0 3,

63 130. 285, 9,1120.8 6,
63 80, 1466, 10,1 746.5 &,

STMULATION FROM USER'S EQUATIONS

YIELD TABLE BEFORE/AFTER TREATMENT TIMRER HARVEST PERIOD
HY BA N0 DBH vOLY vOLO VAL DBH of vOLY vOLD WAL REV COST

0 0. 0. .0 .0 L0 0.
0 De e 0 s + 0 0. s Oo + 0 o0 O 0 =45,

0 011 Gc '0 00 -0 00
0 0. O¢ s 0 o0 ao O o e L] 0 0, 0. =15,

16,

376,
239¢ Bal Dae 46.2 2.3 138, 138, =7,

70 110. 145, 11.81i3.,2 6
TO 805 93- 12.6 820‘9 4 280, 1002 De 30.8 1-7 99. 99, =8,
395,

306Te 12.5 Be PBol 1.5 89, B89, Lk 9N

2
3
0
3 379,
7

Te 104 93, 144311301 6.6

T4 B80a 64, 15,1 B7.0 5,1

T6 100, 64, 16.9112.7 6,7 405,
0 0. G « 0 =0 o0 G 16.9 0.112.7 6,7 405. 405, 20,

Figure 3.--Yield table cutput produced by MULTIPLOY from input
in Figure 2.
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4. Yield table transfer, if a yield table is being used.

Each of these routines simulates only & limited number of descriptors,
such as height, basal area, and number of trees. A1l of the routines then
pass control to a utility subroutine which completes the computation of other
descriptors. For example:

1. Height is & monotonically increasing function of site index
and age. If any two of these three variables are known, the
other can be computed regardless of the form of the function.

2. Basal area of a component is a fixed matheratical function
of diameter and number of trees. If any two are known, the
third is computed simply.

3. Volume is an incressing funetion of diameter, height, and
mumber of trees. If any three are known, the utility
routine can compute the remaining descriptor regardless of
the form of the function.

Each of these simulation subroutines may call several of the function sube
routines corresponding to the function types in teble 2 as shown in figure 4.
In these functions are stored the relationships for each of the species and
species groups. Functions for some species comprise several equations.

Since values per unit of timber harvested are influenced by factors such
as diameter and volume per acre, timber quality can slso be computed by a user-
supplied funetion. This quality can be expressed as an index of the value of
the final products manufactured, relative to a standard product grade.

In adapting the growth projection procedures to MULTIPLOY, we tock care
not to alter relationships in any materisl way. Nevertheless, the comstruction
of some published simulation processes made the task guite difficult.

Related timber simulation processes

Une feature of MULTIPLOY allowe the user to specify probabilities of loss
from {a) fire and storm, and {b) from insect and disease pests from pericd-to-
period. The probabilities of total or near total loss may be fixed factors or
functions of stend ags, site index, basal area, or other descriptors known to
affect losses., These functions must be entered by the input memo. Related
functions that can be entered estimate the proportion of volume likely to be
salvaged, and the proportion of value the salvaged cut has to the same volume if
cut green, :

The system keeps track of the proportion of the original ares still intact,
and applies the loss probabilities to the proportion that remains each period.
The system can evaluate the regime under the assumption that areas lost are
regenerated promptly using the same management regime as originally assumed.

The next simulation is thinning, which is in the treatment/harvest subsystem.
The subroutine THIN estimates average diameters, numbers of trees, and basal areas
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of both the cut and remsining components if the stands are cut tc a given
standard. The most usual standard is either a fixed basal area of the remaining
stand or a proportion of the original stand. The most satisfactory system is
that of Myers (1968), which is used if no other set of thinning estimation func-
tions has been provided along with the growth estimation procedure.

Precommercial thinning uses the same simulation procedure if the trees
are individually selected. If the precommercial thinning is made by chopping
strips or cross~hatch patterns, the number of trees and basal area are reduced
in proportion to the area chopped.

The final phase of simulation estimates nontimber outputs within each
period and is entirely optional. The funetions must be supplied by the users
and entered via the input memo. Relatively few problems with nontimber output
gimulation have been processed with MULTIPLOY because specific published
relationships relating nontimber outputs with the overstory timber stand are
cf'ten not available. '

Concluding comments

The number of disparate simulation processes that have been developed for
various types of timber stands impressed us. Some of these relationships were
based on exhaustive statistical analysis of adequate pools of data; others
seen dominated by a relatively stereotyped appreoach or more limited data. We
encountered relatively few cases in which alternative approaches and levels of
detail were considered, the relaticnships fitted, and the resulting simulation
processes evalusted according to criteria related to user application.

We also noted that seldom have the simulators been validated from growth
data collected independently from the data used in the biometric analysis.
Validating the simulators and adjusting them to local timber growth patterns
may present unexplored problems.

By enhancing the simulation capability of MULTIPLOY we have created a
menguration as well as economic tool for forest planners. It should be a
particular assistance for field users and thus enable them to mske improved
growth and yield estimates.

4 generalized system such as MULTIPLOY can encompass a wide variety of the
aggregate stand and diameter distribution simulation approaches. For a wide
variety of United States species and timber growing conditions, these simulators
encompass best available growth and yield information. These approaches repre-
sent a realistic compromige between yield tables and detailed tree simulation.
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PREDICTING STAND STRUCTURE
N

EVENAGED STANDS

Krishna P. Rustagi, Assistant Professor
College of Forest Resources, University of Washington

Seattle, Washingten, U.S.A.

Introduction

The stand structure provides valuable information to the foresters and
timber owners. Questions such as: whether it will pay to thin a stand;
whether there will be enough veneer size volume to Justify a harvest cut; or
how much merchantabie volume and value may pe expected at the time of harvest,
cannot be answered satisfactorily without some idea about how the stand is
structured. The average stand diameter conveys little information about the
spread and distribution of individual tree diameters.

Other than getting stand structure data by cruising, there are two general
approaches of getting this information: one, by updating a previousiy compiled
stand table and two, by deriving it from measured or updated stand attributes.
The former is data intensive as a stand table must be continuously updated.
in the latter approach, on the other hand, the stand structure is quantified
by a mathematical function based on stand attributes such as average, minimum
and maximum diameter, basal area and number of trees. This is much more fiex-
ible and efficient if computer is used to store and update stand information.

Literature Review

Most of the studies so far have concentrated on explaining known stand
structure by a mathematical function. Examples include fitting a normal curve
(Gingrich 1967), a log normal curve (Bliss and Reinker 1964), Gram-Charlier
Series (Meyer 1930), Pearsonian Curve (Schnur 1934), Pearl Reed growth curve
(Oshorne and Schumacher 1935, Nelson 195%4), Gamma distribution (Melson 1964} ,
and Weibull function (Bailey and Dell 1973) over a stand table data. Only
Clutter and Bennett (1965}, McGee and Bella Bianca (1967) and Lenhart and
Clutter (1973) attempted to recreate a stand table from known stand attributes
using beta distribution.
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The procedure for updating of a stand table has been demonstrated by
Seth {1974) and Rudra {1968). The main drawback of their approach is the
massive amount of data needed. At least two successive stand tables from
nermanent plots are required to get the tree movement rates between diameter
class. Rudra has used stand table data from several successive inventories
to develop a stationary transition matrix for tree movements. They both
implicitly assume that rate of tree movement by diameter class remains stable
over time. )

Practically all investigations into the stand structure have been based
on stem frequency by diameter class. Only exception is the prediction of
basal area by diameter classes using beta distribution by McGee and Della
Bianca (1967). There are obvious advantages in working with basal area
instead of number of stems. First, in fitting a mathematical mode! by regres-
sion, a better fit is obtained in the upper half of the diameter range if
basal area is used. This happens because approximately one-third largest
trees in a stand typically contain over half of its basal area (Figure 1}.

As larger trees contain proportionately higher amount of volume, working with
basal area would provide a better representation of larger trees inp the pre-
dicted stand table. Second, within a stand, the tree basal area is linearly
related to its volume. Consequently, errors in predicted basal area distri-
bution will have little impact on total stand volume.

100

Hy

Fig. 1. Relationship between
cuntlative percent
basal area and cumula-
tive percent number of
trees in a typical
evenaged stand. The
smallest 67 percent of
the trees are contrib-
uting only 45 percent
1o the stand basal area.

45

CUMULATIVE BRSAL ARER (

0 67 100
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Primary use of a stand table is to provide a break-up of stand volume
by narrow (or broad) size classes. The conventional stand table serves
this need rather indirectly as the stem frequency from a stand table has to
be converted into volume before it could be useful in management decisions.
We develop here a methodology for directly predicting basal area for any
given size class. If required, a stem frequency table could also be derived
indirectly.

The Stand Structure Mode]

A number of function forms describe the stand structure of evenaged
stands. Schreuder and Swank (1974) found Weibull function superior to several
other function forms. They, however, tested this and other models on stem
frequency distribution by diameter class basal area in place of class dia-
meter.

Though the Weibull function was developed in an entirely different con-
text (Fisher and Tippet 1928, Weibull 1939}, it does an excellent job of
quantifying stand structure of both evenaged and unevenaged stands (Bajley
and Dell 1973). We propose to adopt this model for predicting basal area dis-
tribution in evenaged stands.

The general 3-parameter probability density function (p.d.f.) for the
Weibull random variable (r.v.) X is:

I [ VS B R Ty "
X2 X3 Xy 2 05 b > 05 ¢ >0

Where b and ¢ are Weibull function parameters and x s the minimum

value the r.v. can take. o

The parameters b and ¢ define the curve. b is called the scale para-
meter and implies that 63 percent of the curve area is to the left of b on

the horizontal axis (Bailey and Dell 1973} . The shape of the curve depends
on ¢ (Harter 1964). If ¢ > |, the curve is unimodel characterizing structure
of evenaged stand, if ¢ < I, the curve is reversed J shaped and characterizes

unevenaged stand structure (Figures 2a and b).
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Fig. 2a,b: Distribution of stem frequency in a: evenaged and b: ali-aged
stand using Weibull probability density function.

The cumulative distribution function form of the 3-parameter Weibull
random variable X is:

F(X} = | ~ gxp £n “xﬂokl“blc] (2)

For X > X
a

o < F(x) < 1,

where F{x) measures the ares under the curve between X = X and X = x. If
we replace F{x) by the ratic of cumulative basal area {(Bx) of all trees up

to diameter x to the total stand basal area (B}, we have:

B/B = 1 - exp [* {{X“xo)/b}c] (3a)
Or
B, = B [} - exp {“ Rx*xm)/blc}} (3b)

Thus, if we knew the minimum stand diameter X , the Weibull function
parameters b and ¢ and the total stand basal area B, the cumulative basal
area up to the diameter x can be computed from {3b). The basal area included
within the diameters x, and x, (x‘ < xz) in that case is given by:
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B(x] - xz) = B [exp {— UX] - xo)/b]C] - exp {- [(xz - xo)/b]c}](h)

Quantifying Basal Area Distribution

if the stand structure is already known, the estimation of the parameters
b and ¢ is relatively simple. Bailey and Dell (1973) provide an  excellent
summary of the maximum likelihood and percentile estimators of b and c.
Besides these, statistical regression may also be used to estimate these
parameters.

The issue, however, is not of estimating the Weibull function parameters
when basal area {or stem frequency) distribution is known. Instead, the issue
is of defining basal area distribution of a stand of known attributes with the
added knowledge that the stand structure follows Weibull distribution.

We accomplish basal area prediction in evenaged stands in two steps.
First, we fit the Weibull function to the basal area distribution data of a
number of stands and thus obtain the parameter values. Second, we attempt
multiple correlation of the parameters with stand attributes. This gives us
the estimates of Weibull function parameters in terms of the stand attributes.

Finally, we validate the model on some stands by comparing the actual and
estimated basal area distribution.

Fitting the Model

Basal area distribution in evenaged stand does not always begin at zero.
If the minimum stand diameter x_is known, the following three parameter Weibul |
distribution function may be used to describe basal area distribution. -

B, =B {l - exp [— {(x-xoj/b} ﬂ} | ' (5)

X>x; o<B >»8,
0 X

There are two problems in fitting this model. First, in forest measure-
ment practices, trees are not always measured down to the smallest diameter.
't would therefore be erroneous to fit this model to such truncated data. A
stand which has been thinned from below would also present the same problem.
Second, the determination f{or updating) of the minimum diameter would not
always be simple. Because of suppression mortality, and thinnings, keeping
track of the smallest diameter x_ would be difficult. Smallest diameter is
probably the most inconsistent of all stand attributes.

it is possible to eliminate x_ from the model. Figure 3 illustrates the
logic used in the derivation of a modified Weibull distribution model from
which X has been eliminated.
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Fig. 3: The cumulative basal area distribution using 3 parameter Weibull func-
tion is replaced by modified 2 parameter Weibull function by shifting
the horizontal axis downwards. The total cumulative percent basal
area in the modified case is 100+A.

Suppose we fit a 3-parameter Weibull distribution function over cumula-

tive basal area in a stand with minimum diameter x . We can extend this dis-
. X . . N fils) . . .

tribution backwards till it meets the vertical axis at 0' which will always

be below the origin. If we now shift our origin downwards to 0, we can fit

a Z2-parameter Weibull distribution function over the stand data after adding
amount A{=D00') to the cumulative basal area for each diameter class. This
modified 2-parameter Weibull distribution would become:

B+ A c
- (6a)
5T - e [_(%) } )

which leads to:

B, = B+ A gl - exp [ -{Eﬂ C] -~ A {6b)
where :

Bx - the cumulative basal area from diameter X, to X,

B - total basal area in stand in trees above Xq

A - theoretical basal area in trees below X5 This is in addition

to the measured basal area B.

Though X of (5) has been repiaced by another unknown A in (éb}, there
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is one major advantage in working with this modified two parameter form. The
available truncated stand table data can be used to derive the model para-

. Meters using regression technique . If required, x -~ the minimum diameter
to which basal area data pertains -- can be derived if A, b and ¢ are known.
It can be shown that

ool )

The modified 2-parameter Weibull function (6b) should give us the dig-
tribution of the total basal area (B) in evenaged stands once the two para-
meters (b and c) and the basal area (A) of trees in unmeasured diameter range
is known. In fact, it should also be possible to estimate basal area dis~
tribution in diameter classes below the minimum measured diameter X, as well.

Estimation of Model Parameters

A two-step estimation procedure was adopted for A, b and ¢ in terms of
stand attributes. Data from fully-stocked Douglas fir plots -~ used origin-
ally by McArdle and Meyer (1930) in their yield tables studies -- was emp loyed
to test the validity of the model and the estimation of its parameters. This
initial phase of stand structure study was limited to fully-stocked stands as
complete data for a wide range of age by site was avajlable. We also felt that
initial work with these stands may provide insight into estimated procedures
for model parameters in other than fully-stocked stands.

Data from 67 plots was used. For each stand starting with the smallest
diameter, cumulative basal area percent was computed by diameter classes. The
cumulative basal area for each stand to the upper limit of the iargest diameter
class was thus 100. Though not essential to the analysis, conversion to cumu-
lative percent basal area made stand structure data comparable, .

The model parameters: b,c and A of the modified Weibull distribution (7)
were obtained for each plot using non-linear regression. Excellent fit, as
measured by the residual root mean square (rrmsq), was obtained in every plot.

The rrmsq varied from a low of .30 to a high of 2.31 percent. Out of 67,
38 computed rrmsgs were smaltler than 1.00 percent and only two were 2.00 per-
cent or larger. Considering the variations in stand structure from plot to
plot, it can be stated that the modified 2-parameter Weibull distribution
function fits well over the cumulative basal area.

The value of b (scale parameter} ranged from a low of 6.07 to a high of
35.00. As expected, b increased with increase in average stand diameter.

' The value of ¢ (shape parameter} ranged between 2.31 and 5.43, Though
¢ increased with increase in average diameter, it also appears to be influenced
by the spread of diameter distribution,

The value of A (the basal ares below the minimum measured diameter) --
expressed as percent of B (the measured plot basal area)-- ranged from a low
of ~1.99 to a high of 10.65 percent. In all, six plots gave negative A which
is not theoretically possible. Examination of the stand Structure data showed
that in each case, the tree frequency data was other than normal. in these
plots it was either multi-modal or the individual frequencies were low and
more or less flat over the entire diameter range.
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The cumulative basal area from these six plots was regressed again with
the added stipulation that A = 0. The revised computed values of b and c
were only marginally different and were used instead of the original values
in further analysis.

Excellent Tit was also obrained when the same model was used with the
cumulative tree frequency data. The b and ¢ values were consistently smaller
and that of A consistently larger than the corresponding basal area derived
values. However, in view of arguments presented earlier, no further analysis
of the estimated model parameters of tree frequency data was deone.

In order to develop a prediction model for modified Weibull function para-
meters, their linear correlation with stand attributes was examined. This is
summarized in Table la. Table 1b summarizes the linear and non-linear corre-
fation of A with b,c, and their functions.

Table ta: The Coefficients of Correlation of Model Parameters
with Stand Attributes

Stand Attributes Model Parameters
A b c

Age .38682 .82398 .68003
Humber of Trees .59325 -, 78210 ~. 65492
B8asal Area 37110 .80903 .62138
Average DBH .55353 .99526 75792
Dominant Height .52838 .95944 65858
Site Index .36201 674 17234
Max Diameter 50587 L8560 L6094
Ave/Max Diameter NTVAL 62310 .B16L8
[nverse Trees .53781 .95271 .71238
Inverse BA .34039 -. 80181 -.62352
Inverse Age .33822 - 74811 -.66503
BA/Trees .50336 .96832 71926
Inverse DBH .58087 -.8978¢ ~.7296¢
Inverse Height .53817 ~.8795} ~-.65817
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Table 1b: The Coefficient of Correlation of A with parameters
b and c and their Functions

b, ¢ and Their
Functions A
b ' ~.58161
b2 - . 53004
1/b .62104
1/b% . 60898
c -.63846
1/c . 69249
/¢ . 70819
1/¢3 L 71kb3

These tables are very revealing. The scale parameter b is most strongly
correlated with stand attributes followed by ¢ and A, b is positively corre~
lated with ¢, and not surprisingly, A is negative correlated with both b and <.
Though these tables show that it may be possible to predict the mode] para-
meters from stand attributes, there is distinct indication of considerable
multi-colliniarity among the stand attributes themselves. Thus, adding attri-
butes to the prediction models may improve goodness of the fit as expressed by
R-square, but only at the cost of decrease in the precision in the estimation
of the coefficients assoclated with these parameters,

The scale parameter b |s almost perfectly correlated with the average
diameter. It is also very strongly correlated with most of the other stand
attributes. It is obvious that in undisturbed stands average stand diameter
alone may provide a precise estimate of b. The following linear model for
estimating b Is therefore sefected:

~

b = 1.0478 + 1.1813 * AVDBH {r = .99526) (8)

The shape parameter ¢ is most strongly correlated with the ratio of
average to maximum diameter (r = .81648). it is also strongly correlated with
the difference of maximum and average diameter (r = .77148), the average dig-
meter (r = .75792) and the inverse of aumber of stems per acre (r = . 74648} .
Absence of stronger correlation in this case js pertaps due to the lack of pro-
nounced unimodel distribution in some of the plots, The prediction model final-
ly selected is:

¢ = ~. 78867 + 8.29915 * AVBYMAX + 04509 * MXMINAV (R = .87316) (9)
AVBYMAX -~ Ratio of average Lo maximum diameter

MXMINAY - Difference between maximum and average diameter
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A is really hard to predict in terms of stand attributes. This is because
its value essentially depends on the distribution of the basal area in the
lowest diameter classes. The distribution of basal area in these diameter
classes in 67 plots was rather erratic resulting in inconsistency in the values
of A including six which were negative. Fortunately, A influences basal area
distribution in the smallest diameter classes only and approaches zero with
stand maturity. Thus, even substantial errors in prediction of A will have
lTittle impact on the distribution of basal area over most of the stand. For
example, with b = 16 and ¢ = 4, changing value of A from 0 to 4 percent would
cause a drop of only 0.25 of one percent in the basal area among trees above
8 inch diameter.

The best correlation of A is with the inverse of ¢, ¢-squared and c-cubed
(r = .69249, .70819, 71443). This suggested that a non-linear model may pro-
vide suitahle prediction of A in terms of c¢. Linear prediction models were
tried but rejected as some of the predicted values of A were negative.

The model finally chosen to predict A is:

A= 11531 x ¢ "3:1625 (rrmsq = 1.4965) (10)
The coefficient of correlation is not computed for non-linear regression.
However, indirect determination gave an r = .75132.

The basal area distribution prediction model for undisturbed evenaged
stands is defined by equations (6b), (8), (9) and (10) and may be summarized
as follows:

B B[(IOO + A) *{l-exp {~ (x/b} ** c] y - A}

X

It

b = a_+ a, % AVDBH
e} 1

c = 32 + 33 * AVBYMAX + a& MXMINAVY
A m.as * oo Kk 86
B - cumylative basal area of trees smaller than diameter X in the stand.

X
B

total basal area in the stand.
b and ¢ - Weibull function parameters
A - theoretical basal area in trees below the minimum measured diameter

XO expressed as percent of the observed stand basal area B.

I linear and nonlinear regression coefficients.
AVDBH - average (quadractic mean) stand diameter.
MXDIAM - maximum diameter within the stand.

AVBYMAX - the ratio of average to maximum diameter,

MXMINAY - difference between the maximum and average diameter.
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Validation of the Model

Our model has been developed in two stages using data from 67 plots.
The next step is to see how good this model is in predicting basal area dis-
tribution in undisturbed evenaged stands.

We tested our model on 10 plots. Five were selected from the original
- 67 plots and five new plots were added. The fitted values of model parameters
{obtained by non-linear regression) and their predicted values (obtained by
equations 8, 9, and 10) are given in Table 2.

Table 2. Fitted and Estimated Values of Modified Weibull
Function Parameters for 10 Plots

PARAMETER VALUES
Fitted | Estimated
Piot # b c A b c A
5 12.2396 41266 3.7116 | . 13.2156 3.8410 1.6351
36 25.4316 L 5819 6118 25.8559 4.3938 1.0688
37 E? 33.9524 5.0710 .000 33.6527 4,8262 L7943
e T 26.8841 3.8810 1.9753 26.5647 k.3716 1.0861
207 20.3218 | 4.55k7 | .8681 20.8943 k.2092 P.2241
33 32.9871 5.4309 .000 33.5346 4, 8904 .7618
b g 9.8027 | 2.6965 | 1.8258 | 8.8446 | 2.7684 | 4.6063
50 12.6079 3.3789 1.8297 12.3886 3.3919 2.423]
148 é% 11.4777 2.3180 | 10.6470 11.4436 3.1262 3.1362
184 24,6955 4. 1173 2.2065 24.9108 3.9866 1.4537
Comparison of the fitted and estimated parameter values indicates that
the model is consistent. In three original and four new plots the predicted
values of b and ¢ are quite close. In plots #5 (new) and #40 (original) the
estimated value of b is off by about an inch. In plot #148 (original) the

estimated value of ¢ is off by about 0.8 and that of A by 7.5. There is
nothing in this table to suggest that the predicted values are better in
original plots than in the new ones.

The estimated and actual cumulative basal area values were compared next
(Figures 4-5). Ia most of the plots, the estimated values were close to the
actual. In plot 148, in which the predicted values of ¢ and A were signifi-
cantly off, the predicted values came quite close (Figure 5d). The predicted
values were off by 10 percent or more in plots 5 and 40 (Figure 4a and Sh) .
fn plots 37, 46, 39, 148 (Figures Le, hd, Sa, 5d), the predicted values were
off in the upper tail.
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Figures ha, 5b and 5d indicate that errors in prediction of b have far
more serious impact on the basal area distribution than the errors in predic-
tion of ¢ or A. There is very simpie explanation for this. All smaller trees
up to diameter equalling b contribute 63.2] percent to the stand basal area.
Therefore, any error in prediction of b will cause errors in basal area dig~
tribution below and over b. In both plots 5 and 4O, there was an error of
about one inch in the prediction of parameter b. This error was perhaps caused
by abnormality in stand structure,

Fortunately the prediction of b in most instances is extremely precise.
Thus, the modei should perform:well in undisturbed stands except in situations
where the distribution of trees in the stand is way out of line.

Discussion

We have presented a modified cumulative Weibull distribution function for
quantifying basal area distribution in undisturbed natural Douglas fir stands.
We have also shown that reasonable and consistent estimates of the model para-
meters can be obtained from average and maximum diameter of the stand.

Description of stand structure by basal area distribution instead of
stem frequencies have obvious advantages. Statement such as '‘the stand has
100 square feet basal area in trees above 16 inch diameter is more meaningful
te a forest manager than a statement that ''there are 50 trees over 16 inch
diameter in the stand.' A basal area of 100 square feet can be directly trans-
lated into volume whereas further details are needed to obtain a reasonable
estimate of vaolume in these 50 trees. _

Elimination of minimum diameter as mode! parameter has implications beyond
just fitting the model over truncated data. X _and b determine two points
between which ©€3.21 percent of the stand basal area is distributed. Pre-
specifying X_ essentially amounts to influencing the shape of basal area dis~
tribution. ?t should therefore be preferable to let basal area distribution
determine X_. That is exactly what our model does through A which is deter-
mined by tRe average and maximum stand diameter.

This study shows that average stand diameter is an important attribute
in defining stand structure. Unfortunately, the average diameter within a
stand is not consistent as its value is affected by the lower diameter limit
used in inventory. The stand structure, on the other hand, is independent of
the lower diameter limit, suggesting that the stand structure should be pre-
dicated on some other stand attribute which is not influenced by the lower
diameter limit.

Further investigation is required to see if the average diameter of a
fixed number of trees per acre (or hectare) may be substituted for average
stand diameter in parameter prediction. Unlike average stand diameter, this
average is not likely to be affected by suppression mortality and thinning
thus increasing the applicabiiity of the model to understocked or disturbed
stands and to stands which have been measured down to different minimum limits.
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Summary

Prediction of stand structure from its attributes is of great practical
value to forest managers. Further, distribution of basal area by diameter
classes as opposed to stem distribution is of more direct use hecause of the
linear relationship between tree volume and its basal area in evenaged stands.
A modified two parameter Weibull function is discussed which quantifies struc-
ture within an evenaged stand in terms of its basal area distribution. The
average stand diameter and the maximum diameter provide satisfactory estimates

.of the Weibull function parameters,
Keywords: Weibuyll function, stand structure, basal area distribution.
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STATISTICAL ANALYSIS OF LINEAR GROWTH AND YIELD MODELS
WITH CORRELATED OBSERVATIONS FROM PERMANENT PLOTS
| REMEASURED AT FIXED INTERVALS

by Donald W. Seegrist and Stanford L. Arner,
Leader, Biometrics Group, and Biological
Statistician, USDA Forest Service, Northeastern
Forest Experiment Station, Upper Darby, Pa. 19082

Most forest growth and yield models use linear models to
describe the growth or yield functions. Sullivan and Clutter
(1972) assumed that two repeated measurements of the logarithm of
the volume had a bivariate normal distribution. They derived the
maximum likelihocod equations and solved the likelihood equations
by an iterative procedure. Their estimator is known as an iter-
ated Aitken estimator. Other authors--for example, Curtis
(1967) --recognized that volume measurements are probably corre-
lated, but they use ordinary least squares procedures to estimate
the model parameters. Sullivan and Clutter (1972} discussed the
problem of correlated errors. To date, foresters have not had a
general procedure for estimating parameters of linear models with
correlated observations.

The purpose of this paper is to derive the maximum likeli-
hood (ML) estimators of parameters for a linear model when the
€rror components are correlated due to having repeated measure-
ments on plots. The resulting ML equations cannot be solved
explicitly, so two numerical, iterative methods are tried using
test data from plots in managed oak-hickory forests.
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A YIELD MODEL

We use Clutter's {1963) growth and yield model to describe
the plot volumes. The model is '
-1

£ (In B ;) = (Apy /A0 In By + ag(1-Ap /A0 ) + a0y (1-Ay3 /8e384

where 1In Vit

[

natural logarithm of the cubic foot volume per

.th

acre on the i plot at time t,

S. site index of ith plot (in feet),
plot at time t,

i
Ati stand age of ith
and Bti basal area per acre of ith

L

plot at time t (in
square feet).
The time index t runs from 1 to T.

The equations for volume and basal area constitute a set of
simultaneous equations. Systems of equations for predicting for-
est growth and yield were discussed by Furnival and Wilson
{1971}, Sullivan and Clutter (1972) replaced In Bt in the yield
equation with the functional form of its expected value. The
equation is

e (In v ;) 1

By Ayt

H

Bp * By 83 By (Ayj/Ag5) In Byy
Byag (1-Ay /Ag3) + Bgoy (1-Ap;/A05)8;

which is a "reduced form'" of the two-equation system. The yield

4=

equation is nonlinear in its parameters. But if we set 84 = Bzaq
and Bs = Bsaz, we have a linear model from which we can estimate
the 8's and the a's.

th

The reduced model equation for the i plot can be written

in matrix notation as
E rey) = x5 B
= 1 s ‘
Let y, (ytl oo ytn) be the vector of dependent variables and.
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measured on the n plots at time t. The n equations for the
observations at time t can be written as
| Er,) = x.8.

It should be noted that the expected yield, €(y,), depends on the
time through Xt“ The vector of regression parameters R is con-
stant for all time periods.

The vectors of dependent variables can be strung out to form
the composite vector y = (yi R y%)', The T matrices of inde-
pendent variables are composited to form X = (Xi»... X%)'. The
model for the composited observations can now be written as

E (y) = X8.

The covariance matrix of composite vector y 13 assumed to be
Y =5 & I

where I is a TxT general covariance matrix giving the variances
- and covariances among the T measurements on each plot. The sym-
bol & denotes the direct product of two matrices. The matrix I
is a nxn identity matrix., The form of the covariance matrix of y
shows that the covariance matrix of the vields on each plot is
assumed to be the same for all plots, and that yvields on differ-
ent plots are mutually independent,

Our model differs from the well-known multivariate regres-
sion model (Anderson 1958: chapter 8) which can be written

Ey) = X8,
In this case, the design matrix X is the same for all time

periods and the expected value of Yt depends on the time through

B,
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THE LIKELIHOOD FUNCTION

Let's assume that the T measurements on the n plots have a
multivariate normal distribution. The likelihood function for
the vector y is '

[ = (Zﬁ)_nT/2|Z}'n/ze'l/2Q
(v - X8)' ¥7h (y - XB).
The logarithm of the likelihood function is
In L = K - n/2 1n|2| - 1/2Q.
Since 1In|I| = - Inlz_ll, we can write the log likelihood as
InL =K+ n/2 In|z | - 1/20Q.

H

where Q

THE LIKELIHOOD EQUATIONS

The likelihood equations are the derivatives of the log
1ikelihood function in respect to the unknown parameters. We
found that matrix derivatives were most helpful in deriving the
l1ikelihood equations. Matrix derivatives were discussed by
Dwyer (1969) and Graybill (1969). Theorems by these authors were
used to derive the likelihood equations and we use matrix deriva-

tives to solve the equations.

Likelihood equation for B

As is well known, the derivative of the log likelihood func-

tion in respect to B is

1

nL oL oxoyly - oxrytixe.

If L were known, an estimator of B is
s = xry i T ixetly,
The vector B is the generalized least squares estimator of 8.

But ¥ is not known, so I and B must be estimated from the data.
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Denote the tuth element of 2_1 as Utu_ The two terms in the
derivative can be written
T T T
-1 tt tu
X' "y = L o""Xly, + I Lo Kly + X'y )
t=1 o1 wee Hu o Tutee
T T T
xry lx = g ottxix ¢+ 1z ot exix - X1X.),
t=1 t=1 u>t u u

which are convenient forms for computing purposes.

The likelihood equations for elements of T

To derive the likelihood equations for the variances and
covariances, we can differentiate with respect to elements of
either I or 2“1. We differentiate with respect to g1 because of
the simple form of the resulting likelihood equations. The
derivatives we need are

dnl ndinlzt 1y -x8) dzle1 (v - xe).

L J—

do Y 2 4ot 2 dott
It follows from Graybill's theorem 10.8.8 that
d mjz

--.-..-—..........,.._....:0’
dott t

d lnlz"ll
and ——e 2 2,
dctu tu

Also, we use

a7t
) = A%
dctu tu

where A%u is a TXT matrix where all the elements are 0 except the
th th
tu

and ut
likelihood equations for the variances are

dInl n 2 1 (y - XB)!' (Agt ® I) (v - XB)
TET T T % T T ‘
do 2 2

elements which are equal to 1. It follows that the

_ n O-?: ) 3; (yt - th)v(yt - XtB),
2

&
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and that the equations for the covariances are

d In L _ 1 (y - XB)'(a% & I) (y - XB)
d tu % Oty Z tu

=n oo, -y, - X8 'y, - X.B).

More convenient forms for computing purposes can be derived.

THE MAXIMUM LIKELIHOOD ESTIMATORS

The maximum likelihood estimators of B and I, must satisfy
the equations
d In L _

a8 0

Qm%%—é =0 for t = 1, T
do

ém%§m£ = 0 for t =1, ..., T
do u > t.

The likelihood equations are nonlinear and must be solved by
iterative procedures. We solve the likelihood equations by the
Newton-Raphson method. This means we have to have the second
order derivatives of the log likelihood function.

The second derivatives in respect to B

The second derivatives of the log likelihood function in

respect to R are

d® 1n L _ d(-1/2 B'X'¥ xp)
dpdE e

“xre iy,

i
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The partial derivatives of 1n L

The partial derivatives we need are

2 -1 -1
§e¥%ﬂnﬁ = X éﬁfﬁ & 1Ty - X' dztu B I X8
do "TdB do do

1

H F - ES
X (Atu 2 Iy X'(Atu ®& I}XR
which can be written

= Xly, - X%XtB for u = ¢,

7 - 1 ¥
+ Xuyt (thu + XuXt)B for u > t.

The results are stored in a pxT(T+1)/2 matrix, whose columns
are the pxl vectors (dz In L/dotudﬁ). The matrix formed from the
vectors of partial derivatives (dz in L/dBdctu) is the transpose
of the matrix formed from the vectors of partial derivatives
(d? 1n 1/do%Y4p) .

The second order derivatives in respect
to elements of &~

To derive the second derivatives of the log likelihood func-
tion elements of E'l, we use Graybill's theorem 10.8.10 which
shows that

d I
dgtu

= - &
z Atu .

The derivatives are
dz In L
dcrsdott

y4

.1 %
5 (2 Arsz)tt

d” in L
dgrsdctu

The notation (X]tu denotes the tuth element of the matrix X.

= . %
n {Z Arsz)tu°
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SOLVING THE LIKELIHOOD EQUATIONS

To solve the likelihood equations by the Newton method, we
start with the ordinary least squares estimators % = (X'X)'lx‘y
and OtuO = (yt - X % 3t (yu - X % J for t = 1, ..., T and u>t.

The estimates are stored in vector, which we denote by 8. The
first derivatives are evaluated at 6 and stored in a vector,
known as the scores, which we denote by S§. The second order
derivatives are evaluated at 6 and stored in a matrix denoted
by A.

The first iterated value of 6 is 8, = 6, - A61 Sy- The
first and second order derivatives are then evaluated at 0q- The
iteration continues until the vector of scores S approaches 0.

At this point, the values of 6 are accepted as the maximum

likelihood estimates of the parameters.

A second method of solving the likelihood equations is the
iterated Aiken procedure. The first step is to calculate the
ordinary least squares estimator % The second step is to
calculate the empirical variances and covariances (Ut 0) whose
values are stored in matrlx % The first iterated Aiken esti-
mator is % = (X'% I'xyy- X‘% New estimates of the variances
and covarlances are calcuiated w1th El' The iteration continues
until successive estimates of B and I are not appreciably differ-
ent from one another. Malinvaud (1970:340) said that we can
expect the iterations to converge, and that the iteration proce-
dures seem convenient for finding the maximum Iikelihood estima-

tors.

If the two methods converge, but the estimates differ, we
accept as maximum likelihood estimates the set for which the
determinant of ¥ is the smallest, because the maximum likelihood
estimator § minimizes |%] considered as a function of 8. In most
cases, the two methods should result in the same estimates.
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THE ASYMPTOTIC COVARIANCE MATRIX OF B

In maximum 1ikelihood theory, the asymptotic covariance
matrix of the estimators is the inverse of the negative of the
expected value of the matrix of second derivatives of the
log-likelihood function. Malinvaud (1970) showed that the asymp-
totic covariance matrix of ¥ is

T(E) = (xryix
The sample estimator of Z{B) is

HGOICRC S RS

VOLUME YIELD PREDICTIONS AND THEIR VARIANCES

The primary purpose of a growth and yield study is to pre-
dict the volume for various combinations of site, age, and basal
area.

The predicted volume for z given vector x* is

' V& = exp (x*® &)a
What is the variance of v*? In most cases, there is no general
formula for the variance of a nonlinear function of the random
variables in terms of the covariance matrix of the random varia-
bles. However, z Taylor's expansion of the function can be used
to obtain an approximate variance of the function. The first two
terms of the Taylor's expansion for v* about g(%) = B are

£(K) = exp (x*8) + exp (x*8) x* (¥-8).
The variance of f(%) is

PLE®] = [exp (x*g)]% x L(E) x=
which is known as the approximate variance of v*. A sample esti-~
mator of Uz[f(5}] is A

SELEHT = 942 xn ¥(Yy xav,
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TESTS OF LINEAR HYPOTHESIS AND
THE LIKELTHOOD RATIC STATISTIC

An important statistic in maximum likelihood analysis is the
value of the likelihood function evaluated at the maximum likeli-
hood estimators. Many statistical textbooks discuss the likeli-
hood ratio test for testing a q dimensional linear hypothesis
about the regression parameter. The likelihood ratio is

A= LW)/LEH

where L(ﬁ) = value of the likelihood statistic under the full
model; .
and L(a) = yvalue of the likelihood statistic under the restric-
ted model.

The asymptotic distribution of the statistic -21n) is xz distri-
bution with q degrees of freedom.

YIELD PREDICTIONS FOR A NEW PLOT

Suppose we observe a ''new plot" and want to predict the
yield on that plot at some future date. We denote the current
measurements on the new plot as (y;, xi). What is the expected
plot volume at time t in the future? 1In other words, what is the
expected volume y; given the present volume yi?

We assumed that the multiple measurements on each plot have
a multivariate normal distribution. It is well known that the
conditional distribution of Y given Yi is also normally distrib-
uted with a mean
Eery) = € + oy /o5lyy - ED]
where ¢ is the covariance between observations at time 1 and

1t

time t, and 0% is the variance at time t.
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The expected value of yi is x{ B and the future expected
volume is x? 8.

The sample estimator is
Yo o ny g
Yo = xg B S1t/51 07 - x3 B,

Our estimator of the future volume ber acre at time t is
<]

A" _ *’\.:O
vy = exp(yt).

EXAMPLE

The example is based on part of a growth and yield study of
managed hardwood stands being made by the Northeastern Forest
Experiment Station. The analysis is presented only to illustrate
the statistical methodology. Analysis of all of the data will be
reported elsewhere. The data consists of three measurements on
64 permanent plots. The piots were first measured in 1961
{(shortly after thinning), and again in 1967 and 1971. For con-
venience, the volumes, basal areas, and plot ages were adjusted
to S5-year intervals between meésurements,

_ The analysis was made with a computer program written in
Fortran IV for use on an IBM 370 series. The program is avail-
able from the authors.
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Estimates of regression coefficients and standard errors

The estimates of the regression coefficients, standard

errors, and t ratios are

Variable Coefficient Standard error t ratio
Intercept 3.1872 0.0596 53%.48
S 0.0096 0.0008 12.00
At -23.4236 0.7140 -32.81
(Al/At)lnB1 1.0094 0.0085 118.75
1~A1/At 5.4694 1.2440 4,40
(1~A1/At) S 0.0075 0.0184 0.41,

The standard errors are the square roots of the diagonal elements
of ¥(&). = (X‘W"1X)'l, The large t values show that each of the

regression coefficients, except the last, are statistically sig-

nificant from zero.

The estimates presented are based on 15 iterations. It
should be noted that the quadratic form (Q) at the maximum like-
lihood solution is equal to n x T, which, in our example, equals
192. After 14 iterations, the value of a was 191.999384. On the
15th iteration, ( was equal to 192.000000.

To estimate the coefficients of the basal-area equation, we

note that 84 = B3a] and ﬁs = BBuz. The estimates arve:
Yooy et At o
oy %4;%3 5.4187
5y . /
Gy = %5 %3 G.0074,

o . . . "
If needed, the approximate variance-covariance matrix of (&1, az)
can be found from the first two terms of the Taylor expansion for

" "
oq and Gy
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Estimates of variances and covariances among the measurements

The sample variance-covariance matrix of the natural loga-
rithm of the volume per acre is —
0.00192  0.00193  0.00404]
¥ =10.00193  0.01103  0.01559
0.00404 6.01559 0.02564

The correlation matrix is N
1.000  0.419 0.575
r =10.419 1.000 0.927
.9;575 0.927 1.Q22“

We find that the variance at time 1 is small compared to times 2

and 3. The covariance between measurements are all positive,
The correlation r({2,3) = 0.927 is especially high.

The large differences between variances and the high corre-
lation among measurements suggest that the covariance matrix of
the ordinary least squares estimator would have a large bias.,
The bias of the variance of ordinary least squares estimators
based on correlated data is discussed by Sullivan and Reynolds
(15773,

Hypothesis testing

Cne hypothesis of interest is that the volume is not a func-
tion of the expected basal area. The hypothesis in terms of the
parameters of the model is

Ho © By = By = 85 = 0.
The meodel restricted by HO is
= 2
E0es) = 8o * By 55 + B, AJ.

To test the hypothesis, we have to estimate the parameters
of the restricted model and compute the natural logarithm of
likelihood function for the restricted model, which is
lnL(ﬁ) = 132.28. Also, we need the natural logarithm of the
likelihood function of the full model, which is 1nL(H) = 269.80.
The likelihood ratio statistic is -2 1nL(d) -1nL(H) which is
equal to 275.04.
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The test statistic is distributed asymptotically as xz with
3 degrees of freedom. The critical value of xz is 7.81. The
expected basal area is a highly significant variable for predic-
ted volume.

Tests of the regression coefficients for site and the
inverse of age could also be done with the likelihood ratio test.
This is not necessary because we already have the standard errors
and t values for each regression coefficient.

Growth projection given initial plot volume

To project the yield given the plot volume, we used data
from one of the study plots. The plot has a site index of 67.
The initial plot age was 47 years, and the basal area was
50.58 ftZ/acre. The expected initial volume (which 1s calculated
from the volume eguation) is 1469 ftglacre. The actual plot vol-
ume was 1489 ft3/acre, which is 1.3 percent higher than the

expected volume,

What is the 10-year yield projection conditional on the
present plot volume? We need the sample values xi b = 7.2923,
x3 b = 7.7536, y; = 7.3059, and s,4/s5 = 2.1042. The sample
value of yt is 7.7621 and the progected yield for the plot is
%% = exp (7.7621) = 2350.1 ft /acre The expected volume is

g?(v3) exp(7.7336)
2283.8.
The ratio of the projected volume to the expected volume is
1.0290, In other words, the plot that started out with 1.3 per-
cent more volume than predicted is expected--in 10 years--to have

2.9 percent more volume than the expected future volume.

f

#
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LONG~TERM YIELD FORECASTING MODELS; VALIDATION AND
ITERATIVE ESTIMATION

Kenneth J. Turnbuil
Professor of Forest Biometry
College of Forest Resources
University of Washington
Seattle, Washington 98195, USA

SUMMARY

Yield forecasting models, whether based on single tree or whole stand,
commonly predict total volume or total volume per dbh class, by using
stand variables together with a class or level of treatment; the tables or
forecasis tend to be regarded as permanent and not subject tc change.
Yalidation, if conducted at all, is usually done once, and in terms of
total yield, even in the case of single tree simulation models.

Exampies of problems are discussed. 1t is proposed that a full
forecasting system includes i) basic, conventional, yield model, ii}
ocperational treatment effect sampling and feedback model, iii) climatic
adjustment model, and iv) conversion model to provide log supply and product
vield forecasts. The importance of validation on a continuing basis,
coupled with monitoring for item ii} is emphasized. Single tree models
should be validated against individual tree data rather than aggregate totals.
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INTRODUCT {ON
For the purpose of this discussion we will consider a generalized
vield model of the form

y = (5, A, Si; 5 Pt) + £, (01) + fy (C1) + 7, (Nc) + ¢

where y = volume yield

™ Sp = species (and provenance}, A = age, $i = site index or site variable

5 = stocking density, or measure of crowding

\aPe = prescribed treatment regime
0t = Operational treatment regime

€1

4

Climatic fluctuation
Nc = Non-timber management consideration (environment, etc.)
£ = random error

Conventionally, yield forecasting models inciude Sp, A, S5i, S and Pt,
and €, Part of the concern of this paper is with the other terms in the
yield model, and part is with quality control and validation procedures
which appear to be needed.

THE PROBLEM

Until the advent of the computer, it was common to treat yieltd tables
as ''hewn in stone'' ultimate answers which were not subject to change or
challenge. Today yield tables, equations, and various simuiation models
are being produced in some profusion and each of these tends to be viewed
as a sufficient and adequate source of yield information by itself. With
few exceptions, these models are reasonabliy by the "fi' portion of the
generalized model noted above,

Parenthetically, the term 'crowding' rather than "competition' is used,
as being more appropriate to the measures now being employed. Crowding is a
state of condition, quite well measured by distances to neighboring trees,
ete. Competition involves processes, of uptake, assimilation, etc., and
constraints on the rates of these processes, which clearly are measured only
in a very indirect way, if at ali, by distances to neighbors and so on.

Returning to the main point, conventional models do not include the
other elements, 0t, Cl, and Nc, and this deserves attention.

Two main objectives are sought through yield forecasting tools nameiy:

i) Estimate overall yield for whole management units (e.g, 50,000 -
100,000 hectares)




226

ii} Assist in obtaining an understanding of growth processes.

The function of the various forms of yield model and of the functions of
0t, €1, and Nc can be examined relative to some operational situations,

Example 1. The "trend towards normality' has been accepted for years
as a '"fact''in using yield tables both in North America and Europe.
However, most tables constructed in the 1910-1940 period were made from
point data on volume at given age, rather than from historical trends of
volume over a span of age., It was not until the more recent work (e.q.
Pienaar and Turnbull, 1973, King, 1970}, based on permanent plot growth
records, that it appeared in some species (e.g. Pinus ellijottii
Engelmann) the trends for different initial stocking levels do
converge, while for others (e.g. Pseudotsuga menziesii (Mirb.) Franco)
they do not converge. The latter is also being discovered in Pinus taeda L.
in Georgia (Pienaar, 1977). However, it is necessary to have not only
"real growth series’' data, but to have it for lengthy periods of growth,
if one is to discover whether growth trends converge or not. How then can
we expect vield forecasting models based only on short-term data to provide
permanent and unalterable estimates? Periodic testing and validation
against independent field data is needed.

Example 2. Yield tables for plantations of tropical hardwood species
such as Albizzria falcatas Becker and Gmelina arobrea show yields such as
Loo m3/ha at age eight years., These have been derived from carefully tended
and protected test plots. In large-scale plantations, experience has shown
that because of rough terrain, old stumps, insects, wildiife, and other
influences, the actual yields are at best some 80 percent of the yield table
forecasts., Clearly, some quality control sampling or growth monitoring
system is needed to provide adjustment of forecasts to reflect
operational conditions.

Exampfe 3. Results of a regional nitrogen fertilization study
{(Turnbull and Peterson, 1976} have established that when 200 kg/ha of
elemental nitrogen, in the form of synthetic urea, is applied by hand in
sxperimental plots, then volume growth rate will increase by some 25 percent.
However, in operational azpplication some 40,000 hectares of Douglas-fir
forest receives what is prescribed as 200 kg/ha of urea applied by
helicopter. Limited field sampling has demonstrated wide variation in
application rate between locations within a stand. The same is true in the
case of thinning or spacing over extensive forest areas by contractors; the
exact intensity of thinning and resulting density of remaining stand will
vary from place to place and may well differ on the average from the
prescribed thinning intensity. Clearly, one should not rely solely on
forecasts given by experimental treatments made under experimental conditions.
Some form of quality control sampling or growth monitoring system is needed
to adjust estimates so that they include the effect of operational treatments
to the extent that they differ from exact prescribed treatments.

Example 4, Single tree distance dependent growth simulator make use of
distance measures to provide indices of ''competition'' or crowding.

The author participated in a study of a stem mapped Douglas-fir forest
stand in which individual tree dbh was estimated by regression on measures
of distance to neighboring trees; the objective of the study was to provide
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a first stage selection of plus~trees according to the magnitude of
positive deviations from regression. The correlation between dbh and
distance measures was relatively low (RZ = 0.1 to 0.3}. The point of the
example is that the forest geneticist's view of "competition't was that
trees differ in their capacity to grow under given conditions of crowding
and that this difference i5 to some degree genotypic. This is only one
example, but a review of published results of single tree distance
dependent modelling shows that if such variables as dbh and height are
already present, the distance measures increase correlation with growth
rate, as the independent variable, by only 5 ~ 10 percent typically giving
an R2 = 0.7 without distance measures and R2 = 0.75 with distance measures,
This may be because such variables as dbh and height already include
measures of the historical effect of crowding, together with genotype, so
that distance measures alone have littie more to contribute statistically,

Single tree distance dependent models clearly have a vast potential
to provide a link between growth forecasting and physiological knowledge
of growth processes, However, the present method of "'validation' of
forecasts by these models is to compare total volume predicted with total
volume ohserved. This will never provide a direct check on the simulation
of the individual trees within the aggregate, and indeed may obscure poor
single tree estimates by aggregation. Validation in terms of individual
trees seems to be obviously necessary if the effectiveness of distance
measures is to be assessed fully, and these worthwhile models further deveioped,

The above discussion has focused primarily on need for validation
generally, and the ''operational treatment" term, 0t, in the generalized
model. Because of the importance of increment core samples in the national
forest survey in that country, there has been extensive study of the
ciimetic term, Cl, in Sweden, some of which has been reported by Johsson
and by Jonsson and Materu at this meeting; in the paper by Boyce, some
aspects of dealing with the non-memter terms, Nt, were discussed.

A further general observation is that commonly the growth and yield
forecasting models provide estimates in terms of total volume/ha or total
volume per dbh class/ha. Increasingly, it is being recognized that yield
forecasts are needed in terms of volume compos ition according to diameter
class of logs, log grade, product class or assortment. The conversion
from stocktable by dbh to log stocktable can readily be accomplished by
use of taper curves, while specific product yield estimates can be given
by linked simulators., Examples of this are in the paper by Row and
Norcross at this meeting and in the Tropical Forest Utilization System
(1977) papers.

CONCLUS I 0ONS

In general, growth and yield forecasting models are based on stand, or
tree, variables and prescribed treatments. Rarely, if ever, is allowance
made directly for the effect of difference between operation condtions and
and experimental conditions, and between operational treatment and prescribed
treatment. Most growth and yield models, aside from some in Sweden, make no
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orovision for the effect of climatic fluctuation. Non-timber growing
considerations are frequently omitted from the models also. In addition,
growth and yield models tend to be regarded as being somewhat permanent

and not subject to change.

The author proposes that yield models should be recognized as
elements in forecasting systems which contain, generally,

i} "Basic¢' yield model based on stand parameters and prescribed
treatment(s). :

ii) Sampling and feedback model to adjust estimates due to
fluctuation in operational treatment and conditions.

iii) Climatic model, if necessary, to adjust growth input data
according to departures from average trends of climate.

iv) Conversion model, to render yield estimates in terms of log
supply or product yield.

Since the elaboration to include non-timber production considerations
is too broad to generalize here, we will simply note the potential
importance of this here.

The author further proposes that much more attention should be given
not only to validation, but to design of adequate procedures. Examples
of validation were given in a number of papers at this meeting. The
single most important characteristic of validation data is that it is
separate and independent from the data used to estimate the parameters
of the model being validated. The special sample described by Clutter is
noteworthy. However, it appears that such a sample could well be instituted
in some permanent form to supply data for item ii) above. An excellent
example of such a system is given by Stage (1973). One of the points that
this highlights is the need for less costly but sufficiently reliable
sampling systems for monitoring operational treatments. It is possible
“that in the future there will be an increase in emphasis on monitoring
and iterative improvement of yield forecasts, especially in view of the
modelling complications created by regimes of successive and superimposed

treatment.




229

LITERATURE CITED

King, J. E. 1970. Principles of growing stock classification for
even-aged stands and an application to natural Douglas-fir forests
Ph.D. Dissertation, Univ. of Wash. Unpubl. 90 p.

Pienaar, L. V. and K. J. Turnbull 1973 The Chapman-Richards generalization
of von Bertatanffy's growth model for basal area growth and yield in
even-aged stands. Fforest 