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PETAWAWA NATIONAL FORESTRY INSTITUTE

In common with the rest of the Canadian Forestry Service, the Petawawa National Forestry Institute has
as its objective the promotion of better management and wiser use of Canada’s forest resource to the
economic and social benefit of all Canadians. Objectives of program activities carried out at the Institute sup-
port this goal through discovery, development, demonstration, implementation, and transfer of innovations.
Because it is a national institute, particular emphasis is placed on problems that transcend regional boun-
daries or that require special expertise and equipment that cannot be duplicated in CFS regional estab-
lishments. Such research is often performed in close cooperation with staff of the regional cen tres, provincial
forest services, and the forest industry.

Research initiatives and technical services at the Institute encompass five major activities:

FOREST GENETICS AND BIOTECHNOLOGY — Integrates projects in tree genetics, soil microbiology,
micropropagation, molecular genetics, meteorology, and seed research. It also includes the client services
and seed bank operations of the National Tree Seed Centre, a long-standing program with extensive inter-
national affiliations.

FOREST MANAGEMENT SYSTEMS — This program integrates projects in fire, remote sensing,
modelling, and growth and yield to provide research and development for the formulation and demonstra-
tion of forest management systems.

NATIONAL FOREST RESOURCE STATISTICS — Provides biological, technical, and socioeconomic in-
formation on Canada’s forest-based resources. The program involves progressive develo prentof databases,
such as FIDSINFOBASE, and establishment of new databases and software in support of policy develop-
ment in forestry. The Forest Inventory Program collates information on the forest resource at a national level,
maintains the Canadian Forest Resources Datla Syslem, and prepares the national forest inventory,

COMMUNICATIONS — Integrates activities of the library, public awareness, information, and editing
and publications projects, The Institute is visited by more than 20 000 people every vear, There is a Visilor
Centre for the public, self-guided tours, and an extensive education project. The national repository of all
scientific and technical publications of the CFS and the principal CFS publications distribution centre are
both located at PNFL.

THE RESEARCH FOREST — Besides natural stands manipulated in a variety of ways for silvicultural
research, the 98 km” Petawawa Forest contains extensive areas of plantations dating back six decades.
Research plantations are a source of growth and yield data derived from cultural experiments, and they are
becoming valuable for pedigreed genetic materials for micropropagation and molecular genetics studies.
The forest also offers opportunities for short- and long-term testing of forest management strategies.
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FOREWORD

ENFOR is the acronym for the Canadian Governmenl’s ENergy from the
FORest (ENergie de la FORet) program of research and development
aimed at securing the knowledge and technical competence to facilitate,
in the medium to long term, a greatly increased contribution from forest
biomass to our nation’s primary energy production. This program is part
of a much larger federal government initiative to promate the develop-
ment and use of renewable energy as a means of reducing our depen-
dence on petroleum and other nonrenewable energy sources.

The Canadian Forestry Service (CFS) administers the ENFOR
Biomass Production Program component which deals with such forest-
orientated subjects as inventory, harvesting technology, silviculture, and
emvironmental impacts. (The other component, Biomass Conversion,
deals with the technology of converting biomass to energy or fuels, and
is administered by the Renewable Energy Branch of the Department of
Energy, Mines and Resources). Maost Biomass Production projects,
although developed by CFS scientists in the light of ENFOR program
objectives, are carried out under contract by forestry consultants and
research specialists. Contractors are selected in accordance with science
procurement tendering procedures of the Department of Supply and
Services. For further information on the ENFOR Biomass Production
program, contact

ENFOR Secretariat
Canadian Forestry Service
Department of Agriculture
Ottawa, Ontario

K1A 1G5

or a CFS research laboratory,
These guidelines were prepared for the Petawawa National Forestry

Institute, Canadian Forestry Service (Scientific authority: 1.5. Alemdag)
by Dendron Resource Surveys Ltd.
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ABSTRACT

The manual describes procedures for including Forest biomass
assessment in forest inventory. The procedures cover the collection of
data in the field, laboratory analvsis, development of single-tree biomass
equations, and application of the equations to both current and proposed
new inventories.

RESUME

Le manuel décrit des méthodes qui permettent d'inclure une évaluation
de la biomasse forestiére dans un inventaire des foréts. Ces méthodes
englobent 1a prise de données sur place, l'analyse en laboratoire,
V'élaboration d'équations pour la hiomasse d'arbres individuels et

Vapplication des équations i de nouveaux inventaires en cours ou
ENVisages,






GUIDELINES FOR
FOREST BIOMASS INVENTORY

I. INTRODUCTION

The purpose of forest inventory, including the appraisal of forest
biomass reserves, is to provide the forest manager and others studying
or concerned with the forest with a clear summary of the quantities of
biomass present, and the quality and distribution of the resource over
an area of interest. Frequently, a general picture is provided in the form
of maps, lables, and statistics. This is supported by detailed tree data
concerning species, size classes, age, productive potential, current
growth and yield, stocking, and condition of the resource. The relation-
ship of the forest to the physiography, soils, water, and other plant and
animal communities may be included. Besides being an overview of what
currently exists, forest inventories provide a baseline against which
changes are assessed, such as those from regeneration, growth, and
depletions, caused naturally or by human activity. Where man inter-
venes, accessibility and many economic and social issues come to the
fore, particularly those concerning use and management of the resource.
In this context, the baseline is needed to make supply projections, model
forest stand development, and lo investigate the outlook and conse-
quences of different management options or other practices.

The principal quantities used lo express the size of reserves reflect
the current value and expected use of the forest. In the recent past,
expressions of wood volume have predominated because of the use of
the stem for conventional wood products such as lumber, plviwood,
poles, pilings, pulp and paper, etc. The value of these are closely related
to volume. During the last decade, however, an increasing scarcity of
accessible, high-quality trees has led to fuller utilization of the tree and
the use of components other than the bole, as well as smaller trees, previ-
ously noncommercial species, and wood residues. Also, although the
volume of the main stem is fairly easy to measure, the volume of a multi-
tude of branches, twigs, and leaves is virtually impossible to measure,
Weight is a more practical measure of such material. Measures of weight
also became more important in cases where greater emphasis is given
to the use of chips, particles, or ground wooed for composition boards
and other products or fuel. During the same period, shortages of conven-
tional petroleum energy occurred which suggested using biomass as an




alternate renewable source of erergy, These trends added further impe-
tus to include the measurement of full tree and tree component weight,
hereafter called mass or biomass in these guidelines, as part of volumet-
ric forest inventories. Accordingly, methods and techniques for carrying
out forest biomass inventories needed to be developed and adapted to
the current inventory practice, (An overview of forest biomass inventory,
including a brief history of the development of the need for biomass
information, is provided by Bonnor (19587)).

In response, many new procedures were developed and tested in
Canada recently through studies conducted under the federally-funded
ENFOR Program. These and related projects were concerned primarily
with the collection of basic tree biomass measurements, development of
species-specific tree and tree component biomass equations, and the
implementation of the equations as a part of conventional forest inven-
tary. The implementation involved several areas of application: conver-
sion of existing inventories, biomass estimation beyond zones currently
mventoried, and sampling of noncommercial species, size classes, and
compaonents,

At the early stages of the ENFOR Program, biomass studies wera
conducted with few terms of reference, guidelines, or standards,
Although manuals with guidelines and standardization of procedures
were developed as part of ENFOR, such as the field and laboratory proce-
dures manual by Alemdag (1980), the desire or upportunity to promote
or enforce standardization did not arise. Consequently, a coherent set
of definitions, procedures, and standards was lacking and the results
that came in from the projects, though of significant technical merit, fre-
quently could not be compared in order to be integrated into an unified
body of information, Accordingly, those wishing to plan or undertake
new biomass initiatives or operational projects did not have a recognized
practical reference to turn to for guidance.

The purpose of these guidelines is to take stock of many accomplish-
ments under ENFOR, compare the results with related North American
experience, and draw together an uniform set of definitions, standards,
and procedures for conducting forest biomass inventories, The defini-
tions, standards, and procedures treated in these guidelines have
attempted to emphasize practicality and simplicity, and recognize cur-
rent forest inventory practice.

The topics are confined to forest biomass inventory applications and
do not stray into related fields such as nutrient eycling, ecological or
environmental concerns, or biomass conversion technology, though the
inventory procedures or results may serve these areas. The manual
addresses sampling designs, which determine where ta select (he sam-
ples, how much data to collect, and how to use readily available data to
increase efficiency of sampling. Field and laboratory procedures for mea-
suring and recording basic data, the development of equations for
estimating biomass quantities from easily-measured tree variables, and
the application of biomass estimation models to forest inventory are also
dealt with. The use of estimation models, in particular, had to recognize
the need to tie in with established volumetric inventory methodology,
In most cases, the biomass procedures parallel the volumetric counter-
part to render application as direct and straightforward as possible.

[EY]




The attemnpts to standardize are intended to help the practitioner to
stay in touch with the practices of others. Standardization should also
facilitate the exchange of information, comparison, and the use of inven-
tory data n other fields where common problems are investigated.
Duplication of effort should be reduced and the development of general
purpase databases encouraged. For example, standardization will tay the
groundwork for the development of a set of national tree biomass equa-
tions with which practitioners would become familiar and be confident
inusing. Uniform standards will greatly assist cooperative efforts to pro-
vide, for instance, national biomass statistics such as has been done
recently in Canada by the collaborative efforts of the provinces, terrilo-
ries, and the federal government (Bomnor 1985).

The approach taken in this manual is to provide a general descriplion
of biomass measurement, including how it relates to the larger inventory
problem. The description includes, where necessary, background, defi-
nitions of terms, equations, references, examples, and theoretical con-
siderations. The descriptive phase is followed by a set of step-by-step
procedures, checklists, etc. that the practiioner may use in carrying out
biomass invenltory.







II. DATA COLLECTION TO DEVELOP
SINGLE TREE BIOMASS EQUATIONS

In this chapter we define forest biomass quantities and important tree
variables used to estimate forest biomass. We also detail procedures for
sampling and processing such data in the field and laboratory. The
collection and preparation of data leads up to the development of single
tree equations (Chapter III) and their application to forest inventory
{Chapter TV).

1. Biomass variables used in forest inventory

Two approaches can be taken to estimate biomass in inventory surveys,
The &first is a direct measurement of mass (M) of a tree or tree compo-
nents and the development of species-specific tree equations which use
commonly measured tree variables such a diameter at breast height and
total tree height to estimate biomass quantities. This approach parallels
and is compatible with conventional volumetric inventories which rely
on diameter and height to estimate tree volume. The second approach
uses factors to convert tree or stand volume to biomass quantities and
ratios in order to derive tree component estimates. The conversions
employ wood density factors, Both approaches are included in these
guidelines but the first is stressed because it is generally more accurate
and adapts readily to most current inventory procedures. The ratio
approach is generally reserved for situations where basic tree data are
missing, incomplete, or out-of-date,

a. Measures of forest biomass

For the purposes of this manual, forest hiomass includes only the
aboveground portion of living trees and woody shrubs. The distinction
between woody shrubs and small trees is based upon recorded genus
and species rather than size. A size distinction alone may easily lead to
confusion among tree seedlings, small saplings, and shrubs. Non-woody
plants and all vegetation shorter than 0.31 m are excluded.

Forest biomass can be expressed by either its green mass (GM) or
ovendry mass (OM). The green mass of a tree, woody shrub, or compao-
nent thereof is the growing or freshly sampled material containing varia-
ble proportions of water. Tt is a convenient measure to use at sampling
stages before specimens are dried in the laboratory. Some scaling prac-
fices, such as the weighing of a truckload of logs, also use green mass,
Ovendry mass refers to the mass of a tree, woody shrub, component,
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Figure 1. The tree components used for biomass estimation purposes.




or sample after drving at 105°C until the sample mass stabilizes at a con-
stant level, The ovendry mass is the preferred expression of mass in
inventory applications because of repeatibility and the closer relationship
o energy potential, Unless stated otherwise, the terms mass or biomass
in this manual refer to ovendry mass. Repeatibility refers to the degree
of consistency of biomass measurement achieved when specimens from
different trees are compared or the results of measurements by different
operators, instruments, or procedures are compared. Appendices A and
B provide glossary and measurement standards pertaining to field and
laboratory work.

Figure 1 illustrates the important components of the tree for biomass
purposes,

The definition of the components and distinguishing criteria are
described in Section 3, which covers the field work instructions.

For cases where merchantability standards are imposed, the stem is
subdivided into merchantable stem wood, merchantable stem bark, top
wood plus bark, stump wood plus bark.

Standard stump height is usually 0.30 m above ground level but the
procedures described later for developing merchantable equations allow
the stump height to be varied. Merchantable diameter is a minimum
allowable top diameter inside bark, usually between 7 and 10.cm depend-
ing upon the Province, wood products, and other circumstances. Mer-
chantable height is the height from ground level to the defined
merchantable diameter limit, The merchantability standards vary with
product and degree of utilization of the tree and, thus, should be allowed
to be set at different levels. However, many existing biomass equations
and tables assume a fixed standard such as those mentioned above. The
application of merchantability standards is described in Chapter 111, Sec-
lion 6. The standards are based on forest inventory terminology and
usage edited by Bonnor (1978).

b. Tree variables for biomass estimation

The common tree variables used to estimate biomass are diameter at
breast &height (D), total tree height (H), and volume (V); age, site qual-
ity, erown width, crown length or crown area, and expressions of compe-
tition are used occasionally. Diameter at breast height is also referred to
in the manual as tree diameter. The diameter at another height is always
qualified; for example, diameter at a stump height of 0.30 m. Some of
these variables are illustrated in Figure 2. The variable D is defined more
specifically as the diameter of a (rec outside bark at a height above
ground level of 1.30 m. The determination of ground level and the Ireat-
ment of sloping terrain are defined in the glossary (Appendix A) under
‘ground level’. Diameter is the most commonly used variable in tree vol-
ume and biomass estimation because it is easily measured and correlated
to tree and tree-component biomass. Diameter is usually measured in
centimetres to the nearest millimetre. The variable is often used alone
in tree equations to estimate biomass. Such equations are referred to as
local biomass equations, the counterpart of local tree volume equations,

b |
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Figure 2. Tree variables used for biomass estimation,
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Total tree height, defined as the vertical distance from the ground
level to the extreme top of the tree, is commonly used in conjunction with
D in biomass tree equations. Height is usually measured in metres to the
nearest decimetre, The tree biomass equations using both D and H are
referred to as standard biomass equations, analogous to standard tree
volume equations.

Tree volume can be used in conjunction with wood density [actors
to estimate biomass (Alemdag 1984b). Component ratios can be used in
conjunction with the whole tree or stem biomass estimates to derive com-
ponent estimates. Unless otherwise qualified, volume refers to the gI055
total volume of a tree stem expressed in cubic metres, usually to the
nearest three decimal places. The tree stem includes the stump, top,
wood, and bark but excludes the branches and foliage. Forked trees are
treated in Section 3. Expressions of merchantable volume will be referred
to from time to time in these guidelines.

The remaining tree variables are less commonly used because they
may not be available in conventional inventaries, they are more expen-
sive to measure, and generally are not as effective in estimating biomass
quantities. Crown diameter, length, and area lend themselves to mea-
suremenl on large-scale aerial photographs and can have a specialized
role to play in the estimation of biomass {Alemdag 1986). The manual
concentrates on the use of D, H, and V in the estimation of tree and tree
component biomass quantities.

2. Selection of sample trees

The purpose of sample selection is to choose trees for developing
biomass equations. The selection of trees should follow a statistically
defensible sampling procedure and rules to ensure that the population
of interest (a defined forest property or area) is properly represented. The
selection task should assure that the important species and range of size
classes are covered and that sufficient tree data are available for develop-
ing reliable equations, The selection procedure is also concerned with the
efficiency of the sampling design and measurement procedures and the
advantages of using existing data to reduce sampling effort,

The reliability and efficiency of the equations depend upon factors
affecting the accuracy of equations, Regardless of whether a single
characteristic is involved, such as a population mean, or more than one,
such as several equation coefficients, accuracy refers to how close the
esfimates are to the true but unknown values. In the case of an equation,
accuracy may pertain to the predicted value rather than the coefficients.
The closer the estimate, the more accurate it is.

An estimate may be inaccurate for two reasons. First, an estimate
may be biased, meaning that in the long run the estimate is consistently
high or low by a certain amount. The bias ean stem from the estimator
itself; for example, ratio estimators are usually biased. Bias can arise from
incorrect sampling procedures, for instance, during sample plot estab-
lishment always avoiding openings in the forest or selecting very dense
stands or never going off roads by more than a few hundreds of metres.
Bias can also arise from systematic errors in measurement procedures



such ‘as out-of-adjustment instrumenis, operator blunders, and
improper recording or computation procedures, Reduction of bias to
Improve accuracy requires that all possible sources of systematic errors
be known and controlled, Second, an estimate may be inaccurate
because of random errors which, though compensated in the long run,
may in particular cases cause tree estimates to be substantially different
from the true value — high one lime, low another, The random errors
cause the estimate to be imprecise. A precise estimate is one where the
random component of error is small. Sometimes good preasion is
referred to as high repeatibility, i.e., if a measurement is repeated over
and over, the results are clustered closely about the mean. Lack of preci-
ston can stem from the sampling design (Le., the estimator), small sam-
ple sizes (too few plots, for example), or inconsistent measurement
procedures. provided the random measurement errar is under control
and does not vvershadow sampling error, the larger the sample, the
higher the precision.

An estimate will be inaccurate if either bias or lack of procision oocur
alone, If the height of an 18.6 m tree is measured repeatedly and found
to average 14.4 m varying between 13.9 and 14.8 m1, the measurements
are fairly precise but very inaccurate because of the relatively large nega-
tive measurement bias of 4.2 m. Likewise, individual erratic measure-
ment may be free of bias (when judged in the long run) but very
imprecise for particular cases. Bias and precision are constant precccupa-
tions during the consideration of the efficiency of sampling designs and
measurement procedures.

a. Sampling rules

Whenever a characteristic of a population is to be sampled, it is important
&that a few rules be followed to ensure that the sample correctly
represents the population. When the population is properly represented,
then valid estimates of the required characteristics (for example, average
ovendry tonnes of forest biomass per hectare or a set of regression coeffi-
cients expressing the relationship between tree mass, diameter, and
height) can be made, together with statistically defensible statements
about the accuracy of estimates. Valid estimates should be free of biases,
Adherence to the sampling rules, judicious selection of estimators,
development of good measurement procedures, careful training, and
quality checking are all important in controlling bias,

The most important sampling rules are as follows:

(1) The population to be sampled must be clearly defined. In the forestry
case, this generally means that the physical boundaries of a property
or unit be delineated and mapped and that interior, nonforest areas
such as bodies of water be recognized.

{2) Before selecting the sample, the population must be divided into
parts called sampling units. In the forestry case, the sampling unit
could be individual trees or, more conveniently, clusters of trees
defined by one of many types of fixed-area sample plots or point
samples:
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(3) The sampling units must, in a conceptual sense, completely cover the
population and should not overlap one another. Every element in the
population should belong Lo only one unit. A list of all possible units
is called a sampling frame.

(4) The sampling units must have a known probability of being selected.

(5) The selection process must be determined only by the choice of a
valid sampling design which establishes the selection probabilities
and the distribution and intensity of the sampling, and sets the rules
for the random selection process, the compilation of estimates, and
the accompanying reliability statements,

If these rules are followed, if an unbiased estimator is used [(or esti-
mator used with known bias which can be corrected), and if the measure-
ment and computational procedures are free of systematic errors, then
valid, statistically defensible estimates can be made. In practice, how-
ever, especially in the forestry case where access can be difficult and
costly, the sampling rules often must be relaxed. In some cases, weighing
schemes which modify the probability of selection can be imposed with-
out violating the rules at all. Tn other cases, such as changes made to
ensure that rare conditions (usually size class extremes) are covered,
there may be a violation of the rules. However, with good judement,
liberties can be taken without seriously jeopardizing the results. The
practitioner should be aware of the departures and petential dangers.
The introductory chapter of Cochran (1963) treats the rules in greater
detail; Freese (1962) provides guidance on how to apply the rules,

b. Sampling efficiency

The purpose of sampling is to obtain required information without going
to the &expense of measuring every sampling unit in the population.
Results accurate enough to be useful can be obtained from samples of
a fraction of the population. Several questions arise. What is accurate
enough? How is accuracy evaluated? At what rate does an increase in
the size of the sample improve accuracy? Are there other means of
increasing accuracy for a given level of effort?

As described earlier, accuracy of an estimate is a measure of how
close the estimate is to the true value. The lack of accuracy reflects the
combined occurrence of biases in the sampling method, systematic errors
in the measurement procedure, and random errors atiributed to the sam-
pling method and measurement procedures. In most applications it is
assumed that sampling bias and measurement errors are held within
acceptable limits and that the accuracy is adequately expressed by the
random component of sampling error. Sampling error is usually
expressed using calculations of variance or standard deviation of the esti-
mator, The standard deviation is used to express either absolute or per-
centage limits of error allowed around the estimator with a specified level
of confidence. When the level of confidence is set, a factor called the 5
value and the sample variance determine the confidence band around
the estimator. For example, an estimate of mean total biomass of 153
tonnes per hectare could have a sampling error of plus or minus 5.4
tonnes plus or minus 5.4 tonnes, 95% of the time. Only the requirements
of the survey will indicate what is an acceptable level of accuracy. The
acceptable level goes back to the basic considerations of what the data
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15 10 be used for and the “downside’ risk of being in error by a larger
amount. The consequence of tightening the error tolerance too much is
excessive cost. These concepts apply equally to the accuracy of equation
coefficients,

Having settled on an acceptable accuracy level, what steps can be
taken to change it? First, increases in sample size will increase accuracy.
If a simple random sampling design were being used, sampling error is
approximately proportional to the inverse of the square root of the sam-
ple size as follows:

S5y = {S3/n)12 (1

where 5, is the standard deviation of the eshimator, 5, an estimate of
the standard deviation of the population, and n the sample size. It is
assumed that the sample is taken from a large population, If the allowa-
ble error (E), the standard deviation of the population, and the required
confidence level (1) were known, the size of the sample required to
achieve the required level of accuracy can be determined for simple ran-
dom sampling as follows:

n = t* SR (2)

However, as the sample size is increased to achieve the required
accuracy, so also cost increases, usunally in direct propertion to the num-
ber of samples plus some fived cost or overhead.

The second approach to increasing accuracy is to change the sam-
pling design. In the case of simple random sampling, every element in
the population has the same probability of being selected and, once the
sample size is known, the probability is known and can be assigned
(fourth sampling rule). Other designs attempt (o use existing information
and structural changes in the sampling unit to increase efficiency. Strati-
fied random sampling, for example, makes use of other related informa-
tion (photo-interpreted forest tvpes, for instance) to draw logether
sampling elements into homogeneous groups, which when sampled are
treated as subpopulations. If effeclive, the subpopulations will have a
lower variance and, therefore, the overall sampling error should be
smaller, The stratification allows different weighting schemes to be used
which shift the sampling effort away from the least important strata and
towards the most important or valuable strata. The weighting changes
the probability of selection from one stratum to the next, but still satisfies
sampling rule 4 provided the probability of selection is known. In a simi-
lar fashion the structure of the sampling unit can be changed. For exam-
ple, the clustering of trees into plots already referred to is a possibility,
as is the point sampling scheme where trees at a location are selected
within a unit with a probability proportional to size. These structural
changes raise related questions about the most efficient plot size and, in
the case of variable radius plots, the best basal area factor to use. Sam-
pling textbooks (e.g., Cochran 1963, Raj 1968) deal with these topics. All
such sampling designs are valid provided the five rules are accounted
for.

A large number of designs can be used which, depending upon the
auxiliary data available, the nature of a population, and the cost of gain-
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ing access to an area and establishing a sample, will vary in efficiency.
The inventory designer's job is to select the most efficient one for the
particular case. The sampling handbook by Freese (1962) is a very helpful
and practical guide to the choice and use of sampling designs. The classi-
cal textbooks on sampling by Cochran (1963) and Raj (1968) treat this sub-
lect i depth for those wishing to pursue other designs and the
underlying principles.

¢. Sampling procedure

° Determine the limits of the population to be sampled. This often &

involves delineation of the target area on a map.

Assemble available data such as cover type maps, air photo coverage,

field data, etc. which may be used to develop the sampling strategsy,

improve efficiency, and decide on sampling intensity, For example,

cover type data or an existing volumetric inventory could be used to

stratify the population, direct effort towards the most valuable areas,

and to ensure wunusual bul important conditions are adequately

covered.

Select an efficient sampling design. [n the case of forest inventory

where cover type maps are available, stratified random sampling

designs should be considered,

© Decide on the sampling unit to be used,
Establish the sampling frame and the probabilities for selecting the
sampling units. If stralified sampling were used, the strata should be
assigned weighls which deliberately alter the probability of selection
50 as lo intensify the sampling of particular strata or conditions, and
relax others. For example, extreme conditions are sometimes difficult
to sample adequately. Weighting schemes can be used to shift the
sampling into these conditions without violating sampling rules.

¢ Using available data on population or stratum variances, decide on
the sample size needed to achieve the required accuracy and to cover
important conditions.

# Using a randomization scheme appropriate to the sampling design,
select and list the samples,

= Document the sampling design, the probabilities of selection, the
selected samples, and the computation procedures.

¢ IF departures are made to the sampling design, such as those that
ensure population extremes are covered, record the modifications and
check the consequences.

3. Field and laboratory procedures

The field work used to collect basic tree data for tormulating single tree
&biomass equations are based on pracedures developed and
documented by Alemdag (19580). Since Alemdag’s manual was pub-
lished, the procedures have been thoroughly tested on several large
biomass projects. The procedures were found to be thorough, to work
well in practice, and to require only a minor refinement or modification.
These procedures are repraduced in this manual, incorporating the
modifications.

The data collection procedures cover bath sample plot measurements
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and sample tree measurements in the field. However, these two
approaches need not be taken together; they can be combined or taken
separately, depending upon the purpose of the work. Furthermaore, the
methods can be altered to meet local requirements.

The selection of sample locations should fallow the puidelines in Sec-
tion 2, The selection of sample trees and the method of subsampling and
weighing in the field are explained stepwise in this section. In selecting
the sample trees, emphasis should be placed on covering the full range
of diameter classes for each species in the sample area and, within each
diameter class, the full range of height classes. To adhere strictly to sam-
pling rule 4, & system of weights should be used to keep track of the
changes in probability of selection involved in emphasizing the
extremes. In practice, the changes in probability of selection are rarely
applied. A good practice however, is to at least record the changes in
probability of selection used to fill out the full ran geof size classes, Where
the sample plot procedure is not applied, the sample trees should be
spread aver the stands of different age, site, and density class. Although
the samples may be selected from living trees that have average health
and vigor and unbroken tops, some dead trees should also be included.
Cones and dead branches of living trees should also be sampled for fur-
ther analysis. Laboratory methods are also described in stepwise fashion.,

The steps for single tree measurements are as follows: (1) selecting,
(2) taking standing measurement, (3) felling, (4) collecting dimensional
data, (5) separaling tree components, (6) weighing green components,
{7) taking samples, (8} weighing green samples, (%) ovendrying samples,
(10) weighing ovendry samples, and (11) taking wood density measure-
ments. Samples from the stem contain four disks from the merchantable
trees and two from the unmerchantable trees. Three of the four disks of
the merchantable trees are confined to the merchantable part of the stem
because of its greater importance in the content of the whole tree. The
determination of wood density, which could be regarded as an optional
procedure, is not required for the development of mass/dimension
tables, but it may be needed in converting volume into mass and in estab-
lishing local variances. Standards of measurement, and sugeested lists
of equipment for field and laboratory work can be found in Appendix
B, tree species codes in Appendix C, methods of determining wood den-
sitv in Appendix D, and sample recording forms in Appendix E. Tf
desired, the data can be recorded electronically using a data logger, cal-
culator, or portable computer, For the desqiptmn and identification of
tree species reference should be made to Hosie (1969), Although proce-
dures for processing dead trees and dead branches are specified in this
manual, taking measurements on such material is optional because they
are nat considered as a part of biomass by definition.

a. Sample plot field work

When required to take sample plots in a particular forest t vpe, follow
these steps:

1.0 Establish sample plots 400 m? in size in stands of various maturity
stages and site and density classes within the specified papulation.
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2.0 Lay out circular plots with a radius of 11.28 m to achieve the 400 m?
sample.

3.0 Establish two concentric subsample plots (except in plantations) with
a radius of 2.82 m and 1.13 m (25 m? and 4 m2, respectively).

4.0

Within each sample 400 m? plat lake the following stand and tree
measurements ;

4.01
4.02

4.05

4.1

4.07
4.08

Record all appropriate stand data.

Measure and record the diameter at breast height outside bark

(D) at 1.30 m from ground level of all living and dead trees

larger than or equal to 5.1 cm in D, by species. For the purposes

of this manual, a tree is any woody perennial plant taller than

1.30m. A woody plant equal to or smaller than 1.30 m in height

is called a shrub, seedling, or sapling.

* Use astick 1.30 m in length lo find the measurement point.

* Mark each tree at breast height while taking the D mes-
surement.

* Record the actual measured value of the D.

o Mark living and dead trees,

*  Use species codes given in Appendix C.

Select at least five living trees in each D class of (he predomi-
nant tree species, and measure and record Lheir total heights
(H}.

Take mcrement cores at breast height from five living trees of
the dominant and codominant classes of the predominant tree
species selected randomly in an even-aged stand, except in
plantations, and of all crown classes of the predominant tree
species in all-aged stand (the increment core should include the
pith of the tree). Count the number of rings in the core and add
to it the years required to grow to breast height in order to find
the total age under existing conditions. Record this total age
Where possible, select at least two sample lrees of average
health and vigor and with an unbroken top from each D class
of living trees and from different heights within the D classes
for mass and volume sampling (destructive sampling). To
achieve a complete sampling, cover the full range of existi ngD
classes of the species sampled and, within each D class, the full
range of existing height classes, distributed over several sample
plots.

Identify and mark each sample tree on the aerial photograph,
if required,

Measure and record the crown diameter of each sample tree.
Where possible, select one sample tree from dead trees in every
second sample plot.

Within the 25 m? subsample plot proceed as follows:

5.01

Measure and record diameter at breast height outside bark at
1.30 m of all living and dead trees smaller than 5.1 em in D, by
species.
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5.02 Measure and record total tree height of two to five living trees
selecled at random,
5.03 Select one sample tree from the living trees.

6.0 Within the 4 m? subsample plot proceed as follows:

6.01 Count all living woody plants (tree seedlings, saplings, and
shrubs) (.31 m to 1.30 m in height, and record them by species
using two height classes: 0.31 m to 0.80 mand 0,81 m to 1.30 m.

6.02 Select at random one sample tree from each height class.

7.0 1F the sample plot is a permanent ohservation plat, select sa miple
trees from outside the plot.

b. Sample tree field work

If your goal is to sample trees only, select these trees according to a
weighting scheme, randomly in the natural range of the species, to
include a wide range of diameters and heights, When sampling trees
without using a sample plot, first measure and record the diameter at
breast height outside bark and the crown diameter. Cut each sample tree
at approximately (.30 m above ground level and each sample shrub or
small tree at ground level. Before cutting, clear the area around the sam-
ple tree of brush, small trees, and shrubs, Whether sampling trees within
a sample plat or not, follow these steps:

ba. Procedure for living merchantable sample trees

In this manual a tree, living or dead, is called merchantable if it has 4
diameter of 9.1 cm outside bark at or above 2.80 m from ground level
(=stump 0.30 m in height + one bolt 2.50 m in length). More precisely,
i this manual a merchantable tree is a merchantable-sized tree, Other
trees are unmerchantable. Merchantable height is the length of the stem
from ground level to where the diameter is 9.1 cm outside bark. In a par-
ticular work other values may be assigned to this diameter,

On each living merchantable tree, use the following procedures
{(Figures 3a and 3b);

1.0 Measure and record the following dimensions (Forms 2, 3, and 4):
101 Height;
Stump height;
Total height of the tree (main stem) from ground level to the tip.

Place a metallic tape along the main stem so that 1.30 m on the tape
coincides with the marking at 1.30 m on the bole;

Height from ground level to the point on the stem where the
diameter outside bark is 9.1 cm. Mark this merchantable height
point on the stem;
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MERCHANTABLE

D=91cm

Height to outside-bark diameter of 91cm = 2.80m
Three sections and top for weighing

Four disks (breast height, 2nd and 3rd sections,
and top) from stem

D291 c¢cm

Height to outside-bark diameter of 91ecm <280m
Total stem for weighing

Two disks (breast height and 1/2 stem) from stern

L
d
@
= 91em > D251cm
E Normal size
5 Total stem for weighing
t Two disks (breast height and 1/2 stem) from stem
=
=
=)
29em > D201 ¢cm
Normal size
Total stem for weighing
Two disks (breast height and 1/2 stem) from stem
% ) H<1.30m
=3 g D1 cut up for weighing: stem, branches, twigs and
o & E| leaves
G| No disk
o Any size of D
Lﬁ Total tree for weighing
Q

Two disks (breast height and 1/2 stem) from stem

Figure 3b. Summary in words of Figure 3a.
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Height from ground level to 1/3 of the merchantable height.
Mark this point on the stem;

Height from ground level to 2/3 of the merchantable height.
Mark this point on the stem;

Height from ground level to the base of the first whorl of live
branches. Mark this point on the stem;

1.02 Diameter;
Diameter at breast height outside bark (D);
Stump diameter outside bark at ground level;
stump diameter outside bark at the point of cut;
Diameter outside bark at 0.80 m above eround level;

[Mameter outside bark at 5.0 cm Below the base of the first whorl
of live branches:

Diameter outside bark at each 2.00 m, starting from 2.00 m
above ground level;

1.03 Double-bark thickness

Double-bark thickness {dbt) at all locations where diameters are
measured;

1.04 Total ape;

Annual rings on the face of the stump, plus the number of vears
the seedling required to reach the height of the stump (a test
to determine the age of seedlings 0.30 m in height is a prereqg-
uistte).

Separate and section parts of the brees in the following way:

2,00 Cut all the branches, leaving the tree top (main shoot) on the
stem; subdivide and pile the branches separately in three
groups: large live branches, small live branches, and dead
branches;

2.02 Remove all leaf-bearing twigs and leaves from the live branches
(In this manual, the word “leaves™ is used as a synonvm for
necdles) ;

2.03 Collect new cones, and the old cones of the previous years, anc
pile them separately (In this manual, the word “cones’ is used

as a synonvm for nuts and fruits);

2.04 Section the main stem at 1/3, 2/3, and at the full merchantable
height.
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3.0

4.0

Weigh the following to establish green mass (GM), including bark;
refer to Figure 4 and record results (Form 5):

3.01 Green mass of large live branches, small live branches, and
dead branches separately;

3.02 Green mass of twigs and leaves together;

3.03 For conifers, green mass of new and old cones, separately; for
other trees take a sample of any fruit that may be present;

3.04 Green mass of the three sections of the merchantable stem,
separately (after cutting them into manageable pieces);

3.05 Green mass of the top portion of the main stem.
Collect sample material, as follows:

4.01 Take one bunch of samples of twigs and leaves (each sample
being about 150 g or enough to fill a plastic bag 20 x 30 cm);

4.02 Take one sample from each pile of cones (1-3 cones} or from
other fruits;

4.03 Take two samples disks (8 to 10 cm in length), one from the
large and one from the small live branches; Select branches of
medium length;

4.04 Take one sample disk (8 to 10 cm in length), from the pile of
dead branches of every fourth tree. Select a branch of medinm
length;

4.05 Take one sample disk 3 to 4 cm in thickness at the breast height
mark, 1.30 m from the base. Let the lower face of the disk be
at the 1.30 m mark:

4.06 Take a sample disk, 3 to 4 cm in thickness, from the lower end
of both section 2 and 3 of the merchantable stem (marked at 1/3
and /3 of the merchantable height);

4.07 Take one sample disk 3 to 4 cm in thickness from the lower end
of the top;

4.8 Put gach sample in a polyethylene bag labelled to indicate sam-
ple plot number (if any), sample tree number, and sample code;
Identity disks by writing on their lower faces and seal the bag.

Use the tollowing codes for the samples:

L1: bunch of twigs and leaves

C1: new cones or fruit

C2: old cones or fruit

B1; disk from the large live branches
B2; disk from the smatl live branches
B3: disk from the dead branches

21



51: disk from breast height

52: disk from the second section or from the middle of the stem
53: disk from the third section

54 disk from the tree top

Note; More sample disks from the stem can be taken while
working with large trees.

bib. Procedure for living unmerchantable sample trees

For each living unmerchantable tree, use the fullowing procedures
{Figures 3a, 3b, and 4):

1.0 Measure and record the following dimensions (Forms 2, 3, and 4):

101 Height of the sample tree;

1.02 Diameter at breast height outside bark;

L03 Stump diameter outside bark at ground level;

L.04 Diameter outside bark at the face of the stump;

105 Diameter outside bark at 0L.80 m above ground level;

1.06 Diameters outside bark at each 2.00 m interval, starting from
2.00 m above ground level;

1.07 Double-bark thickness at all locations where diameters are
measured

L.08 Count the annual rings on the face of the stump, and add
appropriate years to obtain total age (a test on seedlings (.30 m
in height is a prerequisite).

po |
=

Separate, section, weigh material, and collect samples (Form 3). If
a tree is very small its total components may be collected for weight-
ing in the laboratory (Forms. 2 and &),

2.01 Do as in bal2.0, excluding 2.04;
202 Doasin baf3:0/3:01, 3.02, 3.03, and measure the total mass of
the mam stem:

203 Do asin ba/4.0, excluding 4.06 and 4.07, and take an additional
sample disk, 3 to 4 cm in thickness, from the middle of the stem.

D, Procedure for living shrubs and trées (below 1.30 m in height)

1.0 Measure and record the following dimensions (Figures 3a and 3b,
and Forms 2 and 6);

= Total height
© Diameter outside bark at ground level
¢ Double-bark thickness at ground level.

2.0 Count and record the annual rings al ground level.

3.0 Cut up the whole tree, shrub, or smaller tree and place all materials
in a bag lor processing Lo determine total green and ovendry mass.

Id. Procedure for dead trees




Sample dead trees, using the following procedures (Forms 2, 5, and 7):

1.0

3

b,

1.0

EXI

4.

C.

Measure and record stump height, tree height, and diameters at
breast height, at 0.80 m above ground level, at the face of the stump,
and at ground level.

Weigh and record the total mass of the tree including stem and
branches.

Take two sample disks, one at breast height and one from the middle
of the stem.

Cieneral

Check and ensure that all required measurements are taken, and
taken correctly, and that there is no unusual reading for the
diameters or double-bark thickness.

Check and ensure that all the required samples have been collected,
These samples are as follows:

2.01 For each living merchantable sample tree four disks (rom the
stem, two disks from the live branches, one disk from the dead
branches, one bag of bwigs and leaves from the crown, and
cones or fruit {(when available);

2,02 Foreach living unmerchantable sample tree, two disks from the
stemy, two disks from the live branches, one disk from the dead
branches, one bag of twigs and leaves from the crown, and
cones or fruit (when available);

2.03 For each living sample shrub or small tree, the sample com-
prises the whole plant;

2.04 For each dead tree, the sample comprises two disks from the
stem,

Send all samples, as soon as possible, to the field laboratory for fur-
ther measurements. If laboratory processing is delayed, store sam-
ples in a refrigerator at 0°C to minimize moisture loss.

After the collection of samples, dispose of all remaining material.

At the end of each day, document all sample trees to find the gaps
in D and H classes using Form 8.

Laboratory work

As with the field work procedures, the laboratory wark is based on
procedures developed and documented by Alemdag (1980). Use of
recording forms such as those illustrated in Apendix E is suggested.

ct. Procedure for measuring disks from living trees

1.0

Measure and record the annual rings and diameters on the lower
side of each disk laken from the stem, as follows iForm 7):
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3.0

4.0

5.0

fw (]

ch,

L0

LU1 Count the number of annual rings from the edge of the wood
to the pith;

1.02 Measure average diameter outside bark:

1.03 Measure double-bark thickness of the average diameter;

104 Measure the total width of the last 10 annual rings (the 10 outer-
most rings} along one radius of the average diameter.

Cut a wedge from each disk taken from the stem, and label it. Trv
0 use a section of uniform woeed, avoiding knots and other
irregularities.

Take the green-mass (GM) measurements as follows (Forms 6 and
7):

3.01 Remove bark from the remaining part of the disk taken from
the stem, and from the full disks taken from the live branches:

3.02 Weigh and record the green mass of the wood:

3.03 Weigh and record the green mass of the bark;

3.04 Label and store both wood and bark separately for subsequent
drying.

Take the ovendry mass (OM) measurements as follows {Forms 6 and
A

4.01 Ovendry samples (bark and wood, except wedges);

4.02 Remove from the oven, place in a desiccator until cooled, and
weigh and record the ovendry mass of each sample;

4.03 Dispase of all these samples.

Take wood density measurements using wedges as follows (Form 7) :
1 Remove the bark from the wedge;
A2 Soak each wedge for at least one hour;
03 Remove each wedge, stand it on edge for 10 minutes to allow
the excess water to drain away, and then pat it with a cloth or
a paper towel
5.04 Immerse each wedge in a water container for displaced volume
determination, using Method 1 described in TAPPI standard
T18m-533 (Appendix 13), and record the volume (green volume);
5.05 Ovendry each wedge;
5.06 Remove it from the oven, place in a desiccator until cooled, and
welgh and record ovendry mass of the wedge:
5.7 Dispose of samples.

k¥ IR R T

If the sample is a whole shrub including stem, branches, and twigs
and leaves, get the total green mass and process the sample for its
ovendry mass,

Procedure for measuring twigs, leaves, cones, and froit of living trees
Take green mass measurements as follows (Form 6):

L.01 Strip leaves from the twigs;

12 Weigh the green mass of leaves and twigs separately;
1.03 Weigh the green mass of new and old cones separately;
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1.04 Label and store all these for subsequent drying.
2.0 Take ovendry mass measurements as follows (Form 6):

2.01 Ovendry each sample;

2.02 Remove sample from the oven, place in a desiccator until
cooled, and weigh and record the ovendry mass of each
sample;

2.03 Dispose of the samples.

ct, Procedure for measuring disks from dead trees

1.0 Measure and record the length of the average diameter, and the
double-bark thickness, if any.

2.0 Take the green and ovendry masses of the disk as explained earlier
(but without removing the bark) and record under “wood" on Form
7. There is no need to measure wood density, to count the annual
rings, or lo measure the width of 10 annual rings.

4. Computations

Mass calculations of the tree components, and wood density and stem volume
valculations, should be conducted according to procedures described by Alem-
dag (1984h).

a. Mass calculations

First, bark per cent in terms of wood plus bark of the stem disks should
be calculated using green mass obtained from the disks. Then, employ-
ing the weighted average of these percentages of the two ends of each
of the bottom, middle, and upper third sections of the merchantable
stem, each of these seclion’s observed green mass of wood plus bark
should be separated into wood and bark. Weighting factors should be
the squares of the outside bark diameters of the disks, In the case of the
bottom section, disk at breast height ought to be used as the lower-end
disk, and in the case of the tree top, only one disk should be employed.
Following this, the ovendry mass (OM)/green mass (GM) ratios of the
above mentioned sample materials ought to be calculated. These ratios
should then be multiplied by the actual measured GM values of compo-
nents to arrive at the OM values. When dealing with the wood mass and
bark mass of the four stem sections, a weighted average of OM/GM
ratios of each section should be calculated in a fashion similar to the
weighted bark percentages before applying these ratios to the sections’
green masses. Ovendry mass of stump woed and of stump bark ought
to be calculated by using the ratio of stump volume to the volume of the
part between stump height and the top height of the lower merchantable
section. After these caleulations for the stem are completed, they should
be added together to arrive at the ovendry mass of wood and of bark of
the total stem. Then, the ovendry mass of live branches, twigs plus
leaves, fruits, and dead branches should be added o this stem total to
abtain the ovendry mass of the whole tree. However, when doing esti-
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Table 1a. Example of computer-produced single tree summaries

TABLE OF SINGLE-TREE SUMMARIES

PROJECT NO,: PI-12-067 STUGY NG.: ENFOR-234
PLOT NO: 1 TREE N0, 12 SPECIES: COUE 720 DRHOB (EM). 35,0 HEIGHT (M} 22.08
AGE (YHI a4 CH DIAM (M) B.5 HT' BLCR (M) B.AY MERCH HT (M} 15.80
TREE STATUS 1 DET AT BH (CH} 2.0
ROW  DESCRIPTION SEC GREEN OVERDRY NHiGH YOLOHE (H&& 3
B, Ho. MASS MASE HATLIOD
[RG TEG) QUTSIDE: BK INSIDE B
I 3TEM. HW30OD 1~ 34Z,468 186.529 0.5435 D.435
z r 236 a6 127,487 ¥.53349 0,237
1 3 50.3256 48,3432 F.538 0,083
] 4 11,650 B.l47 G.528 0,013
h ROHS  1-4 TOTAL BEO-A3G J6E.506 0.541
& STEM BARE 1# 38,232 215638 0 566
7 2 %7.3348 15,659 0.573
a8 k| 13.049 7.305 D560
9 L] 2450 L.344 b:543
10 ROWS &-9 TOTAL Bl.064 15,946 b.567
11 STEM HOODr PLUS BARE 14 180, 700 Z08.16B Dis4A7 0,483
12 2 263 .BO0 Lz 146 0.543 B.257
L3 3 103,300 55.647 0.5349 0,104
14 q 14,100 7.431 0.531 D.0L6
15 ROWHS 11-14 TOTAL 76l.906 414,453 0. 544
16 BARE % OF WOOD PLUS BAHEK 4+ 1 1lo.0 10.4
L7 2 10.4 10:9
1] El 12,6 13.1
19 & LTt 17.9
20 AVG. 10,6 11.1
1 BRANCHES, DEAD L0.100 1.070 0.700
EL! WIOD, LIVE BRANCHES » 9.0 CM 106,049 GH. 963 0.556
33 BARK, LIVE BRANCHES » 2.0 CM 20075} 1i.081 D.534
%2 BRANCHES, LIVE » 9.0 CH 126,800 70,043 0.552
id WOOD, LIVE HRANCHES ( 9.1 CM 150. 632 f8.704 0.522
4L BARK, LIVE HRAMCHES ¢ 3.1 CM dl.7e8 16.8661 0.524
23 BRANCHES, LIVE ¢ 3.1 CM 1B2.500 55.36% 0.523
42 TWIGS 16.61% B.B37 n.532
a3 LERVES 2071R] 7,266 G.360
24 THIGS AND LEAVES 36. 800 16,103 0,438
44 REW CONES I. 700 0,551 0.324%
45 OLDr CONES 0.400 0,181 0.§53
46 CONES 2,100 0.732 0.343
25 ETUMP #00D 91,078 15692 0.548 0:116
26 STUMP BARE 7+165 3.999 ¢.558
27 STUMP WORD PLUS BARK 9B, 342 53.892 0.54%9 . 125
28 TOTAL {HOWS 15,21,22,23,24,27%,461 L21B:343 BE57.657 fi.540 0 9Ed 0.881
A% MERCHANTABLE-STEM WOOD 663,186 362-359% 0.541 0.75%
30 HERCHANTABLE-STEM BARK TE.GBL4 44,802 D.367
31 MERCHANTABLE-STEM HOON PLUS BARE 74T 800 406.961 0.544 0.843
32 HARVESTING HESTDUE (28 MINUS 31) 168.443 249.9564 0.534
33 WOOD BENSITY (GRAM/CHMa&3} L 02633
=11 z 0.820
b 3 0,608
ib 4 0.601
33 AT, dka O.BZ4

L] EXCLUDEING STUMP
A% WEIGHTED AVERAGE BY DDBA*2 OF DISES
4% WEICHTED AVERAGE BY DIBA#Z OF DISKS
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mation analyses, the mass of fruits and dead branches should not be
included in the whole tree mass, In addition to the ovendry mass of the
various tree components, the ovendry mass of the total merchantable
stem wood, total merchantable stem bark, and the harvesting residue
{whole tree minus merchantable stem wood and bark) should be cal-
culated,

b. Basic wood density calculations

The basic wood density by definition is the ratio of ovendry mass of wood
ta its green volume, expressed in terms of mass per unit of volume. For
each disk location on the stem it should be calculated by dividing the
wedge’s ovendry mass in grams by its green volume in cubic cen-
timetres, The average wood density of the bole should be computed by
taking the weighted averages of these wood densities, the weighting fac-
tors being the square of the inside-bark diameter of the disks.

c. Volume calculations

Stem volume, from ground level to the tip of the tree, ought to be calcu-
lated for inside bark and outside bark in cubic metres. In these calcula-
tons the formula for a neiloid frustrum should be used for the stump
volume, the cone formula for the tree top, and Smalian’s formula for the
part of the stem in between these two sections. The calculated values
should be presented for the lower third (excluding stump), middle third,
and upper third of the merchantable stem, for the top, and for the stump.

The results of these calculations and most of the sample tree informa-
tion should then be entered into computer-produced tables called single-
free summaries. Subsequently, these processed data ought to be visually
checked to see if any anomalies ocourred among the calculated values,
by tabulating them in an ascending order of D and H. Then, either the
obvious errors ought to be corrected by referring to the field data, or the
trees with these errors should be rejected. Examples of these single tree
summaries and of the checking tables are provided in Tables 1a and 1b.




HI. SINGLE TREE BIOMASS EQUATIONS

The purpose of single tree biomass equations is to use available or easily-
measured tree data to estimate whole tree and tree component biomass quan-
tities. Use of equations avoids the slow, costly, and destructive process of
direct biomass measurement, such as described in the previous chapter, The
equations can serve in new biomass inventories, used to convert data in exist-
ing conventional forest inventories, and used for special biomass estimation
problems such as handling of nonmerchantable spedes, size casses, and tree
components. These equations can be developed either for ovendry or green
mass, the former being more common because it affords more consistent mass
predictions. The application of the equations to forest inventory is treated in
detail in Chapter [V,

The topic of single tree biomass equations includes procedures both to
develop and implement new equations and to adapt existing equations. The
chapter begins by providing background and general guidelines CONCETTINE
the suitability of equations and leads to specific procedures governing the
development or choice of equations.

The measures of whale tree and component ovendry biomass (the depen-
dent variables) are as defined in Chapter Tl The independent variables are
limited to diameter, height, and tree volume for reasons explained earlier. Line
ear regression techniques are relied upon heavily in the procedures needed
to develop, test, and select the equations. Desirable praperties of the equations
are described as well as precautions in using regression analysis techniques.

The subject of linear regression and supporting principles are not treated
in these guidelines. The reader is assumed to have a grasp of the topic suffi-
dient to set up data for analysis, to use existing multiple-regression statistics
packages to carry out analysis, and to understand the important assumptions
underlying regression techniques and the limitations they may impose, The
consequences of violations of the assumptions are, however, treated here in
some detail. Most of the regression terminology is defined in the Glossary
(Appendix A). Textbooks by Draper and Smith (1966), Snedecor and Cochran
(1967), and Johnston (1963) are clearly written and cover the important theory.
The first fwo chapters of Johnston (1963) provide a condse and complete
review of regression techniques, as does Freese (1964),
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1. Role of single tree equations

Several types of single tree equations are likely to be called upon in biomass
mventories. The category will depend primarily an available tree data and on
the sizes of the trees/shrubs involved,

Diameter at breast height outside bark (D) is almost invariably the primary
tree variable used in volume or biomass inventory because it is so strongly
related to volume or biomass and is easily and cheaply measured. Total tree
height (H) is also important but it is less easily measured. Frequently, a fraction
of sample trees are measured for H and then H-on-D equations are reled
upon to estimate heights for the remaining trees. 1) and H are in tum used
in local or standard tree volume equations to provide various expressions of
stem volume (V). Thus; to estimate whole tree or component bivmass, D, H,
or V can be used, Because V is in most cases estimated from [ and H, biomass
is best estimated directly from D and H rather than by using a volume-to-
biomass conversion, However, where H is largely or entirely estimated from
D, the biomass equations depending on D alone are pften more Appropriate
and are recommended when available. The discussion of single tree equations
will concentrate on the use of tree D and H variables,

The tree equations vary in their effectiveness and elficiency accord-
ing to the size of trees. Recent experience with the accuracy and cost of
measuring different tree sizes, subsampling, experiments with effective
ranges of e equations, and eslimation of component biomass suggest that
three categories be recognized:

Trees equal to or larger than 5.1 em D should be served by one set
of whole tree and component equations per species based either on
[ alene or [ and H together.

= Trees and shrubs from 0.1 to 5.0 em D should use equations based
on D to estimate whole tree biomass. Componen! biomass should not
be treated in this category. If equalions are not available for this cate-
gory, the equations developed for trees larger than 5.0 ¢cm D can be
substituted but may lack accuracy for trees smaller than 5.1 cm.
Precautions should be taken with biomass estimates when D
approaches zera,

# Treesand shrubs bebween 0.31 and 1.30 min H, (ie. with no D}y should
be sorted and counted according to two height classes: 0.31 to 0.80
m and (.81 to 1.30 m. For each class, the average mass per tree is used
to compute the biomass estimates. Otherwise tree estimation equa-
Hons are not required for this category,

Trees and shrubs 0.30 m in H and shorter should be ignored, as
should dead and downed trees, litter, duff, and biomass beneath the sail
surface. Special surveys such as those concerned with logging residues,
lesser vegetation, peat, and fuels related to forest fires, etc., may inclade
matetial in this category, but they lie outside the scope of this manual.
The treatment of single tree equations to handle the biomass of mer-
chantable and unmerchantable portions of the stem are covered
separately. The desired properties of the single tree biomass equations
discussed next concentrate on trees and shrubs 0.1 cm D and larger.
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2. Properties of single tree equations

In order for the hiomass equations to serve well in inventory applica-
tions, the model should be reasonable, efficient, practicable, and stand
up to statistical scrutiny. The reasonableness pertains to the geometric
properties of solids and their dimensions and how well the equations
perform throughout the expected range of the data. Does the equation
produce absurd results such as negalive biomass eslimates? Does
biomass decline as D or H increase? The efficiency aspect concerns the
accuracy of the equations, the control of bias, and balancing of the cost
of measuring addilional tree variables against the added gain in accuracy.
Practicability concerns mainly ease of use and flexibility in deriving addi-
tional information fram the equations, The statistical soundness pertains
to how well sampled data represents the population being inventoried
and how well the assumptions behind the development of biomass equa-
tions are satisfied. The sampling considerations have already been
treated. The other requirements are described under four desired proper-
ties of the equations:

a. Geometric rationale

As a lree increases in girth and height so, under most circumstances,
should its volume and biomass, Therefore, equations used to eslimate
volume or biomass should realistically model these trends. When either
Hor D approaches zero, V and biomass should approach zero with some
allowance for T being at a height of 1,30 m. The relationship of V or
biomass to D or H alone may be curved but should be smooth and rise
manotonically {(without jumps or inflections). As mentioned, troes or
shrubs below a height of 1.30 m present some problems best treated
separately and therefore lie outside the topic of single tree equations.

The stem of a tree including the stump and top generally make up
709 or more of a tree's volume or biomass {Alemdag 1984b, Ker 1984).
The stem, particularly that of trees with excurrent branching, can be
regarded as a geometric solid. Using this notion, early mensurationists
modelled tree volume by regarding the tree as a cylinder, cone,
parabalaid, neiloid, or portions thereof called frustums {Alemdag 1978),
The form of an excurrent tree can be represented quite well with the top
treated as a cone, the middle section as a frustum of a parabaloid, and
the stump section with some butt flare, a neiloid. The velume of the four
solids can be expressed in equation form as follows:

Cylinder V={r)(D 2L (3
Paraboloid  V={7/2){Di2)°L (4
Cone V={x/3DI2)°L (59
Neiloid V= (m4)Di2)L (6)

where Vis gross total stem volume, D is diameter at breas! heght outside
bark, and L is length {or height) of the geomelric figure,

The mensurationists proposed that a tree could be represented
generally by the equation:

V=KD'H {7a)
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where K combines pif4 and average form factor (f), and H is he total
height of the tree equivalent to length. Further, the equation can be
expressed in a linear equation of the form:

¥ = afx) {7b)

where y is exchanged for V and x for DTH. Investigators could use linear
regression techniques to estimate coefficient a (representing K) and find
the average form factor. The technique also allowed the investigators to
assess how accurately D and H could be used to estimate V. Likewise,
changes in form from species to species with site, age, stand densily,
geographic location, and other factors could be examined. The accuracy
of the model could be compared to others which, for example, might use
onty D,

Model 7a is intuitively attractive because it has a firm geometric basis
and the equation has the property of passing th rough the origin when
D or H approaches zero, A tree with D = Dand H = 1.30 m actually has
a measurable volume but it is insignificant in most tree measurement
applications. In forest mensuration contexts the model is referred to as
the stand volume equation (Husch et. al. 1982), combined variable, or
constant form factor equation (Spurr 1952). Some variations of the model
include a y-intercept:

V = a + b(DH) (8)

where a is the intercept and b the slope coefficient, but the model can
produce small negative volumes for small trees. However, it should be
noted that where the equations are being developed for the purpose of
estimating the total biomass (or volume) on an area, Model 8 may be
more accurate in the end. The small negative values will be balanced
against larger positive values to vield valid unbiased estimates. Still other
variations of Model 7a have been used which estimate the exponents
associated swith O and H:

V = a Db He (9a)

which may be converted to a lincar model using logarithmic transfor-
mation:

In(V)=In{a) + bIn(D) + ¢ In(H) 19y
where In(V) becomes the dependent y variable in regression, In(D) and
Ini{H) become two independent x varables, and Infa), b and ¢ are the
regression coefficients. This model is sometimes referred to as the allo-
metric equation and is frequently used in biomass estimation. The model
can produce biased estimates (Baskerville 1972, Payvandeh 1981) because
of the log transfarmations, and has other drawbacks discussed later.

Honer {1967) based his volume equation on a further rearrangement
of Model 7a:

Vo= D¥a + b (1/H)Y) (10

The preceding rationale and models for estimating trec volume can
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be extended to biomass using the stable relationship between wood val-
ume and ovendry biomass. The relationship is based on the density of
dry wood, which has been found to remain fairly constant for a given
species and tree component. Much published material provides density
values for different tree and shrub species and tree components. Because
of the stable relationship, what applies to the modeling volume also
holds reasenably well for biomass. Models 7a to 10 can be restated as:

OM = a D'H (11)
OM = a + b D°H (12)
OM = a Db H¥ (13)
OM = D/{a + h{1/H)) (14)

where OM represents whole tree or component ovendry biomass.

Other variables such as crown length, crown diameler, and crown
area have been found to improve the accuracy of estimates of the crown
components, but only marginally. In general, the additional time and
cost is not justified by the gain in accuracy (Anon. 1982). Also, past or
existing inventories generally do not include such variables, thus render-
ing them impractical.

Somelimes H is also not available and must be estimated from
height-on-diameter equations or left out, Cunia (1979) and others have
shown that the parabolic relationship between OM and D is effective:

OM =a + bD + cD? {15)

This model performs well provided the full range of diameters is well
represented in the sample used to construct the equations. If not, para-
bolic and other polynomial models behave erratically beyond the range
of the data, especially at the bottom end. The erratic behaviour can result
in negative mass with decreasing diameter such as illustrated in Figure 5.
The model, however, has an important role to play for small trees, where
large number of trees are involved and the measurement of H in addition
to D is not feasible or efficient. The D of small trees can be rapidly mea-
sured or classified with calipers or gauges (Anon. 1982): H, on the other
hand, takes more effort to measure in such cases, The y intercept is fre-
quently retained for small trees because the biomass of a zero D tree
becomes a more significant proportion of the total.

b. Regression assumptions
In order for the regression technigue to provide valid estimates of
biomass and measures of accuracy or degree of fit, several assumplions

governing the regression model should be met:

Assumption 1. The regression of ¥ on x;...%,, is of linear form:
y =byx + bax; + ... B Xm

where by to by, are estimates of the coefficients, v is the dependent varia-
ble and x; to x, are independent variables.
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Assumption 2. The variation of y values (or residual errors around the
regression function) is constant over the range of . This is called the
equal variance or homogeneity assumption.

Assumption 3. The sample values of v are uncorrelated.

Assumption 4. The independent variables x; ... x,, are fived and no
variable x is a linear combination of others.

Assumption 5. The probability distribution of v {or residual errors about
the curve) for a given x; ... to X, i§ normal.

It inferences are to be sirictly valid, there are assumptions not
explicitly given which should be satisfied. For example, all variables
should be measured without error. This means that the practice, for
instance, of using the height-on-diameter equation to estimate heighl
and then use the estimated height in Model 11 to estimate biomass could
violate this assumption if the errors of estimate become too large.

It is generally understood that seldom if ever are the above assump-
tions are strictly fulfilled. The consequences of **bending’’ the rules are
reviewed next and, where possible; some technigues for checking the
degree of violation are outlined so that the user can correct the effect ar
judge how to proceed.

Assumption 1 states that the relationship between dependent and
independent variables is linear. Nonlinear trends can lead to large biases
in the coefficients and in the predictions of biomass. Considerable care
should be exercised in checking for nonlinearity and restructuring the
model to remove it. A plot of y on individual x's can be used lo check
linearity in a piecemeal fashion (Figure 6a). A plot of the residual errors
about the regression on the predicted v can also be used to detect non-
linear trends left unfitted by the model (Figure 6b). In this case the perfor-
mance of the model as a whole can be judged. Various transformations
such as those described by Jensen (1964) can be experimented with to
remove nonlinear trends.

The plot of residuals can also be used to check homogeneity
{assumption 2). Ideally, the residuals should be distributed along the
fitted v such that the variation of residuals is about the same across the
range of the data. If the equal variance condition is not satisfied, the least
squares estimates of the coefficients will still be unbiased but statements
about accuracy performance will no longer be valid. Transformation
sometimes can be used to correct the problem but, mare commaonly,
weighted least squares are used. If the standard deviation of the
residuals increases approximately proportional to the x variable, then the
use of the weight 1/x should even out the residual variation. If Model
Il was used, the weight 1/D?H would be appropriate, In this case, it is
interesting to note that by dividing through by DH, only the coefficient
a remains on the right side of the equation. As explained earlier, a con-
sists of pil4 and form factor £. Only f is variable, depending on average
tree form, and one would expect that variation in f to be small and not
strongly related to tree size. This would explain the effectiveness of this
weighling scheme in improving the equality of variance condition. It is
coincidental that the same weighting scheme is also effective in improv-
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ing the accuracy performance of biomass Model 11 for small trees. The
use of weighted least squares to control the equal variance assumption
is elaborated by Cunia {1986).

With regard to assumption 3, the sample values of v will be uncor-
telated if individual trees are sampled according to the rules given in
Chapter II. However, if plot sampling is used, even when the sampling
rules are adhered to, the sample trees on a plot will almost certainly be
correlated and not be independent. Large trees tend to grow in associa-
tion with other large trees in a stand and vice versa. As with assumption
2, wheen this assumption is violated, the bias of estimates of the coeffi-
cients by least squares will be close to zero but statements of reliability
of estimates may not be valid. Reducing the size of the clusters {or blocks)
and increasing the number of sampling units will reduce the effect of this
violation. In some cases methods can be found to modify the least square
pracedure but this requires the attention of a statistician specialized in
sampling and least squares modeling, Cunia (1979) and Johnston (1963)
shed mare light on this topic.

When assumption 4 is violated, least square methods can be used
but the interpretation of some of the inferences may change. When one
% variable is a linear combination of another, the least squares estimation
of the coefficients will not be possible, This problem, called the collinear-
ity property, can be checked by studying the correlation or linear rela-
lionships between pairs of x variables. Where collinearity occurs, the
solution is to eliminate one of the variables from the model.

Assumption 3 requires that measurements of random v variables be
statistically independent and that the conditional ¥ variable for a given
xis normally distributed. This is the same as expecting the residual errors
about the regression line to be independent and, at any point along the
curve, normally distributed. This condition can be checked by plotting
a histogram of the residual errors at an interval along the curve and con-
firming that the shape of the histogram follows approximately the nor-
mal distribution (Figure 7). The effect of non-normality is generally only
of concern when sample sizes are small. In such cases, the effect is
primarily on the reliability of the prediction interval or other measures
of accuracy or goodness of fit. If the five sampling rules are {ollowed,
non-normality usually will not be of serious concern,

The main regression assumptions and consequences of violations are
described in greater depth in the first two chapters of Johnston (1963).

Of the five main biomass models, anly Model 13, the allometric eqta-
tion, is likely to produce biased estimates. As mentioned, the effect of
the biases can be corrected — and should be corrected if this model is
to be wsed. Models 11, 12, and 15 can be expected to violate the equal
variance assumption. However, the use of weighted least squares, where
either 1/D% or 1/D?H are used as the weights, will generally correct the
problem. Models 11 and 12 should be checked to ensure that no non-
linear trends are evident. A plot of residual errors around the fitted
regression can be used to detect such problems (Figure 7 ). Model 15,
if it reveals nonlinear trends, will tend to exhibit them near the extremes,
especially the low end.
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Figure 7. Histogram showing approximately the normal distribution of
residual errar about the regression. The parabolic model shown at the
top of Figure 5 was used.

¢. Accuracy

The definitions of accuracy, bias and precision of measurements, and
estimates was given and illuskated in Chapter II. Biomass equations
developed from regression techniques can produce biased estimates for
four principal reasons: (1) the sample data used to develop the equations
were not representative of the population to which the equations are
applied; (2) the linearity assumption behind the regression was violated;
(3) the model itself was biased; or, (4) svstematic errors occurred in the
measurement process.

The first source of bias arises when the size class distribution or other
properties of the population differ greatly from the population used to
provide the sample data. For example, if sample data were drawn from
a papulation with a concentration of small trees and a few large trees and
applied toa population having mostly large trees, the equation could eas-
ily result in biased results at the top end, an effect which may have a
drastic effect on the overall biomass estimates. This is one of the reasons
why the five sampling rules given in Chapter 2 must be followed.

[he effect of violation of the linearity assumptions, was treated in
the previous section,

The third source of bias arises in the models themselves. Ratio esti-
mators, for example, are usually biased. Model 13, the allometric form
can be biased for the simple reason that the antilog of the average
logarithmic values is not the same as the average of untransformed
values. The problem can arise whenever the dependent variable y is
transformed because of the rele of the residual errors about the curve
controlling the way the model is fitted. Baskerville (1972), Madgwick and
Satoo (1975), Mielsen et al. (1979) and Anon. (1982) describe methods of
removing the bias. These procedures should be followed if Model 3 is
to be used,

The fourth source of bias occurs if systematic measurement errors are
made in D or H. The effect of these systemalic errors is to raise or lower
tree or component biomass estimates which will then be reflected in the
population estimates. Measurement errors can stem from improperly
adjusted instruments, operator blunders, such as incorrectly judging
plot borderline trees, or incorrect measurement procedures.
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After the systematic errors have been accounted for or controlled, the
random component of error affecting accuracy may still persist. The ran-
dom errors, as explained earlier, can stem from either the measurement
procedure or the equation. When mieasurement errors are under control,
the accuracy of the equations can be judged in terms of several measures
ol precision or goodness of fit described next.

When the accuracy of one biomass equation is contrasted with
another, three statistics are commaonly used to express the expected pre-
cision of the prediction, The statistics are; the correlation coefficient (or
the multiple correlation coefficient or coefficient of determination), the
residual error about the regression, and the prediction interval. The
correlation coefficient is useful in comparing models tested on the same
data, but loses meaning when contrasting different data sets because the
coefficient is sensitive to the range of data. The residual error expresses
well the precision of the entire regression but does not indicate accuracy
performance at particular size classes. Also, the residual errar of trans-
formed variables cannot be compared with their untransformed counter-
part. The prediction interval expresses the accuracy performance at
particular values of the independent variables and thus indicates
accuracy performance at particular size classes but does not provide at
a glance the accuracy performance of the model as a whole. The predic-
tion interval also does not work well for transformed variables, The stan-
dard error and prediction interval are effective measures of accuracy
when used together. They can be used to rate the accuracy performance
of different tree models such as the five common ones given earlier. Evert
(1985) described a variation on the residual error method which he called
the mean square error. The measure is calculated as the mean of the
squared differences between the observed and estimated biomass
values. Transformed values can be converted back to the untransformed
form and the mean square error calculated. The mean of the differences
also can be calculated to detect the possibility of bias,

If one of the models is known Lo produce large errors in some parl
of its range, such as for instance at the extremes (especially the low end),
weighting schemes can be used to improve accuracy, The effect of the
weighting is to assign greater importance to a particular portion of the
size class distribution that does not fit properly, thus forcing that part
of the curve to fit betler. A common means of assigning greater impor-
tance to small trees, in Model 11 far example, is to assign weighting
proportional to the inverse of D*H and using weighted least squares
regression. The effect is clearly illustrated by Evert (1983). The weighted
least squares regression theory and practice are explained further by
Cunia (198a).

d. Additivity

The biomass estimation equations are required to estimate the biomass
for tree &components defined earlier in addition to whole tree biomass.
Furthermore, it is generally desirable for the tree component biomasses
to add up to the same total as the independent whole tree biomass. This
is referred to as the additivily property. A set of equations for the tree
components and whole tree will only meet this requirement if the

39




individual component coefficients add up to the corresponding whale
tree coefficients as follows:

Yo =a; + byx (16a)
Y2 = a3 + bax (16h)
Y3 =43 + bax (16c)
Yi = a; + byx {1hd)
vt = La + Ebx (16e)

where vy...y; are compaonent biomass estimates, a,...a; and by...by are
component regression coefficients, x = D?H of a tree, and ¥ is the
whaole tree biomass,

The additivity condition only holds when the same independent
variables are used in each equation, when the transformed variables are
linear, and when all equations are fitted from the same observations.
Nonlinear transformations, such as the logarithmic, will defeat the addi-
tivity condition. The additivity property is elaborated by Kozak (1970)
and Chiyenda and Kozak (1984). Cunia and Briggs (1984, 1985) devel-
oped a formal breakdown of the problem and proposed procedures for
assuring additivity even when different terms are used in the component
equations. These references offer an excellent treatment of the topic but
go beyond the immediate needs of most mvenlory applications.

Because some equations which may not possess the additivity Prop-
erty are particularly powerful, especially for a certain component, it is
not always appropriale to insist on additivity. It should be regarded as
a desirable property because of its contribution to internal consistency.

3. Evaluation of commonly used equations

A comprehensive list of biomass equations was compiled by Stanek and
State {1978). The equations listed cover most important Canadian tree
species and many shrubs. These equations were for whole tree biomass
and components. The equations include more than 30 independent tree
variables and many model forms, Equations developed in Canada since
1978 under ENFOR are listed in Appendix F.

Fquations which were most widely used are listed in Table 2. In gen-
eral, these were the simplest equations which used only D or H or both
as independent variables, The use of other variables generally arose in
specific studies where particular requirements or conditions were
addressed. Such models usually will not perform well outside the condi-
tions where they were developed and thus lack the required generality,

The equations in Table 2 were reviewed in relation to the desirable
properties described earlier, and the worst cases eliminated, Model 1 was
eliminated because the relationship between mass and D is generally
known to be nonlinear. Models 5, 6, 9, and 10 should be treated with
some caution because they can produce biased results if uncorrected
(Baskerville 1972, Payandeh 1981) and because the additivity condition
cannot be fulfilled easily. Of the remaining models, 3 and 4 (the parabolic
form) have been found to yield the most reliable results when only D
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Table 2. Commonly used whole tree or tree component biomass
equations

Model Description
LOM=a+bD simple linear
20M=a+bD? basal area
3 0OM=a+bD + cD? parabolic
4. OM =bD 4+ cD? parabolic through origin
5. In(OM) = a + bln (D) allometric D
6. In(OM) = a + b In(D? allometric D?
7.0M =a + bDH combined variable
. OM = bDH combined variable through origin
Son(OM) =a + bln(D) + ¢

In{H]) allometric D and H
10, InfOM) = a + b In{D?H) | allometric combined variable

is available. Provided a weighted least square is used, the equal variance
and other assumptions behind regression should haold up well. If data
are lacking for small trees, Models 2 or 4 should be favoured to avoid
erratic results near zero D. If height data are available, slightly better
accuracy can be expecled from Models 7 or 8 (combined variable form),
Model 8 is particularly attractive because it is well supported by the geo-
metric rationale and the additivity condition is easily satisfied, As with
the parabolic form, Model 7 may produce unreasonable values at the low
end if little supporting data are available for small trees. Figure 6 illus-
trates what can occur at the low end and shows how Model 2, for exam-
ple, can help. In summary : If only D is available use the parabolic model
(Model 3}, and set a to zero if estimates near zero D are required and
the lower end of the range is not well represented. If existing equalions
are to be used, check that the biomass predictions are reasonable as D
approaches zero. If D and H are available, use the combined variable
model (Model 7), and set a to zero as for the parabolic form, if necessary.
Where a is zero, the model provides a ready means of establishing com-
penent mass ratios: Furthermore, the model form can be incorporated
in point sampling procedures for biomass estimation,

4. Evaluating existing equations

Prior to developing a new set of biomass equations, the following proce-
dures may help decide whether or nol a set of existing equations will
suffice. The following steps should be checked:
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Residual error Residual error Residual error Residual error

Residual error

Figure 8. Use of residual plots to detect model anomalies. The solid
harizontal line represents the regression line and the dashed lines+1
standard deviation of the residual errors: (a) normal case, (b) evidence of
positive bias, (¢) change insize of residuals with tree size, (d) evidence of
nonlinearity, (e) lack of precision.
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Define the target population (the proposed inventory area).
Determine the forest conditions or area to which a set of existing equa-
tioms apply.

With regard to the existing equations and new project area, compare
the geographic regions and general forest tvpes involved. Maps
showing the ranges of tree species and forest classifications such as
forest regions (Rowe 1972) will help. If the target area is near the mar-
gin of a species’ distribution, extra care should be taken.
Compare, as best as possible, the species composition and size class,
site class, and height distribution of the forest stands involved.
Where the match is poor or questionable, reject the equations or pre-
pare to test them as described below.

Check that the existing equation is one of those recommended in
Table 1. If not, reject it and determine if the data used to develop the
original equations are available. If so, and if the population from
which the data set was sampled matches reasonably well that of the
larget area, develop a new set of equations using the procedures in
the next section, If the match is poar, reject the existing data and pre-
pare to sample new data and develop a new set of equations according
to the procedures i the next section,

If the suitability of existing equations still seems questionable, a small

Quantity of new data should be collected and compared to the existing

equations. A comparison can be done effectively by listing the
biomass of the test trees opposite the counterpar| estimate obtained
by using the equations and measured D and H of the test trees, An
analysis of the differences will detect bias and trends related to the
size of the tree. Five examples plotted in Figure 8§ illustrated some of
the possibilities. Each graph shows the differences between the
biomass estimated from n equation using D and H and that measured
in the field (y axis), plotted oppusite tree size, expressed in terms of
predicted biomass (x axis). These graphs are the counterpart of the
residual plot in Figure 6b. Plot 9a is an example of a good fit, revealing
littde or no bias, no trend of differences with size of tree and,
expressed in terms of biomass, good precision with about two thirds
of the points falling within one standard deviation of the horizontal,
zero error line. The residual plot in Figure 8a is based on the data and
madel shown in the top of Figure 5. Plot 8b illustrates evidence of a
positive bias in the points, little or no trend with size, and has average:
precision. However, only 40% of the points fall within the one stan-
dard deviation band, leading to possible rejection. Plot 8c illustrates
a distinct change in error with tree size. The equation would perform
poorly in the extremes leading to probable rejection. Plot 8d, like 8a,
is without much evidence of bias but shows a nonlinear, |-shaped
trend with change in tree size. The equation will perform poorly near
the middle of the range and would violate the linearity assumption.
Plot 8e like 8a shows little evidence of bias or change in error with
tree size, but it lacks precision. Only 40% of the peints lie within the
one standard deviation band, suggestion rejection.

The decision to accept the existing models depends upon how much

error can be tolerated. The preceding procedure provides a means for
detecting and rejecting badly distorted models and offers guidelines for
deciding marginal cases, If the existing equations are rejected, the test
data, if they are judged reliable, can be combined with new data to
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develop a fresh set of equations. The procedures for doing so are
described in the nest section.

5. Developing new equations

Biomass inventories may require a new set of biomass equations. Suita-
ble &equations may not exist, or available ones may be found unsuitable,
for reasons described under the previous section. The following proce-
dure is recommended when faced with the development of new
equations:

» Define the forest population to which the equations will be applied.

» It available, use existing forest cover maps or other forest stand clas-

sitication to form species and size class (volume, diameter, or height

classes) sirata.

According to the sampling rules and efficiency considerations

described in Chapter 11, assign weights to the strata to ensure that the

important conditions are adequately covered. Usually the greatest

difficully arises in obtaining sufficient samples of sparsely pCCurTing

species and the upper and lower extremes of the size classes.

= Select trees or small clusters of trees (plots) according to the stratified
sampling rules (Freese 1962) or, if no stratification is done, according
to the simple random sampling design, Small, rather than large,
clusters are suggested to minimize the correlation between closely
spaced trees,
As a basis for constructing each equation, a minimum of 30 trees per
species is recommended.

= 5ince the stratification or use of other existing auxiliary data may not
overcome the problem of adequately sampling the size class extremes,
the random sample selection may be extended to fill the under-
represented classes: This procedure takes some liberties with the sam-
pling rules but, if done through a random selection process, should
not seriously bias the estimates of coefficients and helps to improve
the reliability of the equations in the extremes. The result should be
A fairly even distribution of samples across the height and density
classes.

= Once selected, the D and H of the sampled trees are measured and
recorded and the biomass measurements collected according to the
field and laboratory procedures given in Chapter I1.

¢ The independent variables (D and H) and the dependent variables
(whole tree and four components of tree biomass) are grouped by spe-
cies and set up for regression analysis. The regression analysis should
be carried out in one of a number of statistics packages used on main-
frame computers, minicomputers, personal computers, or pocket cal-
culators, Each will have its own means of entering and editing the
dependent and independent variables. The software should be capa-
ble of multiple linear regression, of transforming variables
(logarithms, exponentials, squares, etc,), production of residual plots
such as those illustrated in Figures 7 and 9, and (preferably) residual
error histograms as in Figure 8. The software should provide coeffi-
vient estimates, variance estimates of coefficients, the correlation
coefficient, the coefficient of determination or R-square, the standard
error of estimate of the regression, regression confidence bands, and
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the prediction interval. The correlation matrix is also useful in examin-
ing the correlation between pairs of variables.

For trees equal to or larger than 5.1 cm D, carry out TERTESSI0N runsy
by species for the whole tree biomass and each of the four compo-
nents using one of the recommended models. The whole-tree
biomass equation should agree with the result of adding the cor-
responding coelficients of the component equations. The choice of
model form should depend on whether or not tree height is to be used
and how well the small-tree extreme is represented. Use a model
without a y-intercept if the size classes near 5.1 cm D are not well
represented.

For trees between 0.1 and 5.1 cm D, use the parabolic model with the
y inlercept. The y intercept is required because a tree with zero D has
some positive biomass.

Check the parabolic equations to ensure that biomass does not decline
with increasing D in any part of its range. A graphical plot of mass
on D is the easiest way to check this. If a dedline occurs remove the
linear term and rerun the regression. This is equivalent to the basal
area model in Table 1 (see also boltom of Figure 5). The combined vari-
able equation using D and H does not have ta be checked in this
respect.

Check that none of the equations produces negative values in any part
of its range, especially when D or H approaches zero. If negative
biomass occurs, remove the constant term (¥ intercept) and rerun the
rﬂgres:sum I

Check that residual errors are ap proximately normally distributed, by
use of a histogram plot (Figure 7). The random sampling will gener-
ally assure near normality, provided the sample size is fairly large.
Check that the equal-variance assumption is not seriously violated.
Generally, the assumption will be violated if ordinary least squares
regression is used with the biomass models. Weighted least SUATES
will usually overcome the problem where weights are inversely
proportional either to D°H (combined variable model) or D2 {para-
bolic model). Cunia (1986) discusses the rationale behind weighted
least squares,

For cases where a species is so sparse in the population that size
classes cannot be properly represented, the species data should be
pooled with anather species of similar form and size class distribu-
tion. The “pooled”” equation then is used for each of two or mare spe-
cies in the aggregation. Similarity in form can be judged subjectively
or, for particularly important species, the average form can be evalu-
ated as described in Section 2 of this chapter and pooled on the basis
of similar values,

The equations should now be ready for application to biomass

inventory,

6. Incorporating merchantability standards

The trep equations treated so far have concentrated on the estimation of
biomass of the four primary components and the whole tree. However,
a common inventory problem is (o estimate biomass quantities left after
conventional wood products — sawlogs, pales, pilings, peeler logs, pulp
wood, posts, etc. — have been extracted. Tn order to estimate such
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Figure 2. Diagram showing the limits which may govern the definition
of the merchantable portion of a tree: minimum diameter at breast
height outside bark, stump height, minimum top diameter inside bark,
merchantable height and minimum log length.

4o




biomass residuals, the biomass of the stem must be partitioned into the
merchantable portion and the unmerchantable or residual portion. In
order to do this, merchantability standards governing the minimum
diameter and lengths of the products must be related to what can be
extracted from the stem. Figure 9 illustrates the commonly used mer-
chantability standards. The standards generally specify a stump height,
which excludes the stump as a merchantable component, a mimmum I,
which excludes trees that are too small to vield usable products, and a
minimum top diameter, which excludes the unusable top of a tree,
Somelimes a minimum length of utilizable stem to a minimum height
to the top diameter is prescribed (Figure 9).

The development of models to estimate merchantable components
of the stem follows an approach originally described by Honer (1967) to
treat merchantable tree volume, and later modified to accommodate the
melric system (Honer et al. 1933) and the biomass case Alemdag (1982a).
Alemdag's adaptation resulls in equations which estimate the proportion
of stem biomass made up of the top, the stump, and the merchantable
subcomponents of the stem, The proportions, expressed as percentage
of ovendry mass of the stem, are used to eslimate the biomass of mer-
chantable wood, merchantable bark, top wood and bark, and stump
wood and bark. Equations are used to estimate the percentages. Separate
sels of equations are used for cases where minimum top diameter is a
constraint or, alternatively, where height to a minimum top diameter is
a constraint. Separate sets of equations are also used to estimate stump
biomass where stump height is the limiting factor. Three models are
recommended by Alemdag (1982a) for handling each case. The models
and rationale are summarized next.

Case of merchantable top diameter: The goal is to estimate the propor-
tions of the tree’s stem when the D and minimum top diameter outside
bark (IDm) are known. The model is based on the proposition that the
ratio of Dm to [ should equal the ratio of the volume of the top portion
to the volume of the full stem. A geometric diagram and several steps
described by Alemdag are used to arrive at the ratio of the biomass of
the merchantable portion of the stem as a function of the ratio Dm/D.
A plot of sample data revealed a well-defined curved relationship that,
after lesting 10 models some of which included D and H, indicated the
following parabolic equation to be the most effective:

OM% = a + b (Dm/D) + ¢ (Dm/D}? {17)

where OM % is the percentage of stem biovmass as merchantable wood,
merchantable bark, or top wood plus bark, and a, b, and ¢ are coefficients
estimated by regression,

Case of merchantable height: A similar model was used to estimate the
percentage of merchantable wood, merchantable bark, and top wood
plus bark in terms of the ratio of the height between ground and the top
diameter (Hm) to total tree height (H). Alemdag tested four models,

some of which included D. The following parabolic model emerged as
best:

OM% = a + b (Hn'H) + ¢ (Hm/H)? (18)




Case of stump height: After calculating the percentage of the merchant-
able portion of a stem to a given top diameter or merchantable height,
a stump deduction should be applied to arrive at the net merchantable
per cent. For this purpose, the average stump wood and stump bark
values as a percentage of the total stem mass were calculated for each
species as arithmetic means of the collected data at a 30 cm stump height.
However, since stump values at different stump heights are required in
practice, further analysis was done to find these percentage deductions
for different stump heights of 5 cm increments. This was done by using
a generalized stump diameter/breast height diameter relationship for all
species {Alemdag and Honer 1977) and by considering the stump as the
frustum of a neiloid (Alemdag 1978). These values are independent of
the size of a tree.

7. Alternatives to single tree equations

The single tree equations treated up to now should be used whenever
individual tree species, D, and possibly H are available. These equations
can also apply to stands of average D and H in the same way that they
apply to single trees. If these data are not available, two alternatives can
be considered. First, if individual tree volume data are available, direct
conversion to tree biomass is possible. Second, if only stand summaries
or averages are available, several types of stand conversion can be made.
As will be explained, stand conversions are not likelv to be reliable and
should be regarded as a last resort or an interim measure,

a. Tree volume conversions

The conversion is based on the use of total volume or some expression
of merchantable stem wood volume combined with basic wood density,
Alemdag (1984a), for example, provides basic wood density values for
1) common eastern Canadian softwood species and 18 hardwood spe-
cies. The conversion equations can take the following simple form:

OM = aV (19)

where OM is ovendry mass, V is total stem wood volume, and a is the
conversion factor equivalent to wood density. If wood densily varies
with size of the tree, the model can be modified to the form:

OM = bV (200}

as was done by Singh (1984a). Examination of plots of the equations indi-
cate that the curvature is slight and would introduce minimal error.
Singh (1984b) provides conversion equations for six important prairie
softwood and hardwood species.

Onee the conversion has been made to ovendry mass of the stem
wood, including stump and top, other tree components can be calculated
using component percentages. For example, using Alemdag's (1982¢)
component percentages for jack pine, with a total tree volume inside bark
of 0.69%8 m® and basic wood density of 418 kg/m?, the component
biovmass can be calculated as shown in Table 3.
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Table 3. Biomass of components following conversion of total stem
wood volume into ovendry mass

Fer cent of Ovendry mass
Components total stem wood (kg)
Stem wood 100.0 290.9~
Stem bark 79 3.0
Live branches 52 15.1
Twigs and needles 6.6 9.2
Whole tree 119.7 3482

*290.9 kg = 0.69 m® x 418 kg/m®,

If merchantable tree volume is given in place of total volume, some
additional steps are involved:

= Establish merchantability standards (stump height, top diameter, or
merchantable height).

= Find out the average tree size of the area under study. If it is not
known, use merchantable tree volume equations such as those pub-
lished by Honer et al. (1983) to approximate D to the given merchanta-
ble volume and the merchantability standards.

© Use merchantability equations such as those published by Alemdag
(1982a), along with the estimated D and the merchantability stan-
dards, to find component percentages of . merchantable stem wood
without the top and stump components, merchantable stem bark
without the top and stump components, unmerchantable top wood
plus bark, and stump wood plus bark. These will add to the stem
wood plus bark.

If a jack pine had a merchantable tree volume of, for example, 0.542
m’, a top diameter of 9.1 em, and a stump height of 30 cm, the tree
would, according to Honer et al. (1983), have a D of about 29 ¢cm. Using
Alemdag’s (1982a) merchantability equations, component proportions
and biomass can be found as shown in Table 4.

b. Stand volume conversions

In the absence of tree data, occasions arise where only stand data are
available. If stand volume is available, conversions can be made using
basic wood density data such as those used in the preceding section, but
this process has much greater potential for error, Whereas the wood den-
sity values are reasonably constant within a species, and among ditferent
size classes within a species, they are not constant between species and
combinations of tree species, size classes, and components, Because
stand data are usually averages drawn from sample plots or estimates
made from air photo interpretation, the data are almost always an
integration of many species and size classes, and involve varying stand
densities. Thus, if the proportion of species or size classes in the stands
used to provide the conversion factors differ from the proportions in the
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Table 4. Biomass of components following the conversion of
merchantable stem wood volume into ovendry mass

Per cent of
total stem Ovendry mass
Components wood and bark (kg)

Merchantable stem wood exc.
stump wood 86.2 226.6*
Merchantable stem bark excl,
stump bark 6.0 15.8
Unmerchantable top wood 2.6 6.5
Unmerchantable top bark 0.2 0.5
Stump wood 4.2 11.0
Stump bark 0.8 2.1
Total stem wood and bark 100.0 262.8
Live branches (5.2% of total
stem wood) 4.8 12.6
Twigs and needles (6.6% of total
stem wood) 6.1 16.0
Whole tree 110.9 2914

*0,542 m? x 418 kg/m’.

stands to which the factors are to be applied, a considerable risk of bias
arises. Consequently, direct stand conversion should be used with cau-
tion and regarded as a stopgap measure.

If other stand data are available that include species and size class
distributions, such as those found in stand tables, then measures can be
taken to reduce the risk of bias. Alemdag (1982b), for example, describes
five techniques which make use of other available stand data such as spe-
cies composition, diameter distribution, and proportions of the stand left
out of stand volume estimates because of lower D and merchantability
limits. The approach is to account for some of the variation by producing
biomass estimales, weighted in proportion to the number of trees pres-
ent by species or by diameter class, or to use ratios to account for missing
stand components. However, if the proportion of treesin a stand by spe-
cles and diameter class are known, more accurate methods which use
stand tables can be used. For example, an effective approach referred to
as the “‘mean tree technique’ is described by Baskerville (1972); the
application of this technique is demonstrated by Hitchcock (1979), The
technique is applied as follows:




¢ Obtain a stand table giving frequencies of trees per unit area by spe-
cies or species groups and by diameter class, representative of the
stand in question. Most volumetric forest inventories produce such
tables as a standard product of the compilation process.

¢ Obtain a set of whole tree and component equations for the species
involved.

¢ For each diameter class and species, use the equations to determine
the tree and component biomass quantities.

® Multiply these quantities by the frequency of trees in each diameter
class/species cell.

© Sum the biomass quantities by diameter class and species category
and add these subtotals to arrive at the total stand biomass by the
whole tree and by component.

These steps are illustrated m Table 5.

Table 5. Stand/whole tree biomass table of a spruce/aspen forest type

Species present in stand

Spruce Pine Aspen
Whaole Whole Whale Total
Diameter tree Total tree Total tree Total  stand

class  Stems biomass biomass Stems biomass biomass Stems biomass biomass bipmass
(em)  perha  (kg) (tonnes) perha  (kg) (tonnes) per ha  (kg) (tonnes) (tonnes)

5 5 4.6 0,02 0.02

10 i) 23.1 1.29 3 258 (.08 1.47

15 170 59.4 10.10 B 68.0 (.41 10,51
20 a5 116.1 7.55 51 135.4 691 14.46
25 8 195.2 1.56 i 201.3 0.60 163 230.8 37.82 39,78
a0 B 296.7 2.37 280 569 gy u3 102,30

a5 1 411.9 41 113 516.0 58.31 58,72
40 7 710.1 4.97 4,97
Total {lonnes) 20.62 3.38 208.23 232,23

*Whole tree equations used (Ker 1984):
Spruce OM = 0,1077D* 508
Pine OM = 0.2131D2 1%
Aspen OM = 0.1049[2510

Biased results can still occur with the stand table approach if the
diameter classes are too broad because of wood density varving with
tree size (see for example, Figure 13 in Ker 1973) and, of course, if the
component equations do not represent well the stands being treated,
Anather drawback of the stand table approach is that valid accuracy
estimates are difficult to derive. Similar “‘retrofit” approaches are dis-
cussed by Art and Marks (1971).

8. Auxiliary tables

Tree biomass equations are best suited to data processing and hand cal-
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culator applications. However, in situations where calculators or com-
puters are not at hand, tables and occasionally graphs are a convenient
substitute, especially in the field. Various forms of volume tables have
had a long and useful tradition in this role. Accordingly, tables showing
various tree and tree component biomass relationships and predictions
may be required. Such tables are sometimes referred to as auxiliary tables
because they are extensions of developed equations and conversions.
Four types of tables are described: local and standard biomass tables, tree
component proportions, ovendry mass/green mass ratios, and average
basic wood density ratios.

a. Local and standard biomass tables

Jugt as a local volume table provides a list of tree volumes for a range
of diameter classes, a local biomass table presents whole tree or compo-
nent biomass by diameter class. Likewise, a standard biomass table
presents tree biomass quantities for a range of diameter and height
classes. Table 6 illustrates a simple standard biomass table. Normally,
such a table would have more diameter and height classes with smaller
intervals which facilitate interpolation. Generally, the effective range of
table entries is indicated by some means, in this case the dashed lines,

Table 6. A standard biomass table based on Alemdag’s (1983)
jack pine whole tree equation

Whale tres ovendry mass (kg)
DT;:';;H Height class (m)
{cm) 5 10 15 2 25 3o
5 1.98 397 59 79
10 7.93 15.87 238 7 3.7
15 1785 35.70 535 714 85,2 107.1
20 31.73 635 952 1269 1587 1904
25 492 1487 1983 2479 2975
30 2122 2856 3570 43R4
35 3887 4859 5830

Equation used: OM = 0.015865 DFH

b. Tree component proportion tables

Compoenent proportions by species are frequently reported in the tree
biomass literature. The proportions are usually presented as a percent-
age of ovendry stem wood mass. Table 3 in Alemdag (1984b) is a typical
example.
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€. Ovendry mass/green mass ratios

The relationship between ovendry mass and green mass of the main tree
components by tree species is of common general interest. The ratios are
useful to convert green mass, which has been measured by some means,
to ovendry mass. An example is the conversion of the net mass of a truck-
load of logs to ovendry mass. Table 4 in Alemdag {1984b) is a good exam-
ple of a table of ratios. In this case, the ovendry mass/green mass ratios
of the four main components and whole tree for 19 eastern Canadian
hardwood species are presented together and can be compared.

d. Basic wood density

The density of wood in trees and of tree components is also of general
interest. As stem volume is commonly available, it is frequently desirable
to be able to convert volume to ovendry mass, The density ratios allow
this. Table 5 in Alemdag (1984b) lists the basic wood density for 19 east-
ern Canadian hardwood species and compares them with densities
obtained by another author. A range of density from about 350 kg/m?
to over 650 kgim’ is evident among the species reported.
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IV. APPLICATION OF BIOMASS EQUATIONS
TO FOREST BIOMASS INVENTORY

The purpose of biomass equations, whether in the form of single tree
equations or of conversion factors and ratios, is to estimate the forest
biomass reserves on a property by several levels of subdivision. The sub-
divisions are often administrative units, sampling strata, species, age
and size classes, and tree components. Four methods of applying the
biomass equations to forest inventory can be identified which depend
primarily upon current inventory practice and the availability of data.
This chapter treats these four cases in relation to the current general for-
est inventory practice in Canada.

The four cases can be summiarized as [ollows:

First, if a volumetric inventory has been completed recently and the
basic sample plot and tree data are intact, single tree biomass equations
can usually be introduced afterwards and reliable biomass estimates
compiled. The primary focus is on volume, with a tree biomass extension
ar “retrofit™. This is likely to be the most common case. Second, if no
mventory exists, a new one must be designed that will incorporate
biomass estimation elements including, in most cases, the development
and use of single tree equations. Examples are special biomass surveys
of noncommercial forests or areas otherwise outside the inventoried
zone. The primary focus is on biomass in this case, rather than volume,
but volume estimation will usually be completed in conjunction with
biomass. Third, if the identity of the basic tree data is lost, conversion
factors and component ratios can be applied to intermediate or final val-
ume results. This is most likely to arise with older inventories where data
are incomplete, discarded, misplaced, or outdated. Fourth, if portions
of the population are left out of the conventional inventory, such as non-
commercial species or small size classes, adjustments may be needed to
account for the missing portions. The filling in may include the use of
existing data from closely related forest stand conditions or the collection
of new supplementary data. Procedures for treating the four cases are
described in this chapter. Dead trees, logging residues, and material
below a height of 30 em are not addressed.
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The estimation of forest biomass reserves, regardless of approach,
will almost always be intimately tied to an established volumetric forest
inventory procedure. Many of the procedures are common to both val-
ume and biomass estimation and, where the procedures diverge, the
biomass procedure usually parallels the volumetric counterpart. The
classification and mapping of forest cover types and the development of
sampling strata, for example, are common to both; the development of
single tree volume and biomass equations are not strictly common but
are analogous. A few of the procedures may be unrelated, For example,
the estimation of tree component biomass is exclusively a biomass esti-
mation task and the use of conversion factors can be considered an exten-
sion. Regardless of the variations possible, the current inventory
practices are very well established and can be expected to constrain and
shape the course of most new inventory developments, including
biomass estimation. Accordingly. because established procedures are so
central to biomass measurement, the common procedures used in Can-
ada, such as described recently by Smith (1975, 1976) and Bonnor (1982a,
198b) are summarized next. They provide a framework for treating the
four main approaches to biomass estimation. Bonnor (1987) provides an
overview of forest biomass inventory and describes how the forest
biomass inventory of Canada was completed,

1. Summary of current volumetric forest
inventory practice in Canada

a. Objectives

The first step in a forest inventory is to clearly define the purpose. This
begins with a decision on the type of inventory, whether general recon-
naissance, regional, management, or operational. The objective should
include a description of the boundaries of the property or area involved,
innmer exclusions, definifion of the forest stand classification system,
mapping specifications, levels of subdivision, strata, sampling specifica-
tions, the quantities to be estimated, the required tables of statistics, and
other results. The objective should specify the accuracy requirements of
key quantities, the inventory budget, a schedule for completion of the
first baseline, and the required period between update cycles. The objec-
tives ought to be defined in close relation to forest management plan-
ning, policy development, and day-to-day decision making which
inventories primarily serve.

b. Base maps

Forest inventories in Canada have traditionally attached great impor-
tance to maps that show the property boundary, water courses, roads,
geographic features, settlements, land use, administrative units, etc.
which provide a setting for forest stand data. Most management deci-
sions are made with forest maps at hand. Considerable effort is
expended in keeping such maps up-to-date. Computer-based Geo-
graphic Information Systems are assuming an important role in the
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production of forest maps, in updating and in the analysis and planning
of forest management strategies. All such maps begin with a base map,
a record of features which are generally permanent and provide back-
ground for forest resource management.

c. Photo interpretation

Photo interpretation is an efficient means of delineating and describing
torest units. This is usually in the form of codes. The photo scale can
range from 1:10 000 to 1:50 000, but is most frequently in the vicinity
of 1:15 000 to 1:20 000. The classification system determines the
delineated features and the coding of the resulting lines and polygons,
The forest units generally include species composition, stand height,
crown cover density and, sometimes, age or maturity classes, site index,
and expressions of stocking. The classification system leads to a stratifica-
tion which is used later for increasing the efficiency of forest sampling
and for compiling statistics and tables,

d. Forest sampling

The forest stand classification and stratification system developed above
is often used to establish a framework for selecting samples. The samples
may be fived-area plots of various shapes and sizes, either singly or
arranged in clusters or point samples (variable radius or prism samples).
The sample locations are usually sclected subjectively, with consider-
ation given to features such as accessibility and the avoidance of stand
conditions considered ““unrepresentative”. The assignment of stratum
weights may be used 1o intensify or limit sampling effort by stratum.
Species, tree diameter, height, age, and current growth are the primary
tree data recorded. In addition, supplementary stand information,
topography, soil, regeneration, ground cover, stand conditions, and
indications of damage, decay, and defect are frequently recorded. The
data collected during the field sampling are usually used to confirm and,
where necessary, refine photo interpretation,

e. Cartographic completion

When photo interpretation is completed, stand delineations and coded
descriptions are transferred to base maps using projection equipment or
digitizers. Following transfer to map manuscripts, the data are drafted,
digitized. or scanned and possibly processed through a Geographic
Information System and the final map plotted. A portion of a typical for-
est cover type map is shown in Figure 10, The area of the stand polygons
is determined and linked to the polygon description (stand attribute
data) for later listing and compilation. The stand list in Table 7 illustrates
a typical coded forest cover type attribute file,

f.  Equation development

A subsample of a few plots or special studies may be conducted to collect
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Figure 10. Example of a portion of a forest cover type map.




Table 7. Partial list of stand attribute data in Figure 10

Stand Cover Height  Density Maturity  Area
No. type class class class (ha)
17 5 3 B Y EE
72 H5 2 A ¢ 53
73 5 0 B R 124
74 S 1 B Y 121
73 HS 2 B M 89
76 H 1 B Y 1o
Fird HS i a Y 315
78 HS 1 B Y 76
9 5 1 C Y 283
80 HS5 1 A ¥ 149
a1 SH 1 B Y 113
B2 SH 0 C R 229
83 HS 0 C R 135
a2 H 0 A R 208
93 H 1 B b 4 253
94 SH 2 B M 85
o7 SH 1 A Y 16
bs SH 1 B Y 41
49 H 1 A Y 108
100 SH 2 C M 57
102 SH 1 A Y 273
Density class  Maturity

Cover type Height class (m) { %) class

5 Spruce/hardwood 0 0— 5 A 0— 30 Y Regeneration

5P Spruce/pine I 6—10 B 31 — a0

5H Spruce/hardwood 2 11— 15 C6l— 9

P Pine 3 16—20 D91 —100 I Immature

PS5 Pinel/spruce 4 21-25

PPH Pine/hardwood 5 26— 30 M Mature

H Hardwood 6 31 +

HS Hardwood/spruce

HI' Hardwood ! pine

detailed tree stem profile data for developing tree volume equations or
tables, Likewise, detailed measurement of trees may be carried out for
growth analysis purposes. The selection procedures are generally subjec-
tive but are designed to cover the range of species and size classes as
evenly as possible. The development of equations generally follows the
rationale, models, and procedures described in Chapter 111

8. Compilation

The final step is the compilation of the inventory results in the form of
statistics and tables. The statistics include estimates of key quantities
such as the mean gross total volume, merchantable volume, and net vol-
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ume per hectare for the area and by strata or other subdivisions. Basal
area, growth statistics, and age data may be included. Associated with
the key quantities are usually statements of accuracy or reliability. The
tabular reports include lists of stand attribute data with associated areas
and total volumes, and stand, stock, and basal area tabies which provide
a breakdown by species and by diameter class.

The compilations are carried out by sorting the sample plot data
according to strala or other stand attribute information. The selected
sampled trees are processed tree by tree through the tree volume equa-
tions referred to earlier. The gross total tree volumes are further modified
by selected merchantability standards and cull, decay, and possibly
breakage factors. These constraints are closely related to the commercial
wood products expected from the timber, The stem count, basal area,
and various expressions of gross total, merchantable, and net volume are
summed by plot to arrive at per hectare quantities which are further com-
bined with other plots in the same stratum to produce estimates of mean
per hectare quantities referred to earlier. These estimates are combined
with stratum area totals to provide the overall volume summaries and
the associated reliability estimates,

Figure 11. Forest map.
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A simple example is used to illustrate the inventory compilation
procedure. The example shows the input data (map data, plots, and
associated trees from the field survey and volume equations), the
development of strata, the compilation and the production of the inven-
tory results. The example is unrealistically simple, involving four stands,
two strata, seven sample plots, and 20 associated trees.

Table 8. Forest stand attribute file

Basic data Derived
Polygon No. Cover type Area (ha) stratum
1 Pine 1258.1 |
2 Aspen 212.7 1
3 Spruce 381.3 1
4 Aspen 189.5 i
5 MNon-forest 86.1

The forest stand (or type) polygons are shown in the sketch of a forest
map (Figure 11). The forest stand attribute file (Table 8) contains the basic
data (polygon number, cover type, and polygon area in this case) and
the stratum, which is derived from the cover type. Two strata are devel-
oped using the following rules: If the cover type is pine or spruce, assign
stratum 1; if the cover type is any other species, assign stratum 1. The
resulting stratum code is added to the attribute list as shown. The sample
plots can be assigned attributes according to the polygon (stand) in
which they fall (Table 9). The sample plots have trees associated with
them, as shown in the tree data file (Table 10).

The following tree volume equation form was used to estimate Bross
total stem volume (Vi) developed by Honer et al. (1983):

Vi = 0,0043891 D(1-0.04365a)%/ (b + (0.3048¢/ H)) (21)

Table 9. Plot attribule file

Basic data Derived data
Total plot
volume* Volume
Plot No. Cover type Stratum (m%) (m* ha)
1 Pine 1 1.261 126.1
2 Aspen 1 1.307 130.7
i Spruce | L34 130.4
4 Spruce 1 1.298 129.8
5 Spruce I 0.750 75.0
b Aspen I 0.058 5.8
7 Aspen It 0,728 728

* Plot area assumed to be 100.0 m?,
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Table 10. Tree data file

Gross Merchantable
D H volume® volume*
Plot No. Tree No. Species  (ecm)  (m) {m¥) (m¥)
1 1 21.4 1B6 {300 0.256
1 2 P 27.2 231 0.5583 0.493
1 3 s 240 203 0.378 0331
2 1 A 26,3 4.7 5491 0.503
2 2 S 12.1 102 0.054 0,021
2 3 A 285 23.6 0,662 0.581
3 1 S 236 197 0.357 0.278
3 2 5 24.2 181 0.366 0.281
3 3 A 221 216 0.362 (.280
3 A4 ] 194 174 0.219 0.182
4 1 s 321 M6 0.784 0.710
4 2 ] 26.8 227 0.514 0,462
5 1 S 16,1 141 0.127 0.081
5 2 5 198 160 0.213 0,187
5 3 5 21.1 161 0.243 0.212
5 - A 18.0 15.2 0.167 0,121
fa 1 A 133 98 0.058 0,022
7 1 A 221 17.6 0.292 0.271
7 2 A 21.2 18.0 0.275 0.234
7 3 S 89 73 0,022 0.000
7 4 A 17.1 4.1 0.139 0.083

* Derived from tree volume equations,

Table 11. Coefficients of the total stem volume formula

Species a b c l
Pine 0.151 0.897 348,530
Spruce 0.176 [.440 M2.175
Aspen 0.127 -0.312 436.683

The coefficients used with this formula are given in Table 11
Another set of equations can be used to impose merchantability con-
straints. Still another set of equations or factors may be used to introduce
reductions for decay and defect in order to yield net total or merchantable
volume. These equations are not Mustrated here.

Finally, the stratum file is created, as illustrated by Table 12 using
the individual plot volumes. The mean volume per hectare is calculated
by stratum using the rules of stratified random sampling design. The
design also will enable the accuracy of estimate to be determined. These
calculations are added 1o the siratum file as derived valuvs: The Lotal
volumes of the strata are calculated from the stratum arvas and per hee-
tare estimates. The stratum lotals can be added o provide the total vol-




Table 12. Stratum file

Mean volume

Area per hectare Number Accuracy™ Total
Stratum  Description (ha) (m7) of plots (%a) volume
I Spruce/pine 509 4 1154 4 +23 58 7R4.5
Il Aspen 402.2 69.8 3 +89 28 073.6
Total 911.6 7 86 838.1

= Standard error of estimate expressed as per cent of mean.

Table 13, Stand table for Stratum 1

Diameter Stems per hectare
class (cm) Spruce Pine Aspen All species
15 25 25 50 25
20 75 5 50 150)

5 100 25 125
304 25 25
Total 225 B 50 325

Table 14. Stock table for Stratum |

Diameter

class (cm) Spruce
15 32
20 16.9
25 0.4
30+ 19.4
Total BU.1

Gross total volume per

hectare (m¥)
Pine _Asp-un All species
K fie
75 13.2 7.6
s 35.0
19.6
21 13.2 1154
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ume of wood on the property. The same procedure can be used to
estimate merchantable and net volumes had these been included, or
other quantities such as biomass (described and illustrated in the next
section).

During the calculation of mean volume per hectare by strata, the
compilation procedure also sorts stem counts, basal area, and the expres-
stons of volume per hectare by species and diameter class. The results
are the stand, stock, and basal area tables useful to forest management
planning and decision-making. The stand and stock tables for this exam-
ple are illustrated by Tables 13 and 14.

Note that the total volume per hectare for all species is the same value
as in the stratum file opposite Stratum | (Table 12). The same example
is used in the next few sections to illustrate the integration of biomass
estimation in forest inventory.

2. Adaptation of single tree biomass equations
to existing volumetric inventories

In the majority of cases where a biomass inventory is required, a volu-
metric inventory will already exist which may provide the basic data
needed to compile biomass estimates. Several questions arise, however,
and these should be checked. Are the basic plot and tree data complete
and set up so that they can be recompiled? Are existing data sufficiently
up-to-date to be useful? Will the biomass estimates be accurate enough?
Is the population requiring biomass estimates properly represented and
adequately sampled? Have conditions of particular importance to the
biomass field been missed (e.g. noncommercial species or small
material)? If not, are such conditions adequately represented in the sam-
ple? These questions should be checked using guidelines already set
forth in this manual.

If volumetric inventory data can be converted after considering these
questions, the following steps should be followed:

@ decide whether or not the photo interpretation classes and stand
descriptions suit biomass requirements. If not, the interpretation,
coding, and mapping should be added to or revised. A stratification
system of particular relevance to biomass may be developed and
added to the forest stand attribute file for later use at the compilation
stags.

o detirmine if a set of single tree biomass equations are available which
suits the property or area in question. Use procedures in Chapter 111,
Section 4 to decide.

= if not, develop a new set of single tree equations using procedures
in Chapter III, Section 5.

° examine compilation procedures to find where the volume equations
are used to estimate tree volume based on diameter or both diameter
and height. Along with the volume equations introduce whole tree
and component biomass equations.

@ set up procedures to accumulate biomass quantities, the equations to
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calculate per hectare estimates, and the means of producing biomass
eslimates and tables. The biomass estimate will use estimators which
are-the counterpart of volume models. Likewise, the biomass lables
for the whole tree and the components will parallel the volumetric
counterpart.

The example in the previous section is also used to illustrate this
adaptation, as follows:

First, the forest stand map and the basic data describing the forest
stands will be as before (Figure 11 and Table 8). However, the derived
data portion, the establishment of strata, may be altered to reflect specific
biomass requirements. Suppose, from a biomass aspect, that the spruce
cover type is important, perhaps because the stands are degraded or
stagnant and are of interest only a5 a source of biomass. Spruce, then,
will be treated as a separate stratum and the aspen and pine merged into
one stratum. Thus, pelvgons 1, 2, and 4 will become stratum I, and poly-
gon 3, stratum IL

Alternatively, three strata could have been set up. one for each of
the dominant species, or other attribute data added which could be used
as criteria for establishing the strata.

The basic tree data remain as before but additional columns appear
to accommodate the tree component biomass estimates. Single tree
biomass equations are used to provide the estimates. These could be a
set of existing equations or, alternatively, a new equation. A new set of
equations would have been developed using the procedures in Chapters
Il and 11T if the available equations were considered unsuitable. Here,
equations from Alemdag (1981, 1983) were used in the example based
on the model of

OM = b D°H (22)

where OM is the componenit or whole tree biomass. The coefficient b,
specific to species and biomass component, is given in Table 15,

Equations based on these coefficients are used to produce the

biomass entries apposite cach tree which were listed in Table 10 as basic
data, and thus Table 16 is produced. The plot's basic data remain

Table 15. Species/component biomass equation coefficent b

Trembling
Component White spruce Jack pine aspen

OM1: Stem wood 0.014027 0.015865 0.014755

OM2: Stem bark 0.001438 0.001260 (0.003880

OM3: Live branches 0.00097 0.000827 0.003318
OM4: Twigs and

foliage 0.001657 0.001042 0.000507

OM5: Whole tree 0.018219 0.015994 0.022460
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unchanged from before (Table 9), except that the stratum column will
change and additional columns will be used for the biomass quantities
(Table 17). The number of biomass columns could be enlarged to include
merchantable and unmerchantable components.

The tree biomass quantities are summed by plot as volume was
before, converted to per hectare values, and then sorted by species and

Table 16. Tree data file

Derived data
Plot Tree OM®™ OM2 OM3 OMd OMS
No, No. (kg) (k) (kg)  (kg)  (kp)
1 1 1351 107 7.0 89 1618
1 2 271.1 215 14.1 178 3246
1 3 1640 168 128 194 2130
2 1 521 663 567 8.7 3837
2 2 20.9 2.1 1.6 2.5 27.2
2 3 W28 744 636 97 4305
3 1 1539 158 120 182 1999
3 2 1549 159 121 183 2012
3 3 155.7 409 350 53 2369
3 4 91.9 9.4 7.2 109 1193
4 1 3556 365 278 420 4618
4 2 287 234 179 270  297.0
5 1 51.3 5.3 40 6.1 66.6
5 2 88.0 9.0 69 104 1143
5 3 1005 103 79 119 1306
5 4 727 19 16.3 25 1106
b 1 5.6 6.7 5.8 0.9 39.0
7 1 1268 334 235 44 1931
7 2 1194 314 268 41 1817
7 3 8.1 0.8 0.6 1.0 10.5
7 4 608 160 137 2.1 92.6

* See Table 15 for definition of biomass components.

Table 17. Plot attribute file

—=

Derived data
Biomass (tonnesi ha)
Flot Volurme Siem Stem Live Twigs and Whole
No. Stratum (m? 'ha) wood bark branches foliage tree
1 1 126.1 57.0 449 3.4 4.6 (9.9
2 | 130.7 35.6 14.3 12.2 253 84.2
3 I 130.4 55.6 R.2 6.6 5.3 8.7
4 1 1208 58.4 6.0 1.6 6.9 759
5 11 75.0 3.2 44 35 3.1 42.2
o l 5.8 2.6 0.7 0.6 0.1 4.0
7 1 72.8 315 8.2 7.0 1.2 479




diameter class. The plot biomass per hectare values by component thus
compiled are added to the plot atiribute file which, in turn, can be aver-
aged by stratum to fill out the stratum file (Table 18), Though only whole
tree biomass 1s shown here, all the components would normally appear.
The stand table and the whole-tree biomass table for Stratum Il were
compiled and appear as in Tables 19 and 20.

As can be seen from the example, the adaptation of the single tree
biomass equations fo an existing volumetric inventory involves only a
few changes, provided the basic plot and tree data are intact. In sum-
mary, these changes include possible alterations to the stratification sys-

Table 18. Stratum file

Mean
whole tree  Number Total
Area Volume biomass of Accuracy®  biomass
Stratum  Description (ha) {(m?*'ha}) (tonnes/ha) plots (%) (tonnes)
| Pine!Aspen 530.3 515 4 68 27 310
1 Spruce 3813 Bl.6 3 30 24 556
Total 911.6 7 51 B6h
* Standard error of estimate expressed as per cent of mean.
Table 19. Stand table for Stratum 11
Diameter Stems per hectare
class (cm) Spruce Pine Aspen All species
15 3 3
20 10 7 17
25 10 10
30+ 3 3
Total 26 7 33

Table 20. Biomass table for Stratum 11

Diameter Stems per hectare

class (cm) Spruce Pine Aspen All species
15 22 2.2
20 12.1 1.6 237
25 23 33
30+ 15.4 15.4
Total 53.0 Il.6 b6




tem, the addition of biomass equations to the compilation procedures,
the addition of columns of biomass quantities to the output of results,
and the addition of a few new biomass tables. The procedure is also well
illustrated by MacQuarrie (1983).

3. Incorporation of biomass estimation
in new forest inventories

The development of a new forest inventory allows several tasks of
biomass measurement and estimation to be planned and incorporated
before the inventory is actually carried out. The planning and integration
eliminates most of the “retrofit”” problems discussed in the preceeding
section. The procedures, however, will follow most of the inventory
steps outlined so far in this chapter. In particular the base mapping,
photointerpretation, stand classification, and forest mapping phases will
not change except that the stand attribute data may have biomass-related
information added and the stratification system may be maodified to
reflect the characteristics or particular needs of the biomass application,
For example, whereas noncommercial or degraded forest stands are
usually excluded or de-emphasized in conventional volumetric inven-
tory, such stands may be of particular interest in a biomass context and
stressed,

The chief departures in the procedures occur in the field sampling,
development, and adaptation of the tree biomass equations and in the
compilation phases. These departures are described next so that biomass
measurement and estimation can be implemented in a planned new for-
est inventory. The execution and results of an integrated biomass and
volume inventory of a forest property in Ontario can be found in Alem-
dag and Bonnor (1985).

a. Field sampling

The addition of biomass requirements to a forest inventory imposes a fow
modifications to field sampling procedures. The modifications pertain
primarily to the treatment of small material and the collection of tree data
for checking or developing single tree biomass estimation aquations.

Biomass estimation generally places greater emphasis on small
material and on species that are regarded as noncommerdial in conven-
tional surveys. Accordingly, some means are required to control the
quantity of small trees and shrubs sampled. In response, use of subplots
and other sampling manipulations, such as larger basal area factors in
point sampling, have evolved. Common practice, as already introduced
in Chapter II, was to use two levels of subplots: for example a 25 m? cir-
cular plot (radius = 2.82 m ) for trees 0.1 to 5.1 cm in diameter, and a
4 m? circular plot (radius = 1.13 m) for trees 0.31 to 1.30 m height. In
the first case, species, diameter, and other tree data are recorded ; in the
secand case the trees are tallied and sorted by species and two height
classes: 0.31 to 0.80 m and 0.81 to 1.30 m. The purpose of the subplots
and measurements procedure is to limit the amount of field sampling
work for small material. Exclusion of trees and shrubs below 0.31 m in
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height is also intended to limut field effort. Trees larger than 5.0 cm in
diameter can be treated as ina volumetric inventory, although the height
of every sample tree would have to be measured or estimated if the
biomass equations require both diameter and height. In Chapter 11, a cir-
cular fixed area plot (radius 11.28 m) was recommended. Variable radius
plots (prism samples) increase sampling efficiency where the emphasis
is on large, commercially valuable trees for conventional wood products,
Fixed area plots come into their own when small trees are of greater
interest or the frequency distnbution of trees across the size classes (as
in stand tables) assumes greater importance. In other respects the field
sampling procedure will be nearly identical to that of a conventional
inventory,

The procedures for selecting and measuring trees to develop biomass
equations differ somewhat from that of the volume counterpart. The
differences pertain mainly to the tree dimensions measured and the
division of the tree into components. The procedures are elaborated in
Chapter 11.

b. Equation development

As with the sampling and measurement of trees for equation develop-
ment, the difference between volume and biomass equations relates
primarily to the variables involved and the tree components. The equa-
tion development procedures are treated in detail in Chapter 111,

c. Compilation

A primary purpose of compilation is to estimate key statistics, such as
total volume and biomass per hectare, from plot data by strata and to
combine them with the stratum area statistics to produce required totals,
This procedure was illustrated in Sections 1 and 2. The compilation will
generate many other results such as tree component biomass estimates,
and stand, stock, basal arca, and biomass tables which highlight stand
structure, the frequency distribution of trees, and the distribution of vol-
ume, basal area, and biomass by species and by diameter class. Such
tables typically show the average structure of stands by stratum and
become key elements in forest management planning and decision-
making. The compilation procedure produces area, volume, and biomass
tables and accuracy estimates of the key statistics,

As illustrated in the example in Section 2, the tree biomass equations
and procedures for compiling per hectare estimates parallel the volume
counterpart. The only changes involved are the redefinition of strata to
reflect biomass requirements, and the processing of tree data.

4. Conversion of existing volumetric data to biomass
Conversion refers to the use of factors or ratios to transform wood val-

ume eshtimates mio biomass equivalents. Since stand aggregations or
averages are involved, conversion is risky and should be treated as a last
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resort. The procedure is followed only when the original sample tree data
are not available, are lost, or are too cut-of-date or incomplete to be
recompiled as described in Section 2 of this chapter. The conversion
process is described in this section along with reasons why large biases
can be expected. Some means of controlling bias are described, followed
by a recommended procedure for using conversion factors.

a. Conversion principle

The use of conversion lactors is based on the simple process of finding
the ratio between a difficult-to-measure quantity and an available or
easily-measured quantity. For example, some available data may be used
to estimate the ratio between the ovendry mass of the stem of a tree and
stem volume:

R, = OM,/V, (23)

where R, is the ratio, OM, the ovendry stem mass, and V, the volume
of the stem, This ratio may then be used to estimate the ovendry stem
mass of other trees given that their volume is known or can be easily
determined:

OM, = R, .V, (24)

where OM,; is the estimated stem ovendry mass of another tree, and V,
i8 ils stem volume. The estimation, however, depends upon the ratio (a
measure of wood density) being stable from tree to tree. In practice stem
wood density is fairly constant for a given species of a given size. But
the wood density of other tree components such as branch or foliage
biomass may vary considerably with tree form and degree of crowding
of surrounding trees. Likewise, variations in wood density can be
expected with changes in tree size and among different species.

Other conversion factors may be used which depend on the same
simple notion. For example, if the ovendry mass of a tree stem 1s divided
by its green mass, the resulting ratio will reflect moisture content. Using
this ratio, the green mass of a truckload of logs, for example, can be con-
verted to ovendry mass. However, since the moisture content is affected
considerably by growing conditions, time since cutting, and microcli-
mate in the vicinity of the logs, the ratio is virtually useless unless the
moisture content is sampled and adjustments made. In general, great
caution must be taken in the use of ratio conversions.

b. Application of conversion factors to forest industry

Under some circumstances only the forest inventory results may be
reported. The basic sample data used to compile results are generally too
numerous and cumbersome to report. Moreover, after a few years the
tree data become lost and only documented results remain intact. If
biomass estimates are required under these circumstances, we must
resort to conversion factors for biomass estimates, and component ratios
miust be used to partition the whaole tree biomass quantities into the com-
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ponents. This section reviews how the biomass estimates can be made
and indicates how serious bias problems may arise. Some means of
alleviating potentially severe biases are suggested, followed by a recom-
mended procedure,

Total gross timber volume on a property or area can be converted
to biomass estimates as follows. Because aggregate volume estimates
were based originally on individual sample trees, the actual tree volume
guantity estimated should be checked: is it gross total volume or an
expression of merchantable volume where the top and stump are
excluded? Were trees below a minimum diameter excluded? Find the
volume-to-biomass conversion factor that suits the tree volume specifica-
tions. Having a measure of the tree component (usually stem) involved,
convert aggregate volume to aggregate biomass for that component and
use average tree component ratios to find the whole tree biomass and
other compenents as described and illustrated in Chapter 111, Section 7.
Using the above procedures, quick and rather crude biomass estimates
can be made.

Such estimates can be very unreliable. Both the volume estimate and
conversion factors are estimates based on sample data. The sample data
may involve species and size classes that are different from those making
up the particular inventory in question.

For instance, the total volume of 8 858 m’ in the example in Section
1 could be converted to whole-tree biomass using an average wood den-
sity value and the average percentage of stem wood biomass making up
the whole tree. Thus, if an average wood density of 390 kg/m® were
assumed and stem wood made up 80 percent of the mass of the whole
tree, the total stem wood volume could be converted to total whole tree
biomass as 86 858 x 390 x 100/80 = 42 344 tonnes. This estimate is about
18 percent lower than the 51 866 tonnes compiled from basic tree data
given in Section 1. The accuracy depends entirely on the choice of the
average wood density value and the stem wood percentage. The conver-
sions are known to be strongly influenced by variations in species com-
position and size class. As the basic tree data used in the inventory are
unavailable to check the match, the size of the biases cannot be gauged
without gathering new data.

If a species breakdown, however, has been made in the reporting of
nventory results, species specific conversion factors can be used which
will alleviate the problem to some extent. This is illustrated using the
sample again from Section 1. The results shown in Table 12 are fre-
quently reported and available, but the plot and tree data discarded or
misplaced. Thus, rather than using procedures in Section 2 to produce
biomass estimates, conversions of the stratum volume method would be
resorted to, using the following procedure:

= locate volume results such as given in Table 12 (Section 2);

= if possible, make a breakdown by species (Table 21);

¢ find a set of species conversion factors. In this example; basic wood
density factors from Alemdag (1981, 1983) were used (Table 22):

= find a set of ratios that express tree component biomass as a percent-
age of stem wood mass. Stem wood mass is used because it is the
counterpart of gross total volume which does not include the bark,
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branches, twigs, and leaves. The data again were taken from Alemd 2g
(1981, 1983) as in Takle 23;

convert gross total stem volumes to stem wood ov endry mass (Table
24);

partition the stem wood mass into the tree component mass using the
species component percentages (Table 25). All values are in tonnes.

Table 21. Breakdown of strata by species

Per cent of Pro-rated ]
Stratum Species total volume volume (mY)

I Spruce 64 40 562
Pine 19 11 169
Aspen 12 7 054

58 785
1l Spruce 2 561
Aspen 98 27513

28 074

Table 22. Basic stem-wood densities

Species Stem-wood density (kg/m?)
Spruce 356
Pineg 412
Aspen 406

Table 23. Tree component biomass as a percentage of stem wood

biomass
Stem Stem Live  Twigs and Whole
Spedes wood bark branches leaves tree
Spruce 100 10 8 12 130
Pine 100 ] 3 7 120
Aspen 100 26 23 3 152
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Table 24. Converting lotal stem volume to total ovendry mass

Total Conversion Total
volume factor ovendry mass
Stratum Species (m%) (kgim®) (tonnes)
1 Spruce 40 562 386 13 657
Ping 11 169 412 4 602
Aspen 7 054 406 2864
1l Spruce 561 385 217
Aspen 27 513 406 11170
Total 34 310
Table 25. Biomass of tree components (tonnes)
Stem Stem Live  Twigs and Whoale
Species wood bark branches leaves tree
Spruce 15 874 1 587 1270 1905 2 K36
Pine 4 612 308 230 322 5522
Aspen 14 034 39 3228 421 2 332
Total M 510 5 6y 4728 2 648 47 490

As can be seen, the total whole-tree biomass of 47 490 tonnes is a
reasanable approximation of the total biomass of 51 866 tonnes compiled
from the basic tree data in Table 10. The use of species proportions
helped control variations which may have been introduced by differ-
ences in wood densities among the three species involved in the exam-
ple. As illustrated next, use of diameter distribution data should provide
further control over potential bias in estimates that use conversion
factors.

c. Recommended procedure

Experience has shown that large biases can occur in the direct conversion
of total property volume to biomass. However, if species and diameter
distributions are known, much greater control over bias can be expected,
provided the species and diameter distributions of the ““model’”’ match
that of the target population. If the original sampling of the population,
and later compilation, produced a species-based stand and stock table
such as illustrated in Table 5, then an excellent model is at hand, assum-
ing a representative sampling design was used in the first place. This
approach, described in detail by Baskerville (1972), is applied as follows:

¢ for each species select a suitable set of biomass equations based on
D or D and H;
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= for the midpoint of each D class, estimate its corresponding height
using a height-on.diameter equation. The midpoint is assumed to
represent the class mean;

= using the set of biomass equations, enter with the midpoint of D and
if necessary the corresponding H to calculate whole tree and compo-
nent biomass;

o multiply these estimates by the number of trees per hectare opposite
cach diameter class and species to amve at a set of per hectare
estimates;
sum estimates by diameter class and by species to generate marginal
totals;

¢ add along margins to find the per hectare totals:

o multiply the per hectare estimates by area to estimate target popula-
tion whole tree and component biomass.

The above procedure is illustrated using the examples in Sections 1
and 2,

First, obtain a stock and stand table for each stratum or for the popu-

lation as a whole, For simplicity's sake, we developed the latter
(Table 26) from basic data in Table 10.

Table 26. Stand table for sample population

Stems per hectare
Diameter
class (em) Spruce Pine Aspen All species
10 Fa) 29
15 29 14 43
20 +H 14 57 115
st 37 14 14 H5
30+ 14 14 28
Total 173 28 04 300

Next, arrange data so that component biomass quantities can be cal-
culated. Single tree biomass equations from Section 2 are used in this
illustration. Use an available height-on-diameter equation to estimate the
tree height corresponding to each diameter class. Use the single-tree
equations for each species to calculate whole tree biomass (Table 27).

Thie whole tree biomass values are multiplied by stems per hectare
and scaled from kilograms to tonnes. The total is multiplied by the area
to vield another estimate of total whole tree biomass, e., 33.5 x 911.6
= 19 044 tonnes, somewhat closer to the total compiled from the basic
tree data.

The recommended procedure helps to control bias by using the stand

table to supply information on the distribution of trees by diameter class
and by species. The procedure, however, may still provide unreliable
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Table 27. Calculation of whole tree biomass

Whaole tree Whale tree
Diameter Height  biomass Stems biomass

Species {cm) (m) (kg) per ha  (tonnes/ha)
Spruce 10 9.1 la.6 24 0.5
15 13.5 55.3 24 1.6
20 16.1 1173 44 5.2
Lo 212 2414 57 13.8
30 24.0 393.3 14 55
Pine 20 18.1 137.5 4 i.9
25 228 77 14 38
Aspen 15 13.0 65.7 14 0.9
20 175 157.2 57 9.0
25 23.3 3271 14 d.6
30 246 497 3 14 7.0
Total 53.8

estimates, mainly because the stand table is the result of sampling and,
accordingly, represents an average condition based on data taken from
stands varying considerably in species composition and structure. The
reader is cautioned again not to place oo much confidence in the results
determined through the use of conversion factors.

5. Adjustments for missing data

In the course of reprocessing sample plot data to produce biomass esti-
mates (Section 2) and converting volume results to biomass (Section 4),
several significant parts of the population may not have been included
n the sample. The original sample plots may have excluded trees below
a prescribed diameter threshold or left out trees and shrub species having
little or no commercial value. Such exclusions are imposed in the first
place to reduce the cost of collecting and processing material of little
interest. However, in terms of biomass, the material may assume greater
significance and should be accounted for. Likewise, when volume data
are converted to biomass, small material and certain spicies may have
been left out of the estimates. Further, when merchantable volumes are
reported, rather than gross total volumes, unmerchantable portions of
the stem will be lacking in much the same way that total volume results
do not include foliage, twigs, live branches, and bark components. Net
volumes likewise are the results of deductions for decay, defect, and
(possibly) breakage. This section autlines approaches to account for
these exclusions.
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a. Exclusions of small trees

The frequency distributions of trees in a stand can be characterized by
the form shown in Figure 12, If trees below 9.1 cm D were not sampled,
the bivmass of trees and shrubs of this proportion would be lackin B. Two
approaches can be taken to estimate the biomass of the excluded portion
and to add it to the included portion: subsampling the target population

to cover the missed portion or use of existing data from a similar popu-
lation,

The subsampling consists of re-sampling the population to pick up
the missed portion. Because the missing quantity is generally less impor-
tant than the included portion, only a proportion of the original sample
would be re-sampled, a smaller subplot may suffice, or both, The re-
sampling is basically straightforward, following most of the original sam-
pling procedure. It is, however, costly and seldom used in practice,

The second approach uses existing data, usually from other inven
tories or studies, as a substitute or “model”” for the missing data. Alem-
dag (1982b), for example, describes and illustrates a method which finds
the ratio of the missing portion of biomass to the included portion for
varying diameter cut-off limits. In Alemdag’s example, a diameter limit
of 5.1 em for a particular jack pine stand indicates that the excluded por-
tion was 0.43 per cent of the included portion; a 9.1 cm limit excludes
1.53 per cent. The approach assumes that the structure {that is, size class
distribution of trees in the stand) of the model is similar to that of the
stand condition being adjusted. However, because ratios were used, the
total biomass or volume of the respective stand conditions do not neces-
sarily have to be alike.

Stand structure is critical to the success of the adjustment; hence,
stand tables or a tree frequency graph, such as shown in Figure 12 and
expanded in Figure 13, can be of considerable help in judging how well
a model and a particular case match,

Suppose that the stand structure shown in Figure 12 is used as the
model for estimating the proportion of biomass below a diameter limit
of 9.1 em. The model is reproduced in Figure 13, along with two addi-
ticnal stands having trees below 9.1 cm presented for discussion pur-
poses but which are assumed to lack data in practice. What are the
consequences of using this model to estimate proportion? In the case of
Stand 1, Figure 13 shows that the proportion of small trees is greater than
that of the model. This is also reflected in the stem counts in Table 28,
which shows the stem wood biomass for each diameter class. The ratio
of biomass below 9.1 em to that above for the model is 2.3 per cent. Even
though the model and Stand 1 have a similar total biomass, the ratio for
Stand 1is 11.5 per cent. Accordingly, the model will greatly underesti-
mate biomass below a diameter of 9.1 cm. However, Stand 2, which has
a much lower total biomass than the model, has a similar size class distri-
bution (structure) and a ratio that is close to that of the model. Conse-
quently, the model will provide a fairly good estimate of Stand 2's
biomass below a diameter of 9.1 cm. Both histograms in Figure 13 and
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the stand tables in Table 28 provide an useful guide to whether or not
a particular model can be used. Of course, the stands in question will
lack small trees and, thus, part of the structure, but the user can extrapo-
late the general form drawing on experience with data from similar
stands. The use of such data is really a verification procedure which is
extremely important in any kind of modelling exercise. The user should
constantly pursue the question, is the model a reasonable representation
of the case being treated? How realistic is it?

Alemdag (1982b) describes and illustrates other variations of using
ratios to cope with missing portions. The examples reveal, incidentally,

that for trees 5.1cm D or less, the proportion of biomass missed is usually
small.

Table 28. Frequenct and stem wood biomass distribution of three stands

Model Stand 1 Stand 2
Stem wood Stem wood Sterm wood
[Mameter Trees biomass Trees biomass Trees biomass
class (em) Height (m)  per ha (kg /ha) per ha (kg /ha) per ha (kg ! ha)
{ 13 33 535 500 30 150 10
2 35 467 R3 700 125 200 53
4 55 400 13 7ia 858 100 249
i 7.2 100 328 700 2 287 75 408
H 8.7 108 758 &0 4210 60 526
10 10.0 108 1363 481 6 068 63 704
12 1.2 135 2795 407 8242 45 972
14 12.2 183 5 498 372 11 176 Vi) 2353
16 13.1 175 7364 147 a 185 51 2 146
18 13.8 200 11 279 101 3 6% 62 3 496
20 14.5 171 12 487 92 f 718 31 2264
22 15.1 138 12 539 58 5333 44 3 677
24 15.6 Vi 8 035 63 7130 19 2150
2b 16.1 46 6 286 11 1503 21 2 869
28 16.5 25 4 a9 0 0 11 1786
30 16.8 B 13523 0 0 0 0
Total 2671 75 000 474 63 b6l 139 23 663
Summary
0 — 90¢cm 1 667 7510 882
91— 30.0 73333 65 561 22841
Ratio (%) 23 115 3.6%




b. Exclusions of noncommercial species

Adjustments for noncommercial species lacking in an inventory can be
approached in the same way as missed trees. Either the population must
be re-sampled to pick up the noncommercial portion or a search made
for an existing substitute or analogue. In this case, the use of an analogue
is unlikely to be reliable. A particular cover type or stand having minor
noncommercial species may not have them in another case, or the
proportions could vary greatly. Stands purely or predominantly of non-
commercial species will be very difficult to estimate accurately using
projections from other inventories or studies. Consequently, a re-survey
is recommended as the only reliable means of handling noncommercial
species. However, the original cover type map may be a great help in
directing sampling effort to areas most likely to have noncommercial spe-
cies. Certain stands may be known to have a very low possibility of con-
taining noncommercial species, others known to have 2 higher chance.
Some areas, perhaps classified and mapped generally as brush areas,
slides, abandoned fields, etc. may have a high likelihood of having a
large proportion of noncommercial species. Accordingly, weights could
be assigned to the cover types and used to increase the efficiency of sam-
pling. Otherwise, the re-survey will follow most of the procedures of a
conventional field survey (Section 1).

¢. Exclusion of unmerchantable components

The problem of recovering excluded unmerchantable components of a
tree applies only to the case where all basic sample tree data are unavaila-
ble and merchantable volume-to-biomass conversions must be used. If
the sample trees are available, then all tree components can be estimated
through the single tree equations, including the unmerchantable compo-
nents (Chapter II1, Section 6).

As in the preceding two cases, if the unmerchantable fraction is not
determinable directly, two options can be considered : re-sampling to
estimale the proportions, and approximation using a closely related ana-
logue. If re-sampling is to be followed, the procedures will be similar to
that of a new survey. The results will be reliable but the survey will be
too expensive in most cases. The use of related inventory data to provide
a model estimating unmerchantable proportion should, in most cases,
turn to the use of stand tables. Otherwise global proportions are too sus-
ceptible to bias because the merchantable and unmerchantable propor-
tions are sensitive to tree size. Therefore, the diameter distributions,
such as in a stand table, are the least that can be accepted. The procedure
for using a stand table draws on the merchantability equations developed
by Alemdag (1982a) and the procedure described in Chapter I1l Section 6,

6. Summary
When designing a forest biomass inventory, the planner should be fully
conversant with the current forest inventory procedures used in Canada.

These are primarily designed, developed, and carried out by the
provinces and territories. Although the procedures vary among them,
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considerable progress towards standardization has been brought about
by metric conversion, by activities of the joint federal/ provincial Cana-
dian Forest Inventory Committee, and by developing new technology
such as Geographic Information Systems which already play an impor-
tant role in forest inventory. Company practices largely follow those of
the province or territory in which they operate. Biomass inventory
should generally take advantage of and be integrated with current inven-
tory practice.

If plot sample data are kept intact, most of the costly work — photo
interpretation, mapping, field sampling, and compilation — will have
already been done. The development or adaptation of existing single-tree
biomass equations and minor modification of compilation procedures
will be the main areas of work. Much duplication of effort can be avoided
by integrating biomass inventory with current forest inventory meth-
odology.

Whenever possible, the use of single tree biomass equations of an
appropriate model for each species should be favoured over the use of
conversion factors or ratios. Proper sampling procedures concerning the
selection of trees for developing or validating single-tree equations and
statistically defensible sampling designs will do much to ensure the relia-
bility of the biomass estimates, especially the control of bias which may
distort estimates. The use of volume to biomass conversions should be
regarded as a last resort because of the difficulty of employing conver-
sions which include all important stand components and which ade-
quately represent the forest area being inventoried,
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The definitions in the Glossary are based mostly on terminology
from the following sources:

Alemdag 1980, 19581, and 1982a
Anon, 1973

Bonnor 1978, 1982a, 1982b, and 1985
Freese 1962

Keays 1971

The above are listed in the References. In some cases the definitions were
copied verbatim from the source; in others we altered the definitions to
suit the biomass context. In a few cases we made our own definitions
to fill eur the meaning of terms.

Aboveground biomass: biomass of a living tree including stem wood,
stem bark, live branches, twigs and leaves or needles, and fruits or
cones. c.f. forest biomass, whole tree.

Accuracy : a measure of the distortion of estimates of a parameter (charac-
teristic) from the true value of the parameter. The mean square error
is a common expression of accuracy. ¢.f. bias, precision.

Basal area:

a) of a tree, the area in square metres of the cross section at breast
height of the stem.

b) of a stand, the area in square metres per hectare of the cross sec-
lion at breast height of all the trees,

Basal area factor: the basal area per unit of stand area corresponding to
the angle of projection of a gauge, prism, or other angle instrument.

Base map: a map which displays basic planimetric information (drainage
and cultural features) and which is used as a base for the forest map.

Basic wood density : the ratio of ovendry mass of wood to the green vol-
ume of the same quantity of wood expressed in kg/m?. c.f. density,

Bias: the difference between the expected value of an estimate and the
true value of the quantity being estimated. ¢.f. accuracy, precision.

Biomas: quantity of living matter in a given ecosystem expressed in
terms of its mass. ¢.f. mass.

Biomass components: see tree components, stem components, primary
division of components, secondary division of components.

Bole: a tree stem once it has grown to a substantial thickness, capable
of yielding saw timber, veneer logs, larger poles or pulpwood.

Bottom of stump: the place where the stump meets the general ground
level. c.f. ground level.




Branches: the wood and bark of a tree extending from the main stem(s)
to the foliage, excluding twigs. ¢.f. large branch, small branch.

Brush: shrubs and stands of short, scrubby tree species that do not reach
merchantable size.

Cluster: a statistical sample unit comprising two or more sample plots
or other elements.

Collinearity: in a system of linear equation, a condition where one
independent variable is perfectly correlated with another,

Commercial species: a tree species for which there is a current market.
Cones, nuts, and fruits: reproductive parts of a tree.

Confidence limit: during the estimation of one or more parameters, a
statement of the limits around the estimate within which the parame-
ter can be expected to fall with a prescribed level of confidence. For
example, the true height of a tree may be estimated to be 17.2 m within
limits of +1.6 m with a 95 per cent probability.

Crown area: the area covered by the vertical projection of a tree crown
to a horizontal plane.

Crown diameter: the horizontal distance between two extremities of the
crown on opposite sides of the tree.

Crown length: the vertical distance from the top of a standing tree to the
base of the crown, measured either to the lowest live branch or to the
lowest live branch-whorl.

Cull: trees or logs or portions thereof that are of merchantable size but
are rendered unmerchantable by defects.

Cull factor: the percentage of a standing tree’s gross volume rendered
unmerchantable by defects.

Dbh: see diameter at breast height.

Density: the ratio of mass of a substance to the volume of the quantity.
c.f. basic wood density, stand density, specific gravity.

Dependent variable: in linear regression, the variable which is predicted
or estimated from a linear combination of independent variables.
Usually designated by the symbol y.

Depletion: the decrease in volume on a managed forest area. The
decrease may be due to logging, fire, insect and disease damage, and
other causes.

Diameter at breast height: the stem diameter outside bark of a tree mea-
sured at breast height (1.30 m above ground level). c.f. ground level.
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Diameter class: any interval into which the range of stem diameters of
trees or diameters of logs is divided for classification and use. Also the
trees or logs falling into such an interval.

Diameter inside bark (dib): the diameter of a tree or log excluding double
bark thickness.

Diameter limit: the minimum, and occasionally the maximum diameter
to which trees or logs are to be measured, cut, or used. The limits
generally refer to the breast height, the top, or the stump.

Diameter outside bark (dob): the diameter of a tree or log including bark.

Even-aged: of forest, stand, or forest type in which small age differences
exist between individual trees.

Foliage : organic tree material capable of photosynthesis. The component
foliage also includes twigs. c.f. twigs.

Forest: a community of trees having a minimum crown closure of 10 per
cent.

Forest biomass: the total mass of living woody plants growing on an area
including stem wood, stem bark, live branches, twigs, leaves or nee-
dles, and fruits or cones. Usually measured in tonnes per hectare. May
also include roots. c.f. aboveground biomass, whale tree.

Forest map: a base map to which forest data have been added.

Forest type: a group of forested areas or stands of similar composition
which differentiates it from other such groups. Forest types are us ually
separated and identified by species composition and often also by
height and crown closure classes. In detailed typing, age, site and
other classes may be recognized. The typing is usually done on aerial
photos and may be supplemented by field data. Type symbaols and
boundaries are marked on the photos and transferred to the forest
map.

Forked tree: a tree which is forked above 1.30 m from the ground level,
If the fork occurs at or below 1.30 m, the tree is considered to be
actually bwo trees,

Form factor: the ratio between the inside bark volume of a tree stem and
the volume of eylinder having the same diameter and height.

Full tree bole: tree stem including wood and bark from stump to the tip
of the tree.

Green mass: the mass of a tree or a biomass sample measured immedi-
ately after cutting.

Cross merchantable volume: volume of the main stem excluding stump
and top but including defective and decayed wood of trees or stands.
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Gross total volume: volume of the main stem including stump and top
as well as defective and decayed wood of trees or stands.

Ground level: the point where the tree touches the ground on the uphill
side. ¢.f bottom of stump, diameter at breast height.

Hardwood(s): trees belonging to the botanical group Angiospermae with
broad leaves usually all shed annually. Also, stands of such trees and
the wood produced by them.

Hardwood type: a forest type in which 0.25% of the canopy is conifer-
ous, c.f. softwood type, mixedwood type.

Height class: any interval into which the range of tree or stand heights
is divided for classification and use,

Immature: in even-aged management, those trees or stands that have
grown past the regeneration stage, but are not sufficiently developed
to be harvested,

Independent variable: in linear regression the variable which, often in
combination with other independent variables, is used to predict or
estimate a dependent variable. The independent variable is often
designated by the symbol x or x;, Xs,...,x,, where there are several,

Large branch: live branch segment of at least 2.50 m with a diameter at
the small end of at least 9.1 ¢m. c.f. branches, small branch.

Leaves and needles: the photosynthesizing portion of a tres.

Management inventory: a detailed, intensive forest inventory for man-
agement purposes, of an area managed as one unit,

Mass: the numerical measure of the property of a body by which it
requires force to change its state of motion. The unit of mass is the kilo-
gram in the International System (S1), and the pound in the imperial
system. c.f. biomass.

Mature: stands or forest types past rotation age. Growth has culminated.

Merchantable diameter; a specified tree diameter at breast height below
which trees will generally not be harvested.

Merchantable height: the length of stem from the ground to merchanta-
ble top diameter. c.f. merchantable top diameter.

Merchantable stem bark: the bark portion of a tree stem between stump
height and the height on the stem of a minimum top diameter.

Merchantable stem wood: the wood portion of a tree stem between
stump height and the height on the stem of a minimum top diameter.

Merchantable top diameter: of a standing tree, the diameter at merchant-

able height, i.e. at the smaller end of the uppermost merchantable log.
Measured inside bark. c.f. merchantable height.

g2




Merchantable tree: a tree having a diameter at breast height equal to or
larger than the merchantable diameter.

Minimum top diameter: see merchantable top diameter.

Mixedwood type: a forest type in which 26%-75% of canopy is conifer-
ous. c.f. hardwoed type, softwood type.

Mortality: death or destruction of forest trees as a result of competition,
disease, insect damage, drought, wind, fire, and other factors, exclud-
ing harvesting.

Net merchantable volume: volume of the main stem, excluding stump
‘and top as well as defective and decayed woed of trees or stands.

Non-commercial species: a tree species for which there is no current
market.

Non-forest land: land not primarily intended for growing forest, or not
supporting it.

Non-stocked forest land: land capable of producing forest but generally
lacking m tree growth.

Operational inventory: an intensive forest inventory of a small area for
harvesting purposes.

Ovendry mass: the mass of a tree or biomass sample which, when dried
in an oven, has attained a constant minimum moisture content.

Overmature: stands or forest types past rotation age. Openings in
canopy as a result of mortality becoming apparent.

Photo interpretation: the extraction of information from photos or other
recorded images.

Phototyping: the delineation and labelling of natural or cultural features
on aerial photos.

Paint sample: a sample unit or element in which trees are selected for
inclusion from a point with probability proportional to their basal area.

Point sampling: a method of selecting trees for measurement, and for
estimating stand basal area, at a sample location or point sample. Also
called plotless cruising, angle count method, or Bitterlich method. In
point sampling, a 360 degree sweep is made with an angle gauge such
s a prism about a fixed point. The stems whose breast height
diameters appear larger than the fixed angle subtended by the angle

gauge are included in the sample.

Population: the aggregate from which the sample is chosen. In forest
inventories, the population is usually trees or clusters of trees in a for-
ested area for which information is required.

Precision: the variability of a series of sample estimates — the difference
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between a sample estimate and the estimate obtained from a complete
enumeration using the same method and procedures. Generally, ran-
dom deviation from the sample mean. The mean square error (MSE),
a measure of accuracy, illustrates the relationship between precision
and bias:

MSE = Precision squared + Bias squared

The precision or sampling error is usually expressed as the standard
error of the sample estimate, either as an absolute value or as a percent-
age of the estimate. ¢ f. accuracy, bias.

Primary division of components: of a tree, stem wood, stem bark, live
branches, twigs and leaves (or needles), and fruits (or cones). c.f. tree
biomass, tree components, secondary division of components,

Prism: an optical instrument used as an angle gauge, consisting of a thin
wedge of glass which established a fixed (critical) angle of projection
in a point sample.

Productive forest land : land that is capable of producing a merchantable
stand within a reasonable length of time.

Reconnaissance inventory: an exploratory, extensive forest inventory
with no detailed estimates obtained.

Regeneration : the renewal of a forest crop by natural or artificial means.

Regional inventory : a detailed extensive forest inventory for planning on
a regional or provincial basis,

Relascope: an angle gauge, used in pomnt sampling, in which bands of
different widths are viewed through an eyepiece, resulting in cor-
responding angles of projection.

Sample: a subset of one or more of the sample units into which the popu-
lation is divided. The samples are selected to represent the population
and examined to obtain estimates of population characteristics.

Sample plot: a sample unit or element of known area and shape.

Sample unit: one of the specified parts into which the population has
been divided for sampling purposes. Each sample unit commaonly con-
sists of only one sample element which may be a sample plot, a point
sample, or a tree. If the sample unit contains more than one sample
clement, it is termed a cluster. In probability sampling, the sample
until are selected independently of each other while the sample ele-
ments within a sample unit (cluster) are not.

Sampling: the selection of the sample unit from a population and the
measurement andfor recording of information contained therein to
obtain estimates of population characteristics.

Sampling error: see precision.




Sampling frame: a list or accounting of all sampling units that make up
a population, In most applications the list is conceptual rather than
actual because of the large number that may be involved.

Sapling: a young tree having a diameter at breast height greater than 10
cm and less than the smallest merchantable diameter.

Sawtimber: trees that will yield logs suitable in size and quality for the
production of lumber.

Scrub: inferior growth consisting chiefly of small or stunted trees and
shrubs,

Secondary division of components: of a tree stem, merchantable wood,
merchantable bark, stump wood, stump bark, top wood plus bark.
c.f. stem components, primary division of components.

Seedling: a young tree having a diameter at breast height equal to or less
than 10 em.

Shrub: any woody perennial plant species which according to recog-
nized taxonomy tests is defined as a shrub. c.f. tree.

Site: the complex of physical and biological factors for an area which
determines what forest or other vegetation it may carry. Sites are clas-
sified either qualitatively by the climate, soil. and vegetation or quan-
titatively by relative productive capacity.

Site capability classes: and interval into which the site ciapacity range is
divided for classification and use.

Site capacity : the mean annual increment in merchantable volume that
can be expected for a forest area, assuming it is fully stocked by vne
or more species best adapted to the site, at or near rotation age.

Site class: any interval into which the site index is divided for classifica-
lion and use.

Site index: an expression of forest site quality in terms of height, at a
specified age, of dominant and codominant trees in a stand. May be
grouped into site classes, Usually refers to a particular species.

Site quality: a measure of the relative productive capacity of a site for
One or more species,

Slash: the residue left on the ground after felling, tending, and simple
accumulation as a result of storm, fire, girdling, or poisoning. Includes
unused logs, uprooted stumps, broken and uprooted stems.

Small branch: live branch segments with a diameter less than 9.1 cm at
the large end, c.f. branches, large branch.

Softwood(s): Cone-bearing trees with needle or scale-like Jeaves belong-

ing to the botanical group Gymnospermae. Also, stands of such trees
and the wood produced by them.
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Softwood type: a forest type in which 76-100% of the canopy is conifer-
ous. c.f. hardwood type, mixedwood type.

opecific gravity: the ratio of a quantity of mass to the mass of an equal
volume of water. ¢ f. density

Stand : a community of trees possessing sufficient uniformity in compo-
sition, age, arrangement, or condition to be distinguishable from the

torest or other growth on adjoining area, thus forming silvicultural
management entity.

Stand components: the division of trees in a stand into merchantable
trees and submerchantable trees,

Stand density; a quantitative measure of tree cover on an area, In lerms
of crown closure, number of trees, basal area, or volume. In this con-
text, tree cover includes seedlings and saplings, hence the concept car-
ries no connotation of a particular age. Expressed on a per hectare
basis. c.f. density, stocking.

Stand height:

a) in mensuration: the average height of dominant and codominant
trees of the main species forming the stand.

b) in remote sensing: the average height of dominant and
codominant trees in a stand.

Stand table: a summary table showing the number of trees per unit area
by species and diameter classes, for a stand or forest tvpe. The data
may also be presented in the form of a trequency distribution of
diameter classes.

Stem: the principal axis of a plant from which buds, shoots, and
branches are developed. In trees, it may extend to the tip of the tree
as in some conifers, or it may be lost in the ramification of the crown,
as in most deciduous trees.

Stem bark: the bark of a tree stem from ground level to the tip of a tree.

Stem components: the segments into which a tree stem has been divided
conceptually, for classification and use. c.f. secondary division of com-
ponents.

Stem wood: the wood of a tree stem from ground level to the tip of a tree.

Stocking: a qualitative expression of the adequacy of tree cover on an
area, in terms of crown closure, number of trees, basal area, or volume,

in relation to a pre-established norm. c.f. stand density.

Stock table: a summary table showing the volume of trees per unit area
by species and diameter classes, for a stand or forest type.

Stratum: a subdivision of a forest area to be inventoried. The division

of a population into strata (stratification) is usually done to obtain sepa-
rate eshmates for each stratum.
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Stump bark: the bark portion of a tree stem between ground level and
a specified stump height.

Stump height: the vertical distance between ground level and the top
of a stump. On slopes, ground level is generally taken on the upper
side of the stump. Stump height may be the actual height of a cut
stump, or some arbitranly selected standard,

Stump wood: the wood portion of a tree stem between ground level and
a specified stamp height.

Top bark: the bark portion of a tree stem from a specified stem diameter
{minimum top diameter) to the tip of a tree.

Top diameter: see merchantable top diameter,

Top wood: the wood portion of a tree stem from a specified stem
diameter (minimum top diameter) to the tip of a tree.

Tree: any woody perennial plant species which according to recognized
dendrology texts is defined as a tree. c.f. shrub.

Tree biomass: the mass of the aboveground portion of a live tree. c.f.
whole tree.

Tree components: the segments into which a tree has been divided con-
ceptually, for classification and use. c.f. primary division of com-
ponents,

Twigs: the leaf-bearing sections of live branches with a diameter equal
to or less then 0.5 ¢em outside bark. ¢.f. foliage.

Type map: a map showing the distribution of various environmental
types such as soil, vegelation, or site throughout a forest area.

Uneven-aged: of a forest, stand, or forest type in which intermingling
trees differ markedly in age.

Unmerchantable: of a tree or stand that has not attained sufficient size,
quality and/or volume to make it suitable for harvesting.

Unmerchantable top: the wood and bark of a tree stem from a specified
stem diameter (minimum top diameter) to the tip of the tree.

Unproductive forest land: land that is incapable of producing a mer-
chantable stand within a reasonable length of time.

Volume: the amount of wood in a tree, stand, or other specified area,
according to a given unit of measurement or some standard of use. The
unit of measurement may be cubic metres or cubic metres per hectare.
The standard of use may be pulpwood or sawtimber. Usually refers
to the volume inside bark, and is according to different specifications
which include stump height, minimum diameter at breast height and
minimum top diameter.




Volume equation: a statistically-derived expression of the relationship
between volume and other tree or stand variables. Used to estimate
volume from more easily measured variables such as diameter at breast
height, tree or stand height, and crown closure.

Volume table: a table showing the estimated average tree or stand vol-
ume corresponding to selected values of other, more ecasily measured,
tree or stand variables. Used in the same way as the volume equation,
from which it generally is constructed. Occasionally constructed from
a graphically-derived relationship between volume and other tree or
stand variables. Constructed for individual species or species groups,

Whole tree: includes all component parts such as stem wood with stump
and top, stem bark with stump and top, live branches, twigs and
leaves (or needles), and fruits (or cones). Roots may be included under
certain circumstances. o.f. aboveground biomass, forest biomass, tree
biomass,

Yield table : a summary table showing characteristics at different ages for
stands (usually even-aged) of one or more species on sites of differing
qualities. The stand characteristics usually include average diameter,
average height, total basal area, number of trees, and volume per
hectare.
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A. Standards of measurement relating to field work

1

) |

6.

The diameter (D) and height classes specified in this manual are for
sampling purposes only. Because the trees are recorded by their actual
diameters and heights, any grouping most appropriate for a particular
situation can be formed at a stage later on during the analyses.

If a knot is encountered at a point on the stem (including breast
height) where the diameter is to be measured, the diameter directly
below the knot should be recorded, but there should be no cor-
responding adjustment in length.

Sample disks should be taken so as to avoid branch stubs.

Weighing should be done immediately after felling.

- Green mass of a component of a sample tree is the mass taken in the

field after felling, or in the laboratory if the tree or shrub is very small.

Other descriptions, measurement standards, and codes are as
follows:

(a) Age
Number of annual rings at the place of measurement;
(b) Diameter (stem or branch)

To the nearest 0.1 em (1 mm);

By circumference:;

With a record of one measurement {actual value);
By the use of diameter tape;

(e} Diameter (crown)

To the nearest 0,5 m (50 cm);

In twa directions (north-south and cast-west) on the perpendicu-
lar projection of the crown on the ground;

With a record of the average (actual value);

By use of metallic measuring tape;

(d) Diameter (D) classes

0.1 — 5.0 cm code: 1
51— 10.0cm. 2

10,1 — 150 ecm 3

15.1 — 200 em 4

201 —=2530em 5

251 —300cm 6

30,1 —350em 7

35.] —400cm 8

401 —450cm 9

45.1 —50.0 cm 10

ete ;

2 cm classes are recommended for plantations);
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(@) Double-bark thickness

(f)

To the nearest 0.1 em (1 mm);

Al one diameter direction taken randomly (total of two readings);
With a record of the total of two measurements (actual value);
By use of a Swedish bark measurer at 1.30 m and at uncut sections,
and using a ruler at cut surfaces;

Width of annual rings

To the nearest 0.1 em (1 mm);

{(g) Total tree height (standing)

To the nearest 0.1 m (10 em);

From the ground level to the tip of the main stem;
With a record of one measurement (actual value);

By use of a Haga height measurer or aluminum poles;

(h) Shrub height

{1}

To the nearest 0.01 m (1 cm);
From the ground level to the tip of the main stem;
With a record of one measurement (actual value);

Section length (including stump and top)

To the nearest 0.01 m (1 em);
With a record of one measurement (actual value):
By use of metallic measuring tape;

(k) Height classes

001 —0.30 m code: 1
0.31 — 080 m 2
081 —1.30m 3
131 —500m =1
5.01 — 10.00 m 5
10.01 —15.00 m 6
15.01 — 20,00 m 7
20,01 — 25.00 m 8
25.01 — 30.00 m 9
3001 —35.00 m 10
35.01 — 4D0.00 m 11
el ;
{I) Crown (social) classes
Dominant code: 1
Codominant 2
Intermediate 3
Suppressed 4 [
Dead 5
{m)Mass (tree components, before samples are removed) (

P
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To the nearest 0.1 kg (100 g) (However, if the total mass of a tree
component is under 1 kg, record to the nearest 0.001 kg [! gl
using lab scale);

With a record of one measurement (actual value);

By use of a tensiometer weighing scale.

(n) Tree status

Living code: 1
Dead 2

{0) Crown closure

1—25% code: 1
26 — 50% 2
51 —75% 3
7h — 100% 4

7. For terminology refer to Appendix A

8. The tally sheets and the other recording forms are as per cxamples
provided with this manual (Appendix E).

B. Checklist of suggested equipment and
instruments for field work

Forms, paper, pencils

Compass

Stereascope

Right-angle prism

Pickets (range poles)

Metallic tapes (30 m and 2 m)
Diameter tape (with mm divisions)
Increment borers (25 cm and 40 cm)
Haga height-measurer

Swedish bark-measurer

F-shaped caliper for 9.1 em diameters
Magnificr

Flagging tape (plastic or cloth)
Marker (felt-tip, for writing purposes)
Timber seribe

Axe with blade guards and extra handles
Sandvik clearing axe with spare blades
Chainsaw with spare chains
Chain-sharpener kit

Gasoline and oil containers

Fire extinguisher for gasoline fires
Gloves

Safety pants

Chainsaw earmuffs

Bow saw (45 ¢m) with spare blades
Pruning saw

Pruning clippers (secateurs)
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Plywood platform (about 75 em x 75 ¢m)

Tensiometer weighing scale (a direct-reading scale) with ladder and
ropes

Polyethylene covers (3 m x 3 m)

Polyethylene bags (20 em x 20 em, and 30 em x 50 cm)

Metal strings for sealing the bags or masking tape

Metal garbage cans with handles

Stapler and staples

Clipboards (metal with cover)

Balls of string (for making plot perimeters etc.)

Rechargeable pocket calculator

Walkie-talkie

First aid kit

C. Definitions and standards of measurement
relating to laboratory work

1. The samples should be dried in a forced-air oven at 105°C + 3°C for
24 to 48 hours or until no change in sample mass is noted.

2. The green mass of a sample is the mass measured in the laboratory
immediately after the polyethylene bag is opened.

3. The ovendry mass of a sample is the mass recorded immediately after
the sample is removed from the dessiccator when there is no change
in the mass of sample material.

4. Wood density is the ratio of the mass of a quantity of a substance to
the volume of that quantity and is expressed in terms of mass per unit
volume (in this manual, ovendry mass/green volume in terms of
glem? at room temperature),

5. The green or ovendry samples should be weighed to the nearest 0.1 g

6. The diameter and width of annual rings on the disks should be mea-
sured to the nearest millimeter.

7. Examples of recording forms are provided with this manual {Appen-
dix E).

D. Checklist of suggested equipment and
instruments for laboratorv work

Forms, paper, pencils

Wax pencil

Indelible copying pendil

Aluminum trays or foil pans {various sizes)
Paper towels (low-quality, brown) |
Magnifier i
Stapler and Staples '
Sander (belt type) r
Mallet and 3.8 cm chisel \

104 ‘




Vise (for wood disks)

Handsaw

Pocket knife

Sturdy hunting knife

Water container and necessary attachments (a standard laboratory metal-
stand with a metal arm and moving ring clamps)

Oven (thermostatically controlled and fan-vented)

Dessiccators

Silica gel for desiccators

Precision balance (capacity of at least 4.0 kg)
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APPENDIX C

Tree species codes
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Code

010
020
030
040
050

0&0

o070
0go
0490
091
03z
083
084
0495
096

100
110
120
130

131

132

140

150

180
194
192
200
210
211

220

230

240

Canadian Forestry Service numerical codes

Species Common
Hame

Fine

Eastern white pine
Red ping

Jack pine
Lodgepole ping

Ghore pine

Ponderosa ping
Western white pina
Miscelianeous pines
Limber pine

Fitch pine

White bark pine
Scols pine

Austrian pine
Mugho pine

Spruce
Black spruce
Red spruce
White spruce

Porsild spruce

Weslern whila
Spruce

Engelmann spruce
Sitka spruce

Miscellaneous spruce
MNorway spruce
Colorado spruce

Fir

Balsam fir

Bracted balsam (ir

Alpine fir
Grand lir

Armabills fir

for tree species
(Established in the 1950s)

Species Botanical Mame

Pinus L

Pinus strobus |

Finus resinosa Adl.
FPinus banksiana Lamb,

Finus contorta Dougl var.
latifolia Engeim.

Pinus contorta Dougl var.
conlorta

Pinus pondercsa Laws.
Pinus monticola Dougl.

Pinus Hexits James
Finus rigica Mill

Pinus afbicaulis Engelm.
Finus sylvesins L
Pinus migra Amold

Pirus mugo Turra var.
mughus Zenan

Ficea A Dt
Picea mariana (Mill.) B.S.P
Piced rubens Sarg

Picea glauca (Moench)
Voss

Picea glavca (Moench)
Voss var. porsildil Raup

Ficea glauca (Moench)
Voss var. albertiana (S.
Brown) Sarg.

Picea engelmanni Parry

Picea sifchensis (Bong. )
Carr,

Picea ables (L) Karst
Ficea pungens Engelm
Abies Mill,

Ables balsamea [L.) Mil

Abies balsamea (L.) Mil,
var. Fhanerolepis Fern,

Abies lasiocarpa (Hook.)
Muit.

Abjes grandis (Dougl.)
Lindl.

Abies amabilis (Doug!.)
Forbes

Code

250

251

310

an

390

Jm
392
400
410
420
430

440
450

510

520

530

610
620

630
E40
550

660

670

109

Species Commaon
Hame

Douglas-fir
Biue Douglas-fir

Larch
Tamarack

Alaska larch

Alpine farch
Western larch

Miscellaneous
{arches

European larch
Siberian larch
Cedar [Arbor-vilae)
Eastern white cedar
Westam red cedar
Yellow cypress

Easlern red cedar

Rocky mountain
juniper

Hemiogk

Easlern hemiock

Wastern homlock
Mountain hemiock

Agpen or poplar
Trembling aspen
Largetoolh aspen

Balsam poplar
Eastern collonwood
Plains collonwood

Lanceleal
collonwood

Marrowleaf
cottonwood

Biack cottonwood

Species Bolanical Name

Fseudolsuga menziesit
{Mirb. ) Franco

FPreddolsuga menziesi var.
glauca (Beissn.) Franco

Larix Mill.

Larix faricina (Du Hoi) K.
Koch

Larix laricina (Du Roi) K.
Koch var. alaskensis
(Wight) Raup

Larix fyailii Parl.

Lanx ccoidentalis Mutt.

Larix decidua Mill,
Larix sibirica Ledeb.
Thuja L.

Thuja oecidentatis L
Thuya phicala Donn

Chamaecyparis
nootkatensis (0. Don)
Spach

Juniperus virginiana L.

Juniperus scopulorim
Sarg.

Tsuga (Endl.) Carr.

Tsuga canadensis (1..)
Carr.

Tsuga helerophylla (Ral.)
Sarg.

Tsuga merlensiana (Bong.)
Cair.

Populus L,
Populus Iremuloides Michx.

Populus grandidentala
Michx,

FPopuius balsamitora L.
Populus delfoides Barlr,

Fopulus delfoides var.
occidentalls Rydb.

Populus x acuminata Rydhb.
Populus angusiitolia James

Populus irichocarpa Torr.
and Gray




Code

620

691

692
693

700
10
71

712

713
14

7

720

130
a0
791

792

743
7594

810
820
B30
840
B50
as1

860
830
Ban
Ba2
8923

Specles Common
Hame

Mizcellaneous
poplars

Carolina poplar

Silver poplar
Lombardy poplar

Birch
White birch

Wesiern white
{paper) biich

Mountain white
{papet) birch

Alaska birch

Large-truiled white
birgh

Sliver (weoping)
whitix birch

Northweatarn white
birch

Gaspe white birch

Yellow birch

Grey birch
Miscellaneous birch
Walter tirch

Blugleal birch

Kenai birch
Cherry birch
Maple

Sugar maple
Red maple:
Black maple
Silver maple:
Manitoba maple

Inland Manitoba
maples

Bigleal maple
Miscellaneous maple
Mountain maple
Striped maple

Vine maple

Specles Bolanical Name

Populus = canadensis
Moench

Populus alba L.

Populus rigra . var, falica
Muenchh.

Befufa L.
Beltula papynifera Marsh

Belula papynfera Marsh.
var. commulala (Reg.)
Fearn,

Betula papyrifera Marsh.
var, cordifolia (Reg.)
Fern.

Betula necalaskans Sarg

Belula papyrifora Marsh
var. macrostachya Fern,

Beluia penduia Roth

Botuls papyrifera Marsh,
var. subcordata (Rydb.)
Sarg.

Betida papyritera Marsh

varl. elobata (Fern, ) Sarg.

Belula alleghaniensis
Britton (Betula lutea
Michx 1)

Betula populitolia Marsh,

Belufa ocoidentalis Hook.
(Belufa fontinalis Sarg.)

Belula caerulea—grandis
Blanch.

Betula kensica Evans
Befula lenfa L

Acer L

Acer saccharum Marsh
Acer rubrum L

Acer nigrem Micha T,
Acer szcchaninum L.
Acer negundo L

Acer negundo L. var,
inferips (Britl.) Sarg.

Acer macrophylium Putsh

Acer spicatsm Lam,
Acer pensylvanicur L.
Acer circinalm Pursh

907
908

910
an
912
913

914

915

916

Nz

818

920
921

922
323

aza

925

926

927
o728
928

110

Specles Common
Hame

Douglas maple

Other hardwoods
White alder
Fed alder

Speckled aldar

Mountain alder
Wild crab apple
Pacilic crab appla

Arbutus
Cascara
Chestnut

Ash
White ash
Black ash
Aed ash

Mesrthern red ash

Grean ash

Blue ash

Amencan
mountain-ash

Showy mountain-ash

Basswood
Kentucky collee-tree

Cucumber-tres

Alternale-leaved
dogwood

Houghleaf dogwood

Eastern flowering
dogwood

Westem lowenng
dogwoaod

Elack gum
Hackberry

Golden-fruited
hawlhorn

Species Bolanical Nama

Acer glabrum Torr. var,
douglasi (Hook. ) Dipp,

Alnus rhombifolia Mutl.

Alnus rubre Bong. (Alnus
oregona Mutt.)

Alnug rugosa (Du Rol)
Spreng. (Alnus incana
[L.] Meanch)

Alrius teruifolia Nutt.
Maius coronarfa (L.) Mill.

Malus diversifolia (Hong.)
Feam.

Arblus mensiest Pursh
Atramnus purshiana DC.

Castanea dentala (Marsh,)
Borkh.

Fraxinus L.
Fraxinus americana L
Fraxinus nigra Marsh,

Fraxinus pennsylvanica
Marsh.

Fraxinus pennsylvanica
Marsh, var. austini Fern,

Fraxumis pannsypivanica
Marsh, var.
subintegernma (Vahl)
Fern.

Fraxinus quadrangulata
Michx,

Sorbus amancana Marsh.

Sorbus decora {Sarg.)
Schneid.

Tila americana L

Gymnociadus dioicus (L.)
K. Kech

Magnolia acuminata L.
Cornus Alternifalia L. 1.

Carnus drummaondi oA
Meyer

Cornus florida L,
Cornus nuttalli Audubon

Nyssa sylvatica Marsh.
Ceftic occidentals L.

Crataegus chrysocarpa
Ache



Code

930
431
932

933
934
935
936
937
938
93g

940
941
942
943
G944
845
246
o947

048

as0
851
a52
853
054
055

956
957

958

Specles Common
Hame

Beach
Blug-beech
Columbia hawthaom

Biack hawthorn
Hop-tres
Honey-locust
Red mulbarry
Pawpaw
Rsdbud

Sassalras

Cherry

Wild plum
Bitter cherry
Canada plum
Fin cherry
Biack cherry
Choke chermry

Western choka
chermy

Black choke cherry

Elm

White alm
Slippery alm
Rock elm
Saskaloon-berry

Devwny serviceberry

Pacilic servicatany

Allegheny
serviceberry

Staghorn tumac

Species Botanical Name

Fagus grandifaliz Efeh
Carpinus carohnarma Wall.

Crataegus columbiana
Howell

Crataegus dovgias Lindl,
Fleles irifoliata L
Gleditsia inacanihos L
Morus rubra L.

Asmming fmfoba (L) Dunal
Corcit canadensis L

Sassafras athigym (MNull,)
MNees

Prunus L

FPrunws amencana Marsh,
Frunus emarginata Dougl,
Prunus riigra Ait.

Prunus pensylvarirca LI,
Prunus Seroling Ehrh.
Prumus virginana L

Prunus vinginiana L. var
demissa (Nutt.) Torr,

Prunus wirgiriana L. var.
melanocarpa (A, Nels.)
Sarg

Litmis L.

Unus americana L

iy rutar s MG

Litmiuts thiorast Sarg,
Amedancher alndoha (N

Amelancher arbwoves
(Michx. 1) Fern

Ameplanchier Bovide Lindl

Amelanchinr laevis Wieg

Rhus fyphina L.

m

Code

958

961

o532

967

a0

a7
ar2
978

973

981
982
583
S84

985
986

987

969
ga0

Species Common
Hame

Sycamorns
Hickaory
Bitternut hickory

Figrul hickary
Big shellbark hickory

FRed hickory
Shaghbark hickory

Ashieaf shagbark
hickary

Mockernul hickory

Tulip-tree

Hop-hornbeam
(lronwood)

Butternut
Black walniul
Chingjuapin oak

Chesinul oak
Oak

White oak
Swamp while oak
Hed oak

Scarlel oak

Black oak
Buir cak

Fin oak
Northern pin oak

Gary oak
Willow [(all species)

Species Botanlcal Name

Fiatanus occidentals L

Carya Null.

Carya cordiformis (Wang.)
K. Koch

Carya glabra (Mill,) Sweal

Carya Laciniasa (Michx. 1)
Loud.

Caryd ovalis (Wang.) Sarg.
Carya ovala (Mill} K. Koch

Carya ovala (Mill.) K. Koch
var, fraxinifolia Sarg.

Carya lomentosa Mutt,
Liriodendran ulipifera L.

Osirya virginiana (Mill.) K,
Koch

Juglans cinerea |,

duglans nigra L

Quercus muehlenhorgi
Engelm.

Chercus prinus L.
Duercus 1.

Quercus atba L
Querces bicalor Willd.
Quercus rutva L.

Quercus cocoinea
Mugnehh

Quercus voluling Lam,

Quercus macrocarna
Michsx,

Quoreus palusiris
Mugenchb,

Ouﬁrcus affipsoidals E.J.
i

Quercus garryana Dougl,
Salix L.
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APPENDIX D

Determining wood density
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EXCERPTS FROM TAPPI'S! PAPER T18M-53,
DATED MARCH 1953

Specific Gravity {Density) and Moisture

ontent of Pulpwood
(The Standard is under jurisdiction of the Fibrous Materials Testing Com-
mittea)

This method is applicable to pulpwood chips and disks from the
cross section of logs.

Specific gravity (sp. gr.) is the ratio of the mass of a quantity of a sub-
stance to the mass of an equal volume of water. It is an absolute value
and, since it is a ratio of similar quantities, is expressed without units.
Density is the ratio of the mass of a quantity of a substance to the volume
of that quantity and consequently is expressed in terms of weight® per
unit volume.

Since wood swells or shrinks, respectively, with absorption or loss
of water, it is necessary to express the specific gravity under specified
conditions of moisture content and volume. The most usual conditions
are the moisture-free weight® and the maximum (green) or the mini-
mum (moisture-free) volume. For most purposes, the maximum volume
basis is sufficient. In the method described here, the specimen is consid-
ered to be swelled to its maximum volume when its moisture content
exceeds the ““fiber-saturation point,”” which lies between 18 and 26% by
weight (wet basis) for most species. Procedures for obtaining the volume
on both the green and moisture-free bases are described in this method,

Apparatus
1. Weighing Scales: A balance with a capacity of 14 to 16 kg (30 ta 35 Ib)

and sensitive to 0.5 g, preferably with a sliding-weight beam gradu-
ated in grams (or 0,001 Ib).

=

Drying Oven: A drying oven maintained at 105 + 3°C (220 + 5°F).

3. Disk Holder: A suitable holder consists of a 3/ 16-inch-diameter rod,
8 ta 10t inches long, with one end fitted into the center of a brass or
bronze disk about 4 inches in diameter and 1/4 inch thick. The side
of the disk opposite the rod is fitted with three prongs about 11/4
inches long and 1/8 inch in diameter. The sharpened points of the
prongs are equidistantly spaced about 3 inches. Variations in design
of the disk holder are permissible.

4. Awaliary Apparatus: Ring stand and clamps. Pans and other con-
tainers for use in soaking samples and obtaining their submerged
weighits,

! Technical Association of the Pulp and Paper Industry, One Dunwoody Park,
Atlanta, Ga. 30333,

¥ Authors’ note: The term weight in this paper is equivalent to the term mass

m the manual.

Many wood technologisis believe that the specific. gravity of wood is roly

expressed only on the basis of moisture-free weight and maximum (green)

violume.
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Specific Gravity or Density

1. Soaking: Submerge the sample in water at room temperature for at
least 1 hour, or longer if necessary.
The purpose of soaking the wood is two-fold : first to insure that the
specimen is swelled to its green volume, and second to eliminate an
error which occurs if the wood absorbs water during the weighing
operation for obtaining its volume, Thus, it is necessary to insure that
the internal cavities be practically filled with water prior to weighing
when submerged, so that further absorption during this weighing is
negligible. When the moisture content is above the fiber-saturation
point, a 1-hour soaking period is usually sufficient to accomplish both
these conditions; otherwise, the soaking should be prolonged until
(cracks), if any, are closed.

[ 2% ]

. Draining: Let the free water drain from the soaked disks by standing
them on edge for a short time and then patting with a cloth or piece
of blotting paper just prior to weighing. While draining, the disks
should not be exposed to a draft, fan, or direct heat. Disks whose sur-
faces show signs of drying out before the weighings can be com pleted
should be returned to the soaking vessel.

3. Determination of Green Volume: In determining the volume of the
specimen it is the outside boundary, exclusive of surface depressions,
that is required. For this reason the disks should be cleanly cut and
all cracks and checks swelled with water until they are closed.
One of the most accurate methods of obtaining the volume of an
abject is by displacement in a liquid, usually water. The procedures
given below may be varied both as to apparatus and operation, Varia-
tions are permissible so long as they adhere to the fundamental princi-
ple involved. Two procedures are described as Method 1 (On the
Balance) and Method 2 (Off the Balance).

Method 1 (On the Balance)

Place a vessel holding enough water at room temperature to com-
pletely immerse an 8- or %-inch diameter disk on the left-hand pan of the
scales, and counterbalance the weight of the container and water. Keep
the counterbalance on the pan throughout all subsequent operations.

Impinge a drained disk on the three-pronged rod and carefully lower
the disk into the vessel so as not to entrap bubbles of air. In a completely
submerged position and not touching either sides or bottom of the ves-
sel, clamp it by means of the ring stand and clamp. If not more than 1/2
inch of the prongs are immersed, the volume of water displaced by them
will be negligible. Again balance the scales. The weight added to restore
balance is the weight, C, of the volume of water equivalent to the volume
of the specimen.*




Note: Disks too large for the container should have been cut into two
or more pieces and properly identified prior to soaking. The above opera-
tions are performed on each piece separately and the weights added to
obtain the weight, C, for the whole disk.

Remove the disk and add water to the vessel until it is counter-
balanced again before immersing the next specimen.

¥ Authors’ note: The weight added, if read in grams, is equal to the volume of
the spedimen in cubic centimeters.
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APPENDIX E

Recording forms for field and laboratory
work together with recorded examples

119 -






.-ﬂhr.. Hi al dl Wi h..“....u. _nl...l..mu_..:..u_- e n el ) il 79 CHF 65 W "n.nﬁ.:n T UG b vl Ar @b W B D e O briyref = [ W .L.. i Bl . = wf o af fr L ¥ L
| | _ | _
| Efd ] _ _
._.___.a_ wwa ._.u___.n_:..ﬂx_“_..-.n._ -_.._: wz‘ ;_m .ﬁv, | . L _.. i = _
.i.:___. doy puw _____mn WAL -_._.__-_.__-_-m.-.Tu..._.__.. _ __ H ] | | _nw_.* m_n_ _ _ t
Tﬁ pud ston .+i-___... vesoy o sog it | NP1 1] | lo]9 .E _ _ _
| T TR T Jo¥ [¢] | R AN L
RN DRRRR RN RN /I1 70 -l R T
LT e s (e e | HEANREN
| | 112 | o#1 |11 jok fo] | L
| 11 o1 fes  |ok 4 FH
el jele (lz  |oF |8 G2 | [0
il ostrlsye lok |L
| Yge eFylpL | |oF |9 |
ok [Lrx1|9b |o¥ |5 |
IBH 1062122 |0F ¥
i85 [9Lb1)6 1€ |oF €
L Y (oLl [L8 o4 |t |
01 _ LTI L _ i€ og1i[rFl o 1 5% LLys shredl e ] e igod |Lo2
L S e . _mlﬁm%uwinsw.mm__gw 3 g e
= F3 L] iz|= HYEEE Pﬂ.l glEE]= i
g =i _ﬂm alie i) 1yley o e mmm;Mdummu.Mumwmm ! b
¥ B moy | oy | wowwp [ssosag| sasy |spebus | speiey | Z17(ZIEL B .._mmah
- =| 2|5 ey 1014

S3ITTVL ONY SINJWIHNSYIW LOTd—31dNVS ‘Yiva a13id

I'ON WHO4 ONIODI NYHLIHOA ‘INYN “ON AONLS
A1vo

1231



Lvd

__: LA o MR L I K. u. ELA N 2 MG R AiF AT L FTE R H Tl _4 L ....,.... REEH £8 SEGE A0 4o _
| BNIER . _ L
| L] _ m _ _
| i |
. | _ | !
| | |
It ace 8
| _
7 LT /s 15 6 [lo WL | [ L[| | Pag jox e | Ik | ¥ [I]I [
T TR et T oL wlss || (oL ba g (o
vl O A R k% s | log |y opll 7| 1L leg @l o
(€ [E¥ ¢ ls¥ s 17 %L ot |59 061 | m e | oF Lo}
1 s |og Cter [zor 1 «M ot [oF] 7 log [8L Il o 9% | ot ls | [zox
02 11 jseL (16 |4T fss€ [9€ | m_ vy |I[1¥ b3 |og m_f___b__ii,m_mm e |l o le |Lo%
M I memww E....._.”__ ___._.u._. nLu._. _Iw__ ‘..Fn.:,. :.u._ .Tu_. e .._,Lu.. ' _Eu“_ = :“._. :_p; 2 :_._ = __.E"_ i i _“.E_“. : __r__“:._ __?..“.v.._ ___F..."_ = i
=1 EFEFER
.“ = B M 9P qop p qop e qep 5P qap (LT qop waip | gyfay u,”.n_:!..«__. yltimyg | pigtigg albie mp upna oy ‘o
“n —.. oA o wEgl Oy gAY =g ylay iyley dumg |ay punnin tmngg | dmngg | ayliny | gaiaw jmag | jemap | HA qaygp ﬁa_u:.J soi) | wmd
(S21SvE) SINIWIHNSYIW 33HI-I1INVS JINTOA ANY SSYIN ‘viva 073l
Z 'ON WHO4 ONIODD NYHLHOA JINYN “ON AONLS




| TR, TR0 . : w.. . m i
. ] .h__.,..._.i.___.ﬁ w35 [ml jemba in uwyy i@ Gy vaan gl
i |
| { 1 1 |
fd { i (S
_
_ | ! & B
| { { { |
_ f .
| _ _
I . . ISl Rt W9 L |5% R4 |9 | b¥la | |Lov
g L L Ll L L L L e e silloviecnissy sy |oe (6 | ok fo /o
g pwal | (wal | (wa] | Qwap | Quea] | (wia] | Qwa] | (waf | (wa) | (=3) | (wa) | (wa] | (ws) | (s=) | (w3} | (== | (@) | (wa) | (&) fusa)
m wpy | WRE |wgg |WpE |MZE [WOE [WEE |WBZ | wpz |wWEz (woz (wgr | e | e sz | oo | s | owg Ey g .”ﬂ”W spaz | oN | e
U WiRg apISIND Ja)aLuei() ....E..Tﬂ- g e
w SINJWIHNSYIW HILIWVIO—NOILIIS WZ “viva a13d
£ ON WHO4 ONIODD NVHLHOA ‘ANYN FON AONLS

Alva



WAy W (] L1 = P |.-r|u|-. ..... A UE O r BT S rewie [w | O 06 S5 N » ..r.__ _.I__.| ..||..|le|_..| 4 .._ L U1 1 M Gk i * ﬁ
[ ] | |
T i ira g} 8l .E.rc i ._,._-.: .nE_n_ an deg 1)
_ _ |
_ _
_ “ |
| e ls B b IL o lkls [ox
0 R s gl B v 1L B fot |1l (90 L1 b1 jow (6 | job |g  |Lo7]
W . fusa} +EH ...iu.:. |mra) ..I.u* ._I.u. “_-___u"_ rlu_ TET] h,!u_ .nE.uv. ..__.-u_. .E.“:. .__._._.u_. ‘_Eu._ _Eu*. __Euu. .?...u_v __“Eu__. __n_h_u, =
.W Hgp | WL | WeE | Wyl |WI0 | WO |WEZ |=97 |wyZ |WZIT |WOLI |wg | wol |yl | Wz Wk | wp | W Mg | wg u_._._____uw._..__“._ Gpoa | “oy oK
f|e ssauyalyl yieq-ajgnog ._.__E.___:___x»_ |
w SINIWIHNSYIW NHVE—NOILI3IS wZg -“viva a13id
YON WHO4 ONIOCDD NYHLHOA ‘JINTN “ON AONLS

aLva




Of 1585 (5 5G5S re CUSS Lh

a_

|

R R ]

By FiF B iF @ G wF LT TF b e BN

A1va

.r.... f ~=7 | .LH ._. Fanag ) aan R TR TR LT il i aja
} 1 !aﬂii__-. o em .-.._ah”._ *“I-_ﬂ.. .-._.rm!-wu LT .MH".-_H_._--.___H* -_g.”.._z_-— + TI_.__...“. 1k
_ _ “ i [y} Buipegan i}
| | i } '
| g L ]
| . 8 i __ | L
il il . L
1 'y —_ .. _
| | 00| ¢ _ ok (Il 1Lo%
_ QQ_. ...uw | _ _ | Q..T W_ | h.n—\w.
405 | ¥ 05 ¢ 7 fog o [L | |Lo
il L] gosg¥ || | 008T  |00€? 008¥ | lo¥ls |lox
0s j0ok 7 nummw. _nﬁ_m.nw Emqu 00€ | loog |00/o¥ QSX‘ 000.0% Qah@ of |g  |L07
M ; {liy) : ____“___.L__ = “:__._. - _E: = _”__,:_.. = ;_-_..___ 1 ...&m.ﬂ = (Exj 5 _-_: ] (LET] . . .
-3 dnj A i B [z 'L g L ILE] FTITE z.hn.-__w:u.a MRl bt Mt TAARH) opas | oy ol
Wl SU0N29S WH)S o may prEg any jewy #ang afueg pr iy | ﬁ!un_._m' LTS g
SINIWIHNSYIN SSYW-N3IIHI ‘viva 0134
GON NHD4 ONIODD NYHLIHOA ‘ANYN “ON AONLS



LIS T ) R )

.:.-...... Wi £4 Mg E T Ed i ha R 5 B WS LG 0% e T o T am e iv o Ge e OF BF U0 O BF BCZE 50 4 e G i m._u.... g A A i _ _
1 I | _..._HL; IR T T T T in by _a.ﬁn .::._..._ :.. n._:r jd g i)
I _ _ _ | | |
m _ o q
|
| | | | |
| | .
[
i _ 1 ] _
[ |
| . | - jeb S| ot Pl |Lov
49 Ierl |lg |[sar |857% Pas ¢S bkl b l5bl| ok |6 [LoZ
1 bek btd o1 (1€ el g7 ogr |/os lost [b¥s| ob [s |lo
_;:;Kmmﬁﬁ.m; €6 8y Ioe L8 B¢ _mmm 9¢ P8 loig omm_ s 5 b LS T Rm _3 d |lo%
m. i (LU "-_Eu _.-_En LI __._:zm. _____Iu _.-_!n ..:;.-.u~ ._m".!n._ - .“.___!m ._.._.._n_u.. ._Li.: EE: _r._En_ ____E: ..__-.dE.u ___._Ea _“_.._:_._u = . )
“ yieg pass ying paa Bpna ] oN
ERuna pio LLLLER ] sByauelg pEag oAy N exqouNly SAY BAIH S0ABY m i) ﬁu_u-ud waig i

S31dINVS ND SLINIWIHNSVIW SSYIN HINVHE ONY 4V3T1 "9IML ‘¥Y1Va 8y

g 'ON WHO4 9NIODD NYHLHOA

-AWYN “ON AONLS
1va

26

1



> _:_ i S ._....,._..!.:..2_“_....4 BEa s _,.".._z.rﬂLﬂﬂ:ﬁu.n.Hrq”_ww..u,f.“ w_wq.”umha.m*.,s. ..__._._._E“ _.“_w“.nﬂ _“._u.:_..Tr._Muﬁ“ﬂ ..”HEH. .“n.m..uu.._"nﬂ__“..mhﬂ”-__.._ r_._..‘.,a-..ﬂE ...,,_. i .-..ﬁ.hﬁ;...ﬂ .fn_._mann _.w.w
. CAmafizadean An___w..d IEETEgIEL W puE (ghEy svas T gop T £ JwEs Syl 39 ENOp qUNA) B par :-.L LTI 4_._” apismn EiqEmeg )
_ L ! | |
_ {
|
4 7 Alli13 e |Lg lod |11 Lox
[ ¢ | |6F 09 prl [r | |oF Il |LoY
£ | by ETS v |9 [Lo2
| | bbol B9l | Py 3 [LoY
v ot e lox |9 o7 PBwl (11 BY Y 8l pr b Kor
_ s7 [x ve |9 |ge ol |z | 19 pol | Py m_ /0%
0 NMils st [ir leb  Plr fe¥ |b sy k39 | |t Kox
_ vl |2 b |oc kSl fot 8% KOI Rk el | ek ls [Lox
b s> L 11 L) 1691 Rls by L1 |8ek lekel | pEle [Lov
€ LIl el Y |9 mG sbrl bk [198 [eidg |960<l| | ok g |Lo¥
|| ot |8} rlr [e¥ [t¥L PpOST (Y97 9611 |orsg pItoY| | le [Lo¥
=M} e R |kl 8F lol 0] [€852 L5 gLl 128 perorly b [ |Lo%
“tanf ¢ I ) O O O _
__.‘uuh“ ” sl eluu Eyup .
o jEnuuE qop |EnuuE Wo IR wo Wa W Wi s ja apEa | oy oy
il jo il i | o
ERIM J(z) 490 Bay  paqumpy poomaBpan g poasy :_e__.iﬂ.. g g | i
SITdWVYS NO SINIWIHNSVIW NSIO—IWILS *VivOd 8vi
[ °ON WHO4 9NIODD NVHLHOA JNVN “ON AONLS

Alva

127



oy

L1 el

L8| ¢ Sg vl 9% |5 o1 [brsr
fu] jwap | N {un) jwaj | ®N (=} jwizg | N ™ fway | "N () fwip | N ] jus) | BN

iy o & i wi on n§ ) i

o | avuap i w | qoeg 1844 | noqap 10g W | asunp ot we | o 13 me | aouan o1
o Y Wy gE wag 57 - =3 g mig OF - =3 §i Wi Gy Wy gy W0y Wy WAL wy g

LR ETE R

S RIS |

E L e |

TEE|I sdamE)

LT E TR T |

LE T ERTIT T T

QF 531031dS

SIHYWIWNS NOILVWHOINI 33H1-31dIANVS 8 'ON WHOA




APPENDIX F

References for
biomass equations developed under ENFOR
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BIOMASS

SPECIES COMPONENT® LOCATION REFERENCE
Alder 5 Prame Peterson et al. (1952)
Alder, red 12 4 British Columbia Standish et al {1985)
Ash, black 123435 Ontario Alemdag (1984b)
Ash, red 123435 Ontaro Alemdag (1984b}
Ash, white 123435 Ontario Alemdag (1984h)
12343 New Brunswick Ker (19800}
Aspen, fargetoth 1 2 3 4 3 Onteno Alemdag (1984b)
12345 Ontaro Alemdag & Horton (1981
34 35 NovaScofia Freedman et al. {1982)
12343 Ontano Horton (1981b)
Aspen, frembling 1 2 3 4 53 Ontano Alemdag (1981)
12343 Ontano Alemdag (1984b)
12345 Onlaneo Alemdag & Horton (1981)
12345 Newfoundland Anon. (1982
5 Western Canada Bella & Franceschi {1980)
1 5  (anada Evert {1983)
12 Canada Evert (1985)
345 Nova Soota Freedman et al. (1982)
1 5 Ontano Horton (1981a)
123 5 NovaSoha Ker (1980a)
1 345 Martime Ker (1984)
12345 Newioundland Lavigne (1982)
3 4 5 Newloundland Lawnigne & Nostrand [1981)
12345 Yukon Manmng et al. {1984)
5 [Praine PMeterson et al. (1452)
5 Quebec Quellet (19830
11 Praine Singh (1982)
12 North West Territories  Singh (1984b)
12 45 Bratish Columina Standish el al. {1985)
Basswood 12345 Onlario Alemdag (1954b)
Beoch 1 2345 New Brunswick Ker {195200)
Beech, Amenican 1 2 3 4 5 " Onlario Alemdag (1984b)
Birch, grey 123 5 NovaSoolia Ker (19804)
Birch, white 12345 Ontane Alemdag (1951
12345 Ontano Alemdag (1984b)
123 45 Newloundland Anon. (1982)
345 NovaScoha Freedman ot al. (1982
1 213 3 Nova Scotia koer {196(a)
1 3435 Mantmes Ker (1984)
12345 Newloundland Lavigne (1982)
3 4 5 Newfoundland Lavigne & Nostrand
{1981)
12345 Yukon Manning et al. {1984}
5 Quebec Ouellet (1983b)
5  Praine Peterson ot al. (1982)
Birch, white 12 Praire Singh (1982)
12 45 Botish Columbia Standish et af. [1985)
Birch, vellow 12345 Ontario Alemdag (1984h)
1234 5% Ontario Alemdag & Horton (1981)
3 45 NovaScofia Freedman et al. (1982)
12345 NewBrunswick Ker (19800)
12343 Newfoundland Lavigne (1982)
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BIOMASS

SPECIES COMPONENT* LOCATION REFERENCE
3 Quebet Ouellet (19830)
12 43 Ontano Thomas (1981)
Cedar, F. red 1 234 5 Ontanio Alemdag {1983)
Cedar, W red E? 4 3 Btk Columina Standish et al, (1985
Cedar, £ white 1 23 4% Onlaro Alemdag (1983)
12 34 35 NewBrunswick Rer (1980b)
Cherry, black 12345 Ontano Alemdag | 1984b)
Codomwond, Black 1 2 4 5 British Columbia Standish et 2l (1983)
Elm, white 123435 Ontamo Alemdag (1984b)
Fir, alpine 2 Praine Singh (1982
Fir, balsam 1234535 Ontaro Alemdag (1983)
1 23435 (oo Ademdag (14Hb)
123435 Newtoundland Anon. (19852]
1 2 3 4 3 NovaSootia Fregedman et al. (1982)
1273 3 Nova Scotia Roer 119800)
1 34 3 Maritimés Ker (1984)
1 3435 Newfoundland Lavigme | 1983)
I 4 3 Newfoundland Lavigne & Nostrand (1951)
3 Cuebec Chaeflet {19930)
1 2 Praure Singh (1982
Fir, Gt Douglas 1 2 3 5 British Columbia Standish et al (1983)
Fir, grand 12 45 batishColumbna Standish et al. (1985]
Fir, Pacit, stlver v 2 45 Brtsh Columbua Standish et al, (19853]
by subalpine 12 4 5 Bntsh Columba Stamdish of al, (1993)
Fir, yelliow 12 4 5 Britsh Columina Standish et al, (1983)
12 435 Ontano Thimas (1981}
Hardwouds 1 2345 Onmar Alemidag (1984b)
Hemliwk, E 12345 Ontariv Alemdag (1983
1 23 4 3 New Brunswick Ker (19505}
Hemlock, W 1 2 4 5 Britlish Columba Staridich ot al, {1985}
Hickary: 1 23435 Ontarn Alemdag (1984b)
Iranwood 12343 Ontario Alemdag (1981)
I'23 45 Onano Alemdag [ 1954h)
Larch, E | 2345 Ontariy Alemdag [ 1983)
12345 Mewfoundland Ancn (1982}
1 23 5 Nova Scolia Br [ 1980)
123545 Newfoundland Lavigne (1982}
I 4 5 Newtoundland Lavigne & Nostrand (1981)
5 Queb Quidlet (19830}
112 Prame Sngh (1982
11 North West Territories Singh (1954b)
Larch, W. 1 2 4 5 Bnoijsh Columbia Standish et al. (1985)
Maple, hard 12 435 Ontano Thomas (1981)
Maple, red 1 2345 Ontario Alemdag (19581)
123435 Ontano Alemdag {1984b)
3 45 NovaScotia Freedman ef al (1982}
123 §F NovaSotia Ker [ 1980a)
1 3435 Maritimes Ker (19%4)
Maple, red/sugar 3 Quebec Cuellet (19830)
Maple, silver 12345 Ontario Alemdag | 1984b)
Maple, sugar 123435 Onamo Alemdag (1981)
12 % &35 Ontamo Alemdag {1984h)
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BIOMASS

SPECIES COMPONENT* LOCATION REFERENCE
343 Nova Seoha Freedman et al. (1987
[ 23435 NewBrunswick Ker 19800
Oak. red 1123 43 Ontario Alemdag (1981h)
12343 Ontamo Alemdag [1984h)
COak. white 1 2341435 Ontaro Alemdag (1984b)
Pine, E. white 12345 Ontaro Alemdag (1983)
1 223 435 New Brumswick Ker {1580b)
3 Quebee Ouellet (19830
Pine, jack 12345 Ontaro Alemdag (1953)
123 5 NovaSomha Ker [1980a)
1 345 Mantimes Ker (1984)
5 Quebes Quellet (1983h)
1 2 Prairie Singh (1982)
)2 North West Temmitories Singh (1984b)
Fine, lodgepale 123453 Yukon Manning et al (1984)
3 Traine Peterson ot al. (15952)
1.2 Prame Singh (1987
L2 4 3 Bawsh Columbia Standish et al_ (1985}
Pine, mountain 12 45 Batish Colimbia Standish et al. (1985)
Pine, porderosa 1 2 4 3 British Columbia Standish et al (1985
Pine, red 12345 Ontario Alermdag (1983)
12345 Ontanu Alemdag & Stiell (1982)
123 53 NovaNoma Ror 1481
3 Quebes Chuelled | 19830
Ming, shore 12 5 British Columbia Standish et al | 1953
Pine, Wowhie 1.2 3 Hritsh Columbia Stanchsh et al | 1985)
Poplar, balsam 5 Western Canada Bella & Franceschy (1980)
12345 Ontario Horton {1981y
5 Prane Peterson et al [ 1482)
12 Prane Singh (1452
1:2 North West Terrtonies Singh 11984h
=2 4 57 Ontaro Thimas (149811
Sultwiods 125345 Ontano Alemdag (1983
Spruce, black 12345 Onfarw Alemdag (1983)
12345 Newfoundland ¢ Anan. (1982)
152 Canada Evert (1485)
12345 NowaSotia Freedman et -l 1982)
12345 Xovaota R (19504
123435 Newhoundland Lavigne (1963
345 Newtoundland Lavigne & Nostrand [ 1981
12343 Yuaon Manning er al [1454)
Spruce, black 12 5 Queber Quellet (1983a)
| 2 Praitie Singh (1482
12 North West Terntones  Singh (1984b)
12 45 British Columbia Standish et al. (1985)
spruce, red 123 45 NovaScota Freedman ot al. (1982)
5 Quebe Ouellet (1983b)
Spruce, redblack 1 3 4 5 Maritimes Ker (1984)
Spruce, sitka 12 45 Botish Columbia Standish et al, (1985
Spruce. white 12345 Ontamo Alemdag (1933)
12345 Newlundland Anun. (1982
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BIOMASS

SPECIES COMPONENT® LOCATION REFERENCE
12 Canada Evert {1983)
12345 NovaSootia Freedman et al. (1982)
123 5 NovaScotia Ker (1980a)
1 3 4 5 Mantimes Ker (1984}
12345 Newloundland Lavigne (1982)
3 4 5 Newfoundland Lavigne & Nostrand (1981)
5 Duebec Cluellet [1983b)
12 Prairie Singh (1982)
12 North West Territories  Singh (1984b)
1 4 5 Bntish Columbia Standish el al. (1985}
Willow 5 Pramie Peterson et al, (1982)

*1 = Stem woud
2 = Stem bark
3 = Live branches

4 = Twigs and leaves (foliage)

5 » Whaole tree
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