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Introduction
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●     [Objectives] ●     [Components] Definitions of 
terms

Preface Systematic collection of information about forests often begins as a reaction 
to perceived shortages of forest resources. The efficient use, preservation 
and management of these forest resources requires continuous collection 
because the forest system is dynamic. The way this information is collected 
is a function of the nature of the resources themselves, the available 
technology and labour, existing knowledge of the forest and relationships 
between parameters.

The information needed includes quantitative data about 
the trees and understorey of the forest. Quantitative 
information comes from measurement. Unfortunately, 
measurement of trees and forests is not trivial. This set of 
resources has been designed to help users to learn to effectively and 
efficiently measure and quantify parts of the forest as required.

The science of forest measurement is also commonly referred to as forest 
mensuration. 

Objectives These materials are targeted towards students, forest managers and field 
practitioners who have a responsibility to design or implement forest 
measurement systems. There will be an emphasis on Australian natural 
forests and plantations. 

Content and activities suggested in these resources will be field-based and 
problem-focused with the following objectives: 

●     to present the state of the art and methodologies applicable for 
modern forest measurement; 

●     to enable participants to implement modern measurement approaches 
and determine the advantages and disadvantages of available 
approaches; 

●     to enable participants to process data to determine reliable estimates 
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and confidence limits of parameter estimates; 
●     to enable participants to develop an understanding of the sources of 

error, and the significance of errors in forest measurement. 

Components These resources are divided into several themes. 

1.  Why bother to measure forests? 
2.  What is in the forest now? Measuring and describing: 

❍     single trees 
❍     stands of trees 
❍     whole forests 

3.  How is the forest changing? 
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Why measure
Forest Measurement and Modelling.

 

  

●     [Why measure] 
●     [Standard units] 

●     What is in the 
forest now 

When you measure an object, essentially all you are doing is counting the 
number of standard pieces it takes to be the same size as the object. For 
example, the length of an Olympic swimming pool is 50 m, because 50 one 
metre standard lengths laid end-to-end would be exactly the same length. 

The same principle works when we deal with something that is too small to 
be conveniently handled by straight counting of standard pieces. For 
example, the heights of people or of trees are not usually an exact number of 
meters. So, we simply say that the standard meter is actually a group of 
smaller standard lengths - centimetres. Each centimetre can also be a group 
of still smaller objects - millimetres. So we can describe or measure 
anything simply by counting the number of standard or groups.

We may define measurement as:

the determination of size in relation to some observed 
standard, e.g. metre, kilogram, second, ampere, degree 
Kelvin, candela, mole, or some unit derived from these seven 
basic units.

Why measure? Measurements are made for a number of reasons:

1.  To learn something. The famous British scientist, Lord Kelvin, said: 

"When you measure what you are speaking about and 
express it in numbers, you know something about it, 
but when you cannot (or do not) measure it, when you 
cannot (or do not) express it in numbers, then your 
knowledge is of a meagre and unsatisfactory kind."

2.  To meet legal and political obligations. Lund (1998) outlines a 
number of International Treaties and Agreements that bind 
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governments (and some individuals) to provide measurements about 
the land and resources. 

3.  To help managers make appropriate decisions. Systematic collection 
of information about forests often begins as a management reaction 
to perceived shortages of forest resources available (Brack, 1997). 
Managers collect this data to help them allocate these scarce 
resources.

Standard units Australia, as a signatory to the Metric Convention, has made a commitment 
to use the International System of Units (SI for short). These units are 
precisely defined so that, for example, 1 metre in Australia can be exactly 
compared with 1 metre in Europe.

The standard units are: 

●     metre (m) - length 
●     kilogram (kg) - mass 
●     second (s) - time 
●     ampere (A) - electric current 
●     degree Kelvin (K) - thermodynamic temperature 
●     candela (cd) - luminous intensity 
●     mole (mol) - amount of substance 

Other units can be derived through the inclusion of decimal prefixes (e.g. 
deci, kilo). Some units are not included in the SI, but are nevertheless 
commonly used and accepted: 

●     hectare (ha) - area 
●     day (d) - time interval 
●     hour (h) - time interval 
●     minute (min) - time interval 
●     tonne (t) - mass 

Standards also extend to the way measurements are recorded. These 
standards include the way symbols are written and large and small numbers 
are reported. The Code of Forest Mensuration Practice (RWG#2, 1999) at 
http://www.anu.edu.au/Forestry/mensuration/rwg2/code/1-1.htm provides a 
detailed list of these standards for writing.
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Throughout history, many standards have been developed and used in 
measurement, including: 

●     yard - length from the nose to the tip of an out-stretched arm (in 
England). 

●     yard - length of a yardstick kept by the King in medieval France. 
●     rod - combined length of the left foot of 16 Englishmen. 
●     cubit - length of a human forearm. 
●     inch - length of 3 barley corns. 
●     Hoppus measure - tree or log volume that approximates the true 

volume (without the need for calculating the value PI). 
❍     Volume in super feet Hoppus was calculated as: 

(G/4)^2*L/12
where G denotes girth (inches) and L is log length in feet. 

❍     Volume in cubic feet Hoppus was calculated as: 

(G/4)^2*L/144 

 
[measure.htm] Revision: 6/1999
Cris.Brack@anu.edu.au

http://sres-associated.anu.edu.au/mensuration/measure.htm (3 of 3) [9/5/2006 1:11:26 PM]

mailto:Cris.Brack@anu.edu.au


What is in the forest now?

Quantifying the current forest
Forest Measurement and Modelling.

 

  

There are many things that can be measured or quantified in a forest. Which 
ones you choose to measure will depend on the reason that you are 
measuring and the amount of time and other resources available.

There are also many reasons that forests are measured: 

●     Measure the quantity (and quality) of tree boles to determine how 
much sawlog or pulpwood could be harvested under specific 
circumstances. 

●     Measure the amount of woody biomass to determine how much bio-
fuel could be harvested. 

●     Measure the amount of leaf area to determine how much atmospheric 
pollution can be intercepted and removed by living trees. 

●     Measure the variability of tree species, sizes and ages to determine 
the biodiversity and stability of the forest. 

●     Measure the amount of damage caused by fire, insect or disease to 
assist in determining if remedial treatment is necessary. 

You may interested in finding out: 

●     The total size of a population 
●     The average size of an individual (mean, mode or median) 
●     The expected maximum or minimum size of a population or 

individual 
●     Whether a minimum or maximum amount has been exceeded 
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Because trees 
dominate forests (see 
the definition of a 
forest), measurements 
of a forest must 
include 
measurements of 
trees. Measurements 
may be made on: 

●     individual 
trees, 

●     small groups 
of trees (stands) or 

●     groups of stands (forests). 

Often stand and forest measurements are summaries of specific 
measurements taken on selected individual trees. The selection of which 
measurements and individuals to choose is a fundamental part of forest 
mensuration.

The selection of appropriate measurement equipment is also very important. 
However the cost of the equipment is only one component of the overall 
measurement cost and should not be allowed to dominate your measurement 
exercise.
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Measuring parts of a single tree
Forest Measurement and Modelling.

 

 

 

●     Tree volume 
●     Log volume 

http://sres-associated.anu.edu.au/mensuration/tree.htm (1 of 2) [9/5/2006 1:11:54 PM]



Measuring a single tree

Tree height and circumference is commonly measured directly with a 
measurement tool like a graduated tape or pole. However, other important 
tree parameters (e.g. volume) are often estimated indirectly from 
measurements of diameter and length.

Record sized individual 
trees 

A Redwood tree, growing in Northern California, was claimed to be the 
tallest living thing in 1999. This tree is estimated to be 600 - 800 years-old 
and stands more than 105 m tall. This tree is named the Mendocino Tree. In 
1997, the tallest tree in New South Wales was a white gum (Eucalyptus 
nobilis) estimated at 79.22 m (see the {Bush Telegraph}, August, 1997 for 
details). 
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Stands
Forest Measurement and Modelling.

 

 

 

 

A stand is a contiguous area that contains a number of trees that are 
relatively homogeneous or have a common set of characteristics. Normally a 
stand will be studied or managed as a single unit. 

Stand measurement involves the measurement of individual trees within the 
stand. The parameters measured, and the ways trees are selected for 
measurement will depend on the measurement objectives. The 
measurements are summarised using statistical and visual techniques to 
provide the user with a quick and efficient way of interpreting the data. 

The focus of many stand measurements parallel tree measurements. For 
example, we can talk about stand height in the same way as tree height, and 
use it for the same reason, i.e. stand height is related to stand volume and 
stand growth. 

Stand parameters of interest include: 

●     Number of trees: 

●     Stand Diameter: The average diameter of the stand. 

●     Stand Table (Frequency diagrams): Different ways of presenting the 
frequency of trees in diameter classes. 

❍     Stand Structure: Distribution of trees by species and size (or 
age) class. Commonly divided into even-aged and uneven-
aged stands.

●     Stand Basal Area: A summary of frequency and diameter 
information. An important measure of competition.

●     Stand Height: The average height of a defined component of the 
stand. 

●     Stand Height Curve: The relationship between tree diameter and 
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height. 

●     Crown Closure: A measure of the amount of crown material. Also a 
measure of competition. 

●     Stand Volume: 

●     Stand Density: Measurements of the competition within the stand. 

●     Site Index: Measurements of the potential quality (potential for 
growth). 
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Measuring a forest
Forest Inventory.

 

  

●     Measuring trees 
●     Measuring 

stands 

Forest inventory may be defined as the 
systemmatic collection, evaluation and 
presentation of specific information on 
forest areas. Generally, detailed 
observations are only made of a small 
part of the area and reliable techniques 
are applied to extrapolate from these 
limited observation to the whole area 
of interest. Probability-based sampling 
techniques consistute some of the most 
reliable ways of making inferences 
about the whole area of interest from 
these limited observations.

Successful practice of the art and science of forest inventory depends on 
making appropriate choices about:

●     The information needed - why is the inventory being conducted?

●     The observations - what parameters to measure and how should it be 
done?

●     The individuals or representatives selected - what sort of sampling?

●     Implementation of the inventory - how to make practice match 
theory?

●     Presentation of the observations and information - how to provide the 
report reader with the information needed without confusion.

There are no unique answers to any of these choices. Throughout natural 
resource management history many different approaches have been taken.
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●     [Subhead] ●     [Subhead] ●     [Subhead] 

SubHeading MainTextHereOnwards
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Forest Measurement and Modelling.

 

  

●     [A-D] 
●     [E-H] 

●     [I-L] 
●     [M-Q] 

●     [R-U] 
●     [V-Z] 

General forestry online 
definitions

One-Look Dictionaries {http://www.onelook.com/index.html}

IUFRO Unit 6.03.02 Trends in forest terminology 
{http://iufro.boku.ac.at/iufronet/d6/hp60302.htm}

Natural Resource Inventory Glossary 
{http://forestry.miningco.com/blforgls.htm}

North Caroline Cooperative Extension Service: Woodland Owner 
Notes {http://www.ces.ncsu.edu/nreos/forest/woodland/won-26.html}

Terminology Collection Online Dictionaries: Forestry 
{http://www.uwasa.fi/comm/termino/collect/forestry.html}

Glossary of Forest Terms, Natural Resources and Environment. 
{http://www.rfa.gov.au/cra/vic/cenhigh/press/glossary.html}

IUFRO SylvaVoc {http://iufro.boku.ac.at/iufro/sylvavoc/hpsv.htm}

A-D

Accuracy Refers to the closeness of a measurement or estimate to the true value. 
Accuracy may be used in either a qualitative way or as a quantitative 
summary of total [error].

●     Qualitative: An accurate measurement is one where the total 
error is small. 

●     Quantitative: A2 = B2 + P2

where B denotes a measure of [bias] and P denotes a measure of 
[precision].

Bias A systematic distortion in a measurement or estimate.
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Dominant tree A tree with a crown that receives full light from above and partly from 
the side; usually larger than the average trees in the stand. Dominant 
tree crowns usually extend above the general level of the canopy and 
are well developed but possibly somewhat crowded on the sides. 

E-H

Error The difference between an estimate or measured value and the true 
value.

Estimate The value of a parameter or variate obtained indirectly. 

The average height of a stand of trees may be estimated by measuring a 
sample of trees and calculating the average from this sample.

Forest There is no universally accepted definition of forest. This is because 
the minimum size of an area and the minimum density of trees on that 
area is subjectively selected by the different forest management 
organisations to meet their own needs.

The definition used by the National Forest Inventory 
{http://www.brs.gov.au:80/nfi/} quantifies the minimum area, the 
smallest potential tree height and the amount of crown cover:
an area, incorporating all living and non-living components, that is 
dominated by trees having usually a single stem and a mature or 
potentially mature stand height exceeding 2 metres and with existing 
or potential crown cover of overstorey strata about equal to or greater 
than 20 per cent. This definition includes Australia's diverse native 
forests and plantations, regardless of age. It is also sufficiently broad 
to encompass areas of trees that are sometimes described as 
woodlands. 

Forest mensuration An extension of [mensuration] to include measuring the growth and 
change in forests.

The art and science of providing quantitative information about trees, 
stands and forests for forest research, planning and management.

I-L

M-Q
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Measurement The determination of size in relation to some observed standard, e.g. 
metre, kilogram, second, ampere, degree Kelvin, candela, mole or 
some unit derived from these seven basic units.

Essentially, when you are measuring you are counting the number of 
standard pieces it takes to be the same size or quantity as the object of 
interest.

Mensuration The art and science of locating, measuring and calculating the length of 
lines, areas of planes, and volumes of solids.

Natural Basal Area The basal area, determined by site capacity, towards which even-aged 
stands will tend to converge.

Parameter A characteristic which describes the whole or part of a [population] in 
some way.

The average height of trees in a forest is a parameter that partially 
describes the population. He area occupied by the forest is also a 
parameter of that forest. 

Population An aggregate of items, each with a common characteristic or set of 
characteristics that are of interest. In a statistical sense, a population is 
an assembly of all possible individuals (units, measurements, 
observations, etc.) that meet a specified and well-defined objective.

All the trees in a farm woodlot could be one population. Alternatively, 
if there were two species in the woodlot, the population could be 
defined as all the trees of one species only - the other species could be 
treated as a different population. The clear definition of the population 
is important to avoid inappropriate extrapolation of results from 
measurements.

Precision 1.  The fineness of a single measurement. This relates to the 
resolving power of the measurement device. For example, a 
scanning electron microscope can be used to take more precise 
or fine measurements than a hand magnifying glass.

2.  The degree of agreement in a series of measurement. For 
example, the list of measurements [3, 2, 3, 3] is more precise 
than a list [4, 1, 3, 1].

3.  Clustering of sample values about their own average.
4.  The reproducibility of an estimate in repeated sampling.

Definitions 2, 3 and 4 indicate that precision is freedom from variation.
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R-U

Sample A representative sub-set or portion of all units that are part of a 
[population].

Thickening Thickening of vegetation is a change in carbon per unit area arising 
from human induced changes in grazing or fire regimes. Vegetation 
thickening usually involves an increase in the biomass of woody 
plants, (measured as an increase in basal area and height) and often a 
simultaneous increase in soil carbon and dead plant material. It 
typically results from an increase in grazing intensity and constancy, 
which per unit area lead, along with other management actions, to a 
decrease in the frequency and intensity of fires. The species of woody 
plants involved may be native or exotic.

V-Z

Variable A characteristic which may vary from one individual in a [population] 
to another. It relates to some feature or property of an individual in the 
population.

Variables may be classified as:

●     Continuous variables 
●     Discrete variables

The height, diameter, volume or leaf biomass of a tree is a tree 
variable. 

Variate An observed value of a specified variable for an individual in a 
population.
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Tools for measuring trees and stands
Forest Measurement and Modelling.

 

 

  

●     Diameter 
●     Bark thickness 
●     Height 
●     Basal area 
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Tree volume
Forest Measurement and Modelling.

 

 

 

●     [Fluid 
displacement] 

●     [Graphical 
method] 

●     [Standard 
sectional 
method] 

●     [Taper line] 

●     [Volume tables] 
●     [Volume 

equations] 
●     [Taper 

equations] 
●     [Variance 

reduction] 

●     Tools 
●     Product volume 
●     Bole shapes 

Stem volume is function of a tree's height, basal area, shape, and depending 
on definition, bark thickness. It is therefore one of the most difficult 
parameters to measure, because an error in the measurement or assumptions 
for any one of the above factors will propagate to the volume estimate.

Volume is often measured for specific purposes, and the measurement and 
interpretation of the volume estimate will depend on the units of 
measurement, standards of use, and other specifications. For example:

●     Biological volume is the volume of stem with branches trimmed at 
the junction with the stem, but usually excluding irregularities not 
part of the natural growth habit (e.g. malformation due to insects, 
fungi, fire, and mechanical damage).

●     Utilisable or merchantable volume excludes some volume within 
irregularities of the bole shape caused by normal growth in addition 
to those irregularities not part of natural growth. For example, the 
volume contained in the swelling around a branch node may be 
excluded because this volume could not be utilised (by a nominated 
user).

●     Gross volume estimates would include defective and decayed wood.

●     Net volume estimates would exclude defective and decayed wood. 

Thus, the type of volume use measured must be reported for reliable 
interpretation. For example, the net merchantable volume of sawlogs in a 
tree will be significantly different to the gross biological volume.
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Calculations of merchantable volume may also be based on true cubic 
volume or product oriented volume. Product oriented volume is the volume 
of a nominal product that could be cut from the log or stem under specified 
conditions and assumptions.

Direct and indirect methods for estimating volume are available. 

The direct methods tend to divide the stem into theoretical or actual sections 
and measure the volume of these sections:

●     Fluid displacement 
●     Graphical method 
●     Standard sectional method 
●     Taper line (Gray's taper line) 

The indirect methods include:

●     Volume tables 
●     Volume equations 
●     Integrating taper equations 
●     Variance reduction methods (e.g. importance sampling and centroid 

sampling) 

Fluid displacement The fluid displacement method, also called xylometry, accurately measures 
gross biological volume. Essentially, the tree stem is cut into manageable 
sections and immersed in a bath. The amount of water displaced equals the 
volume of the section.

This method does not require any assumptions to be made about tree shape 
and thus has no theoretical bias. However, xylometry is expensive and 
rarely used outside research.
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Graphical method Measurements of sectional area (or 
diameter) are made every 1 - 2 m up 
the tree bole. When the sectional area 
(m^2) is plotted against height (m), the 
area under the curve is equivalent to 
the volume (m^3) of the bole.

Location of the measurements may be 
either objective (e.g. every 1 m 
regardless of local bole abnormalities) or subjective (e.g. avoid difficult to 
measure and abnormal positions on the bole). The objective selection of 
points would result in an unbiased estimate of biological volume, while the 
subjective points would underestimate biological volume.

An estimate of bole volume from the graphical method is often used as the 
standard against which other estimates of volume are evaluated. However, 
the large number of measurements required makes this an expensive 
method.

Standard sectional 
method

 

The main stem, up to merchantable height, is theoretically divided into a 
number of (mostly) standard length sections. The standard length is 
normally 3 m (10 foot). The exception to the standard section is the odd log - 
a section less than the standard length that fits between the last standard 
section and the merchantable height. These sections are assumed to be 
second degree paraboloids in shape. The bole from the merchantable height 
to the tip is assumed to be conoid in shape.

Huber's formula is used to calculate the volume of the standard sections and 
the odd log:

where: v denotes volume (m^3), l denotes length (m), s(h) denotes sectional 
area (cm^2) half way along the log, and d(h) denotes diameter (cm) halfway 
along the log. 

A common error with this method is to mismeasure the odd log. The odd log 
begins at the end of the previous standard section (i.e. not at the point where 
that section was measured for diameter). The diameter measurement for the 
odd log must be midway between the end of the last standard section and 
the merchantable height. 
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The volume of the conoid at the tip is calculated as:

where: s(b) and d(b) denotes sectional area (cm^2) and diameter (cm) 
respectively at the base of the conoid. 

The merchantable volume of the bole is estimated by adding the standard 
sections and odd log volumes. The total volume is determined by adding the 
tip volume. 

Huber's formula is based on the assumption that the sections are second 
degree paraboloids. However, this may not be appropriate for the butt or 
base log - which is often neiloid. Huber's formula will underestimate the 
volume of a neiloid. However this underestimate will be small if the 
difference in diameter between the bottom and the top of the section is small 
(i.e. small rate of taper or small section length). Thus, sections smaller than 
3 m may be necessary to avoid bias. Error in the standard sectional estimate 
of volume may also be introduced where the tip is not like a conoid. 
However the volume in the tip is relatively small, so this error is likely to be 
unimportant.

A standard sectional method that used 1.5 m sections would provide 
estimates that were very close to those produced by the graphical method.

Taper line method
Gray's taper line

 

During the 1940's, H. R. Gray hypothesised that the central section of a tree 
bole approximated a second degree paraboloid with a constant rate of taper. 
Thus, a few measurements of height and sectional area could be used to 
approximate the detailed and expensive stem profile derived by the 
graphical method for this section of the bole. If the butt of the tree were also 
assumed to be a second degree paraboloid, but with a different rate of taper, 
then an additional two or three measurements could approximate the shape 
of this section too. The tip of the tree could be assumed to be a final 
paraboloid which meets the central section at the point where the diameter is 
10 cm (0.00785 m^2 sectional area).

These assumptions allowed Gray to approximate the complete stem profile 
with only six or seven measurements. The measurements were also 
concentrated in the area below half the height of the tree (three or four 
measurements between breast height and half height were satisfactory for 
determining the straight line of constant taper for the main section). Volume 
was estimated as the area under the curve of sectional area plotted against 
height.
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Gray's Taper Line method is described here as an example of using well-
established relationships to reduce the amount of measurement required for 
a given outcome. The method is not currently used.

Tree volume tables A tree volume table is a statement of the expected volume of a tree of 
nominated dimensions in a particular stand or population. The number of 
measurements or dimensions determines the number of entry points or ways 
into the table. Thus:

●     1-way table: Normally diameter at breast height (dbh) or basal area 
is the only measurement. (In older texts, this may also be called a 
Local table.)

●     2-way table: dbh and height. (Standard table)

●     3+ way tables: Measurements that correspond to bark thickness or 
taper. (Regional table)

Tables with more dimensions are likely to be more accurate. One-way 
tables, in particular, are often biased when applied to trees outside the local 
areas where the table was produced because the implicit assumptions about 
tree shape are unlikely to hold. However, none of the tables can be expected 
to estimate accurately the volume of an individual tree. At best, volume 
estimates for a large number of trees in a population will be unbiased.

Before the general availability of computers, volume tables were compiled 
by summarising the volume of trees in dbh and height classes. Volume 
equations are developed now. The predictions from these volume equations 
are presented in tabular form for ease of use when field computers are 
unavailable.

http://sres-associated.anu.edu.au/mensuration/volume.htm (5 of 10) [9/5/2006 2:01:39 PM]



Tree volume

Tree volume equations Like tree volume tables, volume equations are a statement of the expected 
volume of a tree of nominated dimensions in a particular stand or 
population. Volume equations are a very common approach to estimating 
volume of standing trees. 

The input variables to the equations can also include diameter (at breast 
height and other heights), height, taper, and interaction terms. Some 
equation forms have been given specific names: 

●     Volume curve: An equation that relates dbh to volume as a 
polynomial or log-linear line. The relationship is normally 
curvilinear and convex to the abscissa. Volume curves include the 
following relationships (where v denotes volume, d denotes diameter 
at breast height and a1-a3 are constants): 

●     Volume line: An equation that relates volume to basal area as a 
straight line (v=a+b*g). The volume line approach is simple and 
fitting requires fewer sample tree measurements than the volume 
curve. Tarrifs are special types of volume lines. Once you nominate 
the Tarrif appropriate for your forest, you could estimate the tree 
volume from the basal area. For example 

❍     General Tarrif. Volume lines for many species in the UK 
were found to 
cross the x-
axis (sectional 
area) at 0.003 
m^2. The 
General Tarrif 
then is a series 
of lines that 
radiate up and 
to the right from 0.003 m^2. The slope of the line is 
calculated so that a defined volume is reached at a basal area 
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of 0.09 m^2. Thus General Tarrif 0.1 is a line which estimates 
a tree volume of 0.1 m^2 for a tree with a basal area of 0.09 
m^2. 

❍     Jolly Tarrif. The volume line for Pinus radiata (underbark 
volume to 4 inches or 10 cm diameter) in South Australia was 
found to cross the x-axis at 0.087 ft^2 or 0.008 m^2. Jolly 
Tarrif lines connected this point with the volume (cubic feet) 
of a tree with a basal area of 0.5 ft^2.

●     v/g line: A special form of the volume line which assumes that the 
relationship goes through the origin, i.e. a=0. If v=b*g, then the 
constant value b can be determined by measuring three or four trees 
for their volume and basal area. The sum of the volumes is divided 
by the sum of the basal areas (b=v/g).

Other forms commonly used in volume equations include (v denotes 
volume, d denotes diameter at breast height, h denotes height, f denotes 
form factor, and a1-5 denote constants): 

●     Constant Form Factor

●     Combined Variable

 
●     Australian Equation

●     Logarithmic

●     Generalised Logarithmic

●     Honer Transformed Variable

●     Form Class
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In the above equations, v usually denotes total volume or merchantable 
volume to a minimum diameter that is defined as the merchantable small-
end. An equation will need to be refitted if the merchantable small-end 
changes. Some of these equations are only appropriate when the 
merchantable volume is close to the total volume (i.e. merchantable small-
end is 10 cm or less). 

Other volume equations include the merchantable small-end (s) as an 
additional input variable to allow different merchantable volumes (Vs) to be 
predicted (d denotes diameter at breast height, h denotes height, bh denotes 
breast height, and a1-5 denote constants): 

●     Burkhart (1977)

●     Amateis and Burkhart (1987)

Alternatively, the total volume (v) predicted by above equations can be 
reduced by a ratio correction to estimate merchantable volume (Vs) to a 

diameter limit (s). The ratio (R) is simply calculated as: R = Vs / v. R is 
often correlated with diameter at breast height: 

●     (e.g. Vanclay, 1982)

 

Care must be exercised in fitting and using all the above volume equations. 
In particular, local and general biases must be checked before the equations 
are accepted for use in a new area.
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Integrating taper 
equations 

Taper functions effectively predict the stem profile for a tree. From this 
information, the area under a sectional area against height curve can be 
determined - this area under the curve represents the volume of the bole.

Where a taper function is continuous and able to be integrated, the volume 
of the bole can be determined by integration. Where this is not feasible, the 
equation can be used to predict the sectional area at 1 or 2 m intervals up the 
tree, and volume can be calculated as for the [graphical method]. 

A major advantage of using integrated taper equations instead of volume 
equations is that volumes to different diameter limitations can be estimated. 
Thus, the volume of sections or products defined by the large and small end 
diameter can be predicted by a taper equation. The dependent variable 
volume in a volume equation is determined a'priori and the volume equation 
fitted only predicts this type of volume. 

Rivers (1995) found that taper functions could introduce bias into the 
estimates of the volume of tree sections. This bias was significant, even 
though the taper equation was unbiased in its estimation of diameter. 

Variance reduction
Importance sampling
Centroid sampling

 

Variance-reduction methods use the knowledge contained in taper functions 
to improve the precision and cost of estimating sample tree volume. 
Essentially, a taper model predicts tree shape and hence sectional area and 
cumulative volume at any height up the tree. A sample height on the tree is 
selected and the bole measured. The difference between the measured and 
predicted size at that height is used to correct the volume estimated from the 
original taper equation. Various methods differ in the way the sample height 
is selected and the way the original estimate is corrected. 

●     Importance Sampling (Gregoire et al., 1986; Wiant et al., 1989): The 
sample height is selected randomly in proportion to the volume 
below that height, e.g. there is a 25% chance of a sample point 
occurring below the height where 25% of the volume occurs. The 
volume predicted from the taper equation is corrected by the ratio of 
measured sectional area to predicted sectional area. 

●     Centroid Sampling (Wood et al., 1990; Wood and Wiant, 1990): 
Similar to Importance Sampling, except Centroid Sampling does not 
use a random sample to select the sample height. Instead, the height 
where 50% of the cumulative volume occurs is selected. The volume 
is again corrected by the ratio of measured sectional area to predicted 
sectional area. 
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●     Control Variate Sampling: Sample height is chosen randomly. The 
difference between the measured and the predicted diameter is added 
to the predicted diameter along the entire stem. 

Although some practitioners claim that these methods are too complex for 
routine use, simple field instructions are possible. For example, Brack 
(1996) outlines a simple field guide for implementing Centroid Sampling 
when a quadratic paraboloid is an appropriate taper model.

 
[volume.htm] Revision: 9/1999
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Product oriented volume
Forest Measurement and Modelling.

 

 

 

●     [Cull and defect 
deductions] 

●     [Log volume] 
●     [Stack volume] 

●     Tree volume 

The volume of wood contained in a tree bole is of primary interest to saw-
millers. However these millers are interested in the product they can extract 
from the bole or logs cut from the bole. Product oriented volume definitions 
attempt to estimate the volume of direct interest rather than the true volume 
of the three dimensional shape.

Log rules are an attempt to estimate volume that is of direct interest to wood 
processing industries. A log rule is a table or formula showing estimated 
volume, in standard units, for various log diameters and lengths. During the 
1900's, at least 100 log rules were devised. Australia has not adopted the log 
rule approach, however several of the rules are widely adopted throughout 
the US. 

The major log rules in the US predict the production of board foot. A board 
foot is equivalent to a plank 1 inch thick and 12 inches (1 foot) square; it 
contains 144 cubic inches of wood. However, none of these rules can 
accurately predict the mill output of boards, except when near-cylindrical 
logs are sawed according to rigid assumptions on which the rules are based.

Different board-foot log rules make different 
assumptions about cutting patterns, saw kerf, 
wastage, etc. Avery and Burkhart (1983 p 44) 
provide a comparison of the board foot estimates 
for a 16-foot long log under five major log rules. 
For small diameter logs, the different rules can 
result in 300% differences between estimates. 
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Calculating log volume 
True volume 

A variety of equations and measurement techniques can be used for 
determining the (true) cubic volume of logs on the ground - the choice of 
technique will depend on the accessability of the log for measurement and 
the log shape. Logs cut from the butt (or base) of the tree tend to have a 
greater rate of taper and butt-flair, while logs from the main bole and above 
tend to have a more regular shape and less rate of taper. Volume can be 
estimated over- or under-bark by measuring sectional area over- or under-
bark.

Butt log Other log 

Stacked logs 

  

Separated logs 
(Mid-point of log 
accessable) 

  

Stack measurements Historically, logs may have been measured as stacks. This approach was 
normally restricted to small diameter logs of standard length and relatively 
low value. Logs also needed to be regular without large sweeps, bends or 
forks as these irregularities could significantly alter the packing of the logs 
and thus reduce the true volume within the stack.

Stack units of measurement included: 

●     Metric Stere. An imaginary stack of logs or bolts of dimensions 1 m 
wide by 1 m tall by 1 m deep.

●     Imperial Cord. An imaginary stack of logs or bolts of dimensions 4 
feet wide by 8 feet tall by 4 feet deep. The Imperial Cord enclosed 
128 cubic feet.

●     Cunit. A unit derived by APM Pty Ltd who found that their timber 
trucks could not carry one Imperial Cord of logs. The carrying 
capacity of these trucks was about 100 cubic feet, and this was 
defined as the Cunit.
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Reduction in volume due 
to cull and defect 

Defects in the log can reduce the amount of product that can be extracted by 
a sawmill. The percentage of this reduction may be important for the person 
attempting to estimate product oriented or even true volume - converting 
gross to net volume. 

There are no standard rules for determining the amount of material lost due 
to defects in logs. However, Grosenbaugh (1952) suggested a set of rules 
that may be appropriate. Slightly modified from the original, these rules 
include:

●     Percentage lost when defect affects an entire section

●     Percentage lost when defect affects a wedge shaped sector in the log.

●     Percentage lost when the log sweeps excessively - the curved central 
axis departs by more than 5 cm from an imaginary chord connecting 
the centres of the log ends.

●     Percentage lost when a short section deflects abruptly from the axis 
of the main section

http://sres-associated.anu.edu.au/mensuration/product.htm (3 of 4) [9/5/2006 2:02:04 PM]



Product oriented volume

●     Percentage lost when an interior defect (maximum and minimum 
dimensions a and b) affects some length. The correction of 2 cm is 
applied for log conversion needs.

 
[product.htm] Revision: 6/1999
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●     [Geometric 
shapes] 

●     [Form factor] 
●     [Form quotient] 
●     [Taper equation] 

●     Tools 
●     Upper bole 
●     Stem analysis 

The diameter of a tree bole generally decreases or tapers from the base 
to the tip. The way in which this decrease occurs defines the bole form. 
This taper can occur at different rates and in different ways or shapes. 
An understanding of the form of the bole can allow: 

●     Improved estimation of bole volume or biomass (when used in 
conjunction with dbh) 

●     Improved estimation of the presence and amount of wood 
products (by product specifications) 

●     Improved understanding of the competition and growth 
conditions of the tree 

Tree form is complex. Some general [geometric shapes] approximate 
portions of the tree bole, but there are many inflections and points of 
irregularity. Species and genotype predispose the bole to certain forms, 
but a wide range of environmental and contextual factors will influence 
this form.

There is a complex interaction between the bole form and the tree 
crown. Thus, any factor that influences the crown may also influence 
the bole form. Different parts of the bole grow at different rates as 
environmental and other factors affect the crown and the way 
photosynthates are distributed.
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Geometric shapes The taper of a geometric shape of regular 
outline can be described by the rate (k) and 
shape (b) in the general equation:

where y denotes diameter or radius and x 
denotes the distance from the apex of the 
shape.

Specific values of b correspond to common shapes: 

1.   Paraboloid 

2.   Conoid 

3.   Neiloid 

 

Parts of a tree stem tend to approximate truncated parts of these 
common shapes. The base of the tree tends to be neiloid while the tip 
tends to be conoid. The main part of the bole tends to be paraboloid. 
The points of inflection between these shapes however are not constant.

Paraboloid shapes can be further broken down into quadratic and cubic 
paraboloids. A quadratic paraboloid (b=1) would generate a straight 
line if height were plotted against radius squared, while a cubic 
paraboloid (b=0.66) would generate a straight line if height were 
plotted against radius cubed. Metzger proposed that a tree bole should 
be similar to a cubic paraboloid. He argued that the stem was a beam of 
uniform resistance to bending anchored at the base, and functioning as 
a lever arm. A horizontal force on such a beam would exert a strain that 
increased toward the point of anchorage, and the most economical 
shape for this beam would be a uniform taper similar to a truncated 
cubic paraboloid. Gray (1956) (quoted in Carron 1968) contended that 
the tree stem is not firmly anchored to the ground. A quadratic 
paraboloid shape would be more consistent with the mechanical needs 
imposed by this assumption.

http://sres-associated.anu.edu.au/mensuration/shape.htm (2 of 6) [9/5/2006 2:03:46 PM]

http://sres-associated.anu.edu.au/mensuration/gr/taperpra.gif


Tree shape

The above mechanical theories of stem form are one approach towards 
an explanation of tree shape. Two other theories relate tree bole shape 
to the need of the tree to tranport water or nutrients within the tree 
(water conducting theory and nutritional theory of stem form 
respectively). These theories are based on ideas that deal with the 
movement of liquids through pipes.

The hormonal theory of stem form envisages that growth substances, 
originating in the crown, are distributed around and down the bole to 
control the activity of the cambium. These substances would reduce or 
enhance radial growth at specific locations on the bole and thus affect 
bole shape.

Form factor A form factor is a summary of the overall stem shape. The volume of 
the stem is compared to the volume of a standard geometric solid of the 
same diameter at the base and total height. The most common form 
factor is the breast height form factor.

The standard geometric shape for the breast height form factor is a 
cylinder of the same height as the stem and with a sectional area equal 
to the sectional area of the stem at breast height (i.e. basal area). The 
form factor is the ratio of the volume of the stem to the volume of the 
cylinder.

Specific breast height form factors suggest general stem shapes: 

●     0.25 neiloid 
●     0.33 conoid 
●     0.50 quadratic paraboloid 
●     0.60 cubic paraboloid 
●     1.00 cylinder 

If the appropriate breast height form factor for a tree of a given age, 
species and site can be easily determined, then the stem volume is 
easily calculated by multiplying the form factor by the tree height and 
basal area.
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Form quotient Form quotient is a ratio of the diameter at some point above breast 
height to the diameter at breast height. Again, it is a summary of the 
overall stem shape.

The absolute form quotient was commonly used to group trees into 
form classes. This quotient is calculated by measuring the diameter at a 
height halfway between breast height and total tree height. This 
diameter is then divided by the diameter at breast height and expressed 
as a decimal.

Absolute form quotients also suggest general stem shapes: 

●     0.325 - 0.375 (FQ class 35) neiloid 
●     0.475 - 0.525 (FQ class 50) conoid 
●     0.675 - 0.725 (FQ class 70) quadratic paraboloid 
●     0.775 - 0.825 (FQ class 80) cubic paraboloid 

Lewis et al (1976) use the difference in diameter between 4.5 m or 7.5 
m and 1.5 m to estimate the general shape of Pinus radiata in South 
Australian plantations. This value is used to improve the estimate of 
stem volume.

Taper equation
Taper model 

Taper equations are developed to predict the diameter at any point on 
the tree stem, i.e. model the stem profile. Ideally these predictions are 
unbiased and based on simple input variables like diameter at breast 
height and total tree height. 

The construction of these equations has been continuing for many years 
and has followed numerous approaches. Early researchers (e.g. Fries 
and Matern, 1965) used the newly available power of digital computers 
to fit complex polynomial equations. Often the tree bole was segmented 
into two or three parts and separate equations fitted to each part (e.g. 
Max and Burkhart, 1976). Other researchers (e.g. Goulding and 
Murray, 1975) emphasised the need for taper equations to produce 
estimates that were compatible with predictions of stem volume. Yet 
other approaches (e.g. Kozak 1988 and Bi 2000) attempt to develop a 
model that describes the continuous change in stem form from ground 
to tip.

The variety of taper equation approaches attempt to overcome some 
general weaknesses: 
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●     The existence of large localised bias in prediction despite a low 
overall bias. 

●     A failure to account for the differences in stem form between 
trees. 

For example, a cubic polynomial equation fitted against a sub-set of 
Pinus radiata height : diameter data from Crook (1998) explained 98% 
of the variation. The overall error in diameter prediction was close to 
zero, but there were localised errors in the stump (average 1 cm 
underestimate of diameter) and lower 10% - 40% of the bole height 
(average 1 cm overestimate). These errors were balanced by 
corresponding errors further up the stem. However, the majority of 
stem volume and high value wood products tends to be in the lower 
third of the stem, so these local biases are significant.

Grosenbaugh (1966) wrote:

Many mensurationists have sought to discover a single, 
simple two-variable function involving only a few 
parameters which could be used to specify the entire tree 
profile. Unfortunately, trees seem capable of assuming an 
infinite variety of shapes, and polynomials (or quotients 
of polynomials) with degree at least two greater than the 
observed number of inflections are needed to specify 
variously inflected forms. 

Furthermore, coefficients would vary from tree to tree in 
ways that could only be known after each tree has been 
completely measured. Thus, explicit analytic definition 
(of the tree profile) requires considerable computational 
effort, yet lacks generality...... 

Each tree must be regarded as an individual that must be 
completely measured, or else as a member of a definite 
population whose average form (profile) can only be 
estimated by complete measurement of other members of 
the population selected according to a valid sampling 
plan.... Hence, polynomial analysis may rationalise 
observed variation (in the stem profile) after 
measurement, but it does not promise more efficient 
estimation procedures."
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Rivers (1995) found that localised biases in diameter prediction could 
cause significant biases when the predicted stem profile is used to 
estimate the size or value of products in a tree. In an experiment using 
over 100 trees, he found that the use of a taper equation resulted in a 
10% overestimate of product volume and a 14% overestimate of 
product value - the taper equation was unbiased for diameter overall. A 
small bias in a diameter estimate may result in a large error in value if 
prediction of a product constraint (e.g. small end diameter of a log) is 
affected.

Bi (2000) published the coefficients of a trigonometric variable-form 
tape equation for 26 common Eucalyptus species. He conducted 
extensive tests on the localised biases of this model. 
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Tree crown
Forest Measurement and Modelling.

 

 

 

●     [Width] 
●     [Depth] 
●     [Surface area] 
●     [Volume] 

●     [Twigs and 
leaves] 

●     [Biomass] 
●     [Health] 

●     Tools 
●     Growth 

The size of a tree crown is strongly 
correlated with the growth of the tree. The 
crown displays the leaves to allow capture 
of radiant energy for photosynthesis. Thus, 
measurement of the tree crown is often 
made to assist in the quantification and understanding of the growth 
of the tree. The biomass of the crown and the quantity and quality 
of the branch material however is also of direct interest to 
ecological studies and research into the effects of trees on pollution. 
The crown also has great visual impact. This impact is important in 
urban forests because it will affect the perceived beauty of a tree.

Tree crowns are highly variable. Their general shape varies from 
relatively dense conoids for young and healthy trees of an excurrent 
habit to wide open hemispherical shapes for older trees of a 
deliquescent habit. The parameters selected for measurement will 
depend on the selected tree and the reason for measurement.

Crown width
(Diameter)
(Sectional area)

Crown ratio 

The width of a crown can be measured by projecting 
the edges of the crown to the ground and measuring 
the length along one axis from edge to edge through 
the crown centre. Unless the crown has a regular 
shape, the width measured will depend on the axis 
selected for measurement. If the crown width is 
being used to estimate sectional area (used in crown 
surface area and volume calculations) two axes are 
normally selected and averaged: 

●     The diameter of the maximum and minimum axis of the 
crown; 

●     The diameter of the maximum axis and the axis at 90 
degrees; 
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●     The diameter of any two axes at 90 degrees to each other. 

The two diameter measurements are averaged using an arithmetic 
mean (most common) or a geometric mean (for highly elliptical 
boles).

If the crown is highly irregular, the projected points from a number 
of crown edges should be plotted on scaled graph paper. A 
planimeter can be used to estimate sectional area.

If aerial photographs of an appropriate 
scale are available, crown width can be 
measured on the photograph and expanded 
by the photograph scale. Measurements of 
width from photographs often 
underestimate the width estimated from the 
ground because parts of the crown are too 
small for resolution or are obscured by other trees.

If the crown is clearly visible from the ground, a Criterion laser or 
ground-based photograph can be used to estimate the width of the 
axis perpendicular to the instrument. When using a photograph, the 
slope distance from the camera to the crown (D) and the focal 
length of the camera (f) define the scale of the photograph at the 
crown. The crown width is calculated as:

There is a strong linear relationship between crown width and bole 
diameter. This relationship, expressed as a ratio of crown width to 
diameter at breast height, is called the crown ratio.
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Crown depth
(Length) 

Crown depth is the length along the main axis from the tree tip to 
the base of the crown. This length is normally determined using a 
hypsometer to determine the heights of the two points.

The base of the crown may be defined by: 

1.  The lowest complete branch whorl or major branch that 
forms part of the canopy (used in calculating upper crown 
length) 

2.  The lowest live branch, excluding epicormics or water 
shoots (used in calculating lower crown length) 

The depth of the crown is often expressed as: 

●     Crown length ratio (crown length divided by total tree 
height) 

●     Green crown percent (Crown length ratio expressed as a 
percentage) 
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Crown surface area Crown surface area is a surrogate for the area available for leaves to 
capture radiant energy from the sun or atmospheric gasses and 
pollution. As the most actively photosynthetic leaves are the young 
leaves near the crown periphery, crown surface area is a useful 
index of growth.

Crown surface area (Ca) is calculated assuming the crown is a solid 
geometric shape with a measured crown depth (L) and crown width 
(D). One of three regular shapes are assumed.

These calculations ignore the surface at the base of the crown.

Crown volume
Enclosed volume 

Crown volume is calculated in a similar way to crown surface area. 
Crown volume (Cv) is estimated from the crown width (D) and 
crown depth (L) after assuming one of three regular geometric 
shapes:
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Twigs and leaves in the crown
Crown biomass 

Detail about the surface area of the leaves, mineral and nutrient 
content, and the mass of leaves, twigs and branches within the 
crown are occasionally measured for a diverse range of needs.

These needs include: 

●     Ecological studies 
●     Estimation of the palatability of leaves to arboreal fauna 
●     Estimation of growth and site 
●     Atmospheric pollution mitigation (particularly urban trees) 
●     Carbon sequestration estimation 
●     Correlating reflectance from airborne or remote scanners 

with ground parameters 

There are three major ways of estimating these details for a specific 
tree: 

●     Weighing: Fell the tree and separate the leaves, twigs and 
branches. Measure the fresh or green weight of these 
components and the dry weight (and mineral content etc. if 
required) of a sub-sample of components. The ratio of dry : 
fresh weight is used to estimate the original tree's total mass. 
A variety of sampling approaches designed to estimate an 
unbiased ratio of dry : fresh weight have been used 
(Snowdon), but the most common approach is probably an 
ad hoc sample from components when they are initially 
separated.

●     Regression: Measure the diameter of the major branches one 
or two centimetres from the junction with the stem 
(immediately below the zone of rapid taper). Select a sample 
of these branches, determine the dry weight of the 
components for each sampled branch, and derive a 
correlation. Common relationships fitted include natural log 
of mass and branch diameter raised to a power. There is 
some suggestion that the regressions fitted are unique to each 
tree and time - coefficients change as the tree ages or moves 
into different growth stages as well as with changes in site 
and health.

●     Variable probability sampling: A powerful sampling 
approach that selects one (or more) places to cut a disk of 
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wood and one (or more) terminal branches using a 
probability of selection proportional to size. Valentine et al 
(1984) and Gregoire et al (1995) published a method that 
utilised variable probability sampling systems for estimating 
the biomass of components of trees. They concluded that this 
method was easier to implement in the field than other 
sampling systems, in addition to being efficient and able to 
produce unbiased estimates of the mean and variance of the 
biomass estimates.

Crown health Tree health is not simply quantified. An index of health may be 
derived from a range of continuous and ordinal variables including: 

●     Average elongation of twigs (over past two or three years) 
●     Percentage of crown dieback 
●     Presence of large dead branches and hollows 
●     Presence of fungi fruiting bodies 
●     Presence of termites or other nominated insects 
●     Presence of mistletoe 
●     Foliage discolouration 
●     Crown shape (regular is healthier) 
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Tools for measuring tree height
Forest Measurement and Modelling.

 

  

 

Click on the picutres below for more information

●     [Trigonomentric 
approaches] 

●     [Geometric 
approaches] 

●     [Ranking] ●     Measurement 
techniques 

 

Abney Level: An engineering instrument that can be used to determine height. Degrees or 
percentage slope are read from the scale.

It is moderately expensive and of medium size and weight. The Abney Level is relatively robust 
but the bubble tube can be knocked out of alignment. Periodic checking of alignment by siting 
and back sighting to a reference height is needed.

 

Blume Leiss: A height measuring instrument of medium size and weight. It is robust and only 
moderately expensive.

Heights above and below the observer's eye can be read directly from the scale if the observer is 
15, 20, 30 or 40 m from the tree.

 

Haga: A height measuring instrument of medium size and weight. It is robust and only 
moderately expensive.

Heights above and below the observer's eye can be read directly from the scale if the observer is 
15, 20, 25 or 30 m from the tree. The appropriate scale can be selected by rotating the selection 
dial at the front of the instrument.

 

Spiegel Relaskop (Relascope): Commonly referred to as a Relaskop. A sophisticated, compact 
and robust device for measuring range, tree height and diameter, and stand parameters. It is 
relatively expensive.

Heights can be read from an internal scale if the user is 20, 25 or 30 m from the tree. However, 
there are a number of scales visible and novice users are often confused by the apparent reading 
complexity.
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Suunto Clinometer: A small, light, robust and inexpensive instrument for measuring height. An 
internal scale normally indicates percentage slope. Height above or below the operator is 
calculated by multiplying the percentage slope by the distance from the tree. Thus, there is no 
fixed distance for common use.

Some people experience difficulties sighting through the Suunto. You must look into the Suunto 
while simultaneously sighting along side it to see the tree. Particular care is needed if the 
operator suffers from astigmatism.

 

Telerelaskop: A research quality instrument that is no longer in production. The Telereskop is 
similar in principle to the [Relaskop] except that it includes 5 x optical magnification.

 

Vertex: A height and range measuring instrument of medium size and weight. It is robust and 
only moderately expensive. A transponder (temporarily attached to the tree at breast height) and 
the hand unit use sonic pulses to determine range from the tree. The hand unit contains an angle 
reading device and a simple computer chip to calculate height above the transponder.

Care is needed on leaning trees. A transponder attached to a tree bole on a leaning tree will result 

and a biased estimate of tree height unless the lean is exactly at 90o to the observer. Some 
problems have also been reported with environmental sounds (e.g. crickets in Tasmania) 
interfering with the sonic pulses.

 

Criterion Laser: A heavy height, diameter and range measuring instrument. The Criterion uses 
laser light to determine distance from a tree. A built in angle reader and a simple computer chip 
calculates tree height.

 

LEM-300: A relatively heavy height, diameter and range measuring instrument. The LEM uses 
laser light to determine distance from a tree. A built in angle reader and a simple computer chip 
calculates tree height.

Indirect measurement of height using geometric principles
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Tools for measuring tree height

 

The bottle-opener dendrometer: A very cheap instrument for estimating height and some stand 
parameters. Working on the principle of similar triangles, you hold the dendrometer between you 
and the tree and move back or forwards until the tree appears to lie exactly between the top and 
bottom overhangs on the left side. The point that corresponds to a mark one-tenth up the left side 
of the dendrometer is then identified on the tree. The height from the ground to the identified 
mark is multiplied by 10 to determine the total tree height.

 

JAL: A more precise tool for applying geometric principles to measuring tree height. It is widely 
used in Europe but is not found in Australia.

Ranking tools for ease, 
effectiveness and cost 

Hypsometers all have strengths and weaknesses. The significance of each strength and weakness 
however will depend on the circumstances surrounding the purpose and use of the instrument. I 
have ranked many of the hypsometers by my interpretation of 5 main factors: 

●     price 
●     precision 
●     robustness 
●     ease of sighting 
●     speed of use 
●     compactness 

If all the factors above are weighted equally, then a comparison of instruments to choose an 
optimal is possible. By this simple comparison, the Vertex appears to be a good choice (Y-
axis is arbitrary). In fact, over the period from 1992 - 1996, most Australian Forest Services 
purchased Vertex hypsometers. A change in the weighting of these factors may however 
change the optimal choice. For example, if precision, ease of sighting and use are 
considered to be the dominant factors, then the Criterion Laser becomes the optimal tool for 
measuring height. 
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●     [Angle count 
sampling] 

●     [Basal Area 
Factors] 

●     Tools 
●     Implementing 

an angle count 
sample 

●     Number of trees 
●     Average 

diameter 
●     Competition 

Stand basal area, denoted by the symbol G, is a very useful parameter for 
quantifying a forest stand. It may be seen as a summary of the number and 
the size of trees in a stand. As individual tree basal area is related to tree 
volume, biomass, crown parameters, etc., so too stand basal area is related 
to stand volume, biomass, etc. G is also correlated with competition or the 
density of a stand. 

In Australian forests, stand basal area of fully stocked stands frequently lies 
in the range 20-50 m^2/ha. For heavily thinned stands and young poorly 
stocked crops, basal areas of 10-20 m^2/ha are common. In rare cases, on 
exceptionally good sites, G may reach 150 m^2/ha! 

G is the sum of the basal area of all (living) trees in a stand, expressed in 
m^2/ha. It can be calculated from measurements of the diameter (dbh in cm) 
of all trees in a known area (a in ha) (e.g. a plot of fixed dimensions):

Alternatively, G can be estimated using a variable probability sampling 
approach called angle count sampling, point sampling, variable radius plot 
sampling (VRP sampling), plotless cruising, angle counting, probability 
proportional to size (PPS) sampling or horizontal point sampling. This 
sampling approach allows unbiased estimates of G to be made very quickly 
without the need to measure the dbh of each tree. The speed and efficiency 
of angle count sampling, in conjunction with the correlation of G with so 
many stand parameters of interest has meant that G is almost always 
measured in any stand inventory or assessment, and measured using angle 
count samping.
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Angle count sampling Inclusion of a tree in an angle count depends on the basal area of the tree 
and its proximity to the sampling point. Small trees are not included if they 
are some distance from the sampling point, while larger trees will be 
included at even greater distances. 

A simple "mind experiment" might help explain the principle of the angle 
count method:

Imagine that there 
exists a forest with only 
small and large 
diameter trees (e.g. 10 
cm and 50 cm dbh 
respectively) for which 
we want to determine 
stand basal area. A 
single 10 cm dbh tree 
only has a basal area of 
0.00785 m^2 while 
each 50 cm tree is 0.196 m^2. We do not want to waste time measuring too 
many small trees, but do not want to miss the big values contributed by the 
large trees, so we use 2 circular plots of 5 m and 25 m radius and measure 
only small and large trees respectively within each plot. 

Now imagine that we established our plots and found that there were three 
small trees within the 5 m radius plot and four large trees within the 25 m 
radius plot. Noting that the radius of a 10 cm and 50 cm dbh tree is 5 cm and 
25 cm respectively, the stand basal area would be calculated as the sum of 
the two plots:
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But of course a real forest would have trees of a range of DBH values. We 
could therefore establish a range of plots for all the different DBH classes. 
For example, our imaginary forest above might also have trees of 20, 30 and 
40 cm DBH that we could sample in circular plots of 10, 15 and 20 m radius 
respectively. Using the same calculations as above therefore, we would find 
that each 20, 30 or 40 cm DBH tree that is within its 10, 15 or 20 m radius 
plot adds 1 m^2/ha to the overall stand basal area. Now that is the important 
part of the matter! We have set up our plot dimensions so that each tree of X 
cm dbh adds 1 m^2/ha to the stand basal area if it is within a radius X/2 m 
of the plot centre - where X is any number. In fact, we no longer even need 
to know what is the value of X. All we need to know is whether the ratio of 
dbh to distance from the plot centre is greater than 2 cm : 1 m. If the ratio of 
dbh : distance is greater than 2 cm : 1 m (i.e. 1 : 500), then the tree of 
whatever dbh is within its respective plot and that tree adds another 1 
m^2/ha to the estimate of the total stand basal area. An optical wedge, 
Dendrometer II, Spiegal Relakop or similar instrument simply helps 
determine if the ratio of dbh : distance away exceeds the critical ratio and 
therefore whether the tree is within the plot and adds to the estimate of stand 
basal area. 

Note that a tree of X cm dbh is within its respective plot when the ratio of 
dbh : distance from centre exceeds 2 * X cm : X m. Thus a tree of 20 cm 
dbh is counted if it is anywhere from 10 m away right up to the exact plot 
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centre! A tree is either IN or OUT of the plot - a 20 cm dbh tree right at the 
centre is no more or less within the plot than a similar tree that is 3, 6 or 9 m 
away from the centre. 

Basal Area Factor 
(BAF) 

In the above example, G was determined by counting the number of trees 
that were IN (i.e. ratio of dbh : distance was greater than 1:500) and 
multiplying by 1. The value 1 is determined by the ratio of dbh to distance 
from the plot centre and is called the basal area factor (BAF). Different 
BAFs can be chosen in different circumstances.

For example, if we 
decide that too many 
trees are IN with a ratio 
of 1:500, we might 
decide to count trees 
when the ratio of 1:250 
is exceeded. That is, 
instead of a 10 or 50 cm 
dbh tree being IN when 
it is within 5 or 25 m of 
the plot centre 
respectively, it is now only counted as IN when it is within 2.5 or 12.5 m 
respectively. If you repeat the equations given above, you will see that G is 
estimated as the number of IN trees times 4. That is, the BAF is 4 when the 
ratio of dbh : distance from the plot centre is 1:250. On average, you would 
expect to count only one-quarter as many IN trees with a BAF of 4 as you 
would in an angle count sample with a BAF of 1. In our example, only 2 
trees are IN with a ratio of 1:250 - therefore G = 2*BAF = 8 m^2/ha.

Any instrument that allows a fixed angle to be subtended can be used this 
sampling technique once its BAF has been calibrated. To calibrate an 
instrument, move back from a target tree of known dbh until the tree 
appears to be exactly the same angle (or size) as your instrument. For 
example, you can calibrate your thumb by holding it straight out and 
walking away from the tree until the dbh appears to be the same size as your 
thumb. Measure the distance (D) from the centre of the tree to your eye (for 
Relakop, thumb, etc) or to the instrument (wedge) and apply the following 
formula:
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Where:

●     BAF denotes the basal area factor of the instrument 
●     dbh denotes diameter breast height (m) 
●     D denotes distance from eye (relaskop and thumb) or prism to centre 

of tree (m) 
●     Lprism denotes limiting distance for a borderline tree when using a 

prism (m) 
●     LRela denotes limiting distance for a borderline tree when using a 

Relaskop (m) 
●     Q denotes angle of slope (degrees) eye to breast height position on 

target 
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●     [Selecting locations] 
●     [Boundary points] 
●     [Placement of angle 

gauge] 

●     [Selecting a BAF] 
●     [Borderline trees] 

●     Stand basal area 
●     Tools 

Angle count sampling (ACS) estimates stand basal area from a number of sample points. Although the 
method is efficient and theoretically unbiased, inappropriate selection of sample points or use of an angle 
gauge can lead to imprecision or bias. Bias can be introduced by:

●     Ad hoc and subjective selection of sample points. 
●     Samples overlap the edge or boundary of the stand. 
●     Pushing the point, or incorrect placement of the angle gauge relative to the plot centre. 

Imprecision can be introduced by:

●     Inappropriate BAF selection. 
●     Insufficient attention to borderline trees, i.e. trees close to the distance where a decision between IN 

and OUT occurs. 

Selecting 
sample 
points 

The selection of sample points should be statistically valid. Appropriate sample locations can be chosen 
randomly or by a well-developed systematic sample. 

Statistically, each point within a stand is an independent sample point. Thus, two points, randomly chosen 
and falling within a metre of each other are valid even though the same trees may be IN for both points. 
Counting one tree as IN in more than one sample point can be avoided if new sample points are excluded if 
they are near an existing point. The minimum distance (L) between points to prevent overlap can be 
determined from the BAF and an estimate of the largest dbh likely to be encountered. A systematic sampling 
approach generally avoids this condition by spreading the points across the stand. Excluding points that are 
close to each other slightly biases the estimate of sampling precision. 

Avoid introducing bias when locating the selected sample points in the field. For example, if pacing the 
distance between points, do not veer away from awkward points like blackberry patches, nor towards easy 
points like open glades. One way to avoid such bias is to ensure an objective approach to measuring distance 
and bearing is followed. For example, pace most of the distance but when about 20 m from the desired 
sample point use a tape and exact bearing. 
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Points near 
the stand 
boundary 

An ACS point close to the boundary of a stand will sample an 
area outside the stand and thus introduce bias. The limiting 
distance (L), or how close the point can be to the boundary 
without introducing bias will depend on the maximum dbh 
tree and the BAF. Where a sample point is closer than L to a 
boundary or corner, 180 or 90 degree sweeps (respectively) 
are necessary. Sweep only the half or quarter circle away 
from the boundary or corner then multiply the estimate of G 
by 2 or 4 respectively. This method, called Grosenbaugh's 
method, avoids bias introduced by near-boundary points.

Pushing the 
point 
Incorrect 
placement 
of angle 
gauge 

It is important that the angle gauge instrument be held 
at the appropriate location determined by the way the 
angle is generated. Hold a wedge prism precisely over 
the ACS point centre at all times. This point, and not 
the observer's eye, is where the reference angle is 
generated. In contrast, the Relaskop, thumb, stick, 
etc., generate the angle at the observer's eye. The 
wedge must be held in a vertical position with the 
user's eye back at any convenient distance and at right 
angles to the line of sight. View through the centre of the wedge. 

Pushing the point is where the user rather than the 
wedge is over the sample point. Unless all near 
borderline trees are measured, pushing the point will 
result in an overestimate of G. The overestimate will 
vary depending on tree dbh, BAF and the distance the 
wedge prism is from the point centre. 

Appropriate 
BAF 

Angle gauges are available with a range of BAFs. On average, an ACS with a small BAF will select more IN 
trees than a large BAF. Too many IN trees makes the assessment rather tedious and may result in trees being 
missed. However, a large BAF leads to lower precision as the G estimate for each sweep jumps substantially 
for each IN tree. When there are many IN trees in a sweep, miscounting one tree has a relatively minor 
impact, in contrast to when there are few IN trees. Each tree that is miscounted introduces an error in the 
estimate of G from that point equal to the BAF in m^2/ha.

A satisfactory compromise is a count of 7-12 trees per sample point - not so many trees that a miscount is 
likely, nor so few trees that the impact of a miscount is relatively high. To select an appropriate BAF, 
estimate G and divide by 10. This BAF should give about 10 IN trees which is about in the middle of the 
desired range. For example, stand basal area of fully stocked stands frequently lies in the range 20-50 
m^2/ha which suggests BAF values of 2 to 5. 

Once an appropriate BAF is selected, continue to use the same factor gauge at each point in the assessment. 
Varying the BAF within an assessment leads to problems in estimating the precision of the estimate of G. 
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Borderline 
trees 

The accuracy of all angle gauges is sufficient to determine trees that are obviously IN or OUT. That is, trees 
that are near the boundary for their size cannot reliably be detected by the gauge. Therefore any tree near the 
boundary should be measured for dbh (m) and actual distance (D in m) from the point centre. The distance D 
can be compared with the limiting distance (L) and a decision can be made:

●     D less than L: Tree is IN 
●     D greater than L: Tree is OUT 
●     D equals L: Very rare. Tree is a true borderline and should be counted as 0.5 

Individuals tend to have a personal bias when counting borderline trees. Van Laar (1970) found a tendency 
with the angle count instruments to count too many border line trees, while students at the ANU over the 
past 5 years have been observed to have a range of bias. Therefore, it is very important that trees for which 
there is any doubt must be measured and compared with the limiting distance for that sized tree and BAF. 
Failure to check borderline trees will lead to errors in the estimation of G. 

 
[acs.htm] Revision: 6/1999
Cris.Brack@anu.edu.au

http://sres-associated.anu.edu.au/mensuration/acs.htm (3 of 3) [9/5/2006 2:25:03 PM]

mailto:Cris.Brack@anu.edu.au


Plot area

Plot and stand area
Forest Measurement and Modelling.

 

 

 

●     [Horizontal 
distance] 

●     [Plot area 
measurement] 

●     [Forest area] 

●     Remote sensing for 
forest area 
measurement 

The determination of plot and stand area is critical in the quantification of forests. The area of a sample 
plot must be accurately determined to allow the determination of per ha mean values (e.g. stand basal 
area, volume/ha, etc.) The area of the stand or forest is needed to allow the sample statistics to be 
expanded to estimate forest totals. 

Horizontal 
distance 

Area is calculated from an orthogonal projection, 
i.e. the area in a horizontal plane, not a sloping 
plane. Thus, any measurements of length (e.g. the 
length of the side of a rectangular plot) need to be 
the horizontal distance and not the slope distance. 
Over short distances horizontal distance can be 
measured directly with a measuring tape held 
horizontally. This approach is often called step 
chaining because long distances can to covered 
using a number of short horizontal steps.

Over longer distances or steep slopes, horizontal distance is determined indirectly from the slope 
distance and the angle of the slope. 

Horizontal distance = Slope distance * Cos(Q) 

Note that many computers use radians and not degrees for trigonometrical operations. 

Radians = Degrees * PI / 180 
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Plot area Plots are normally laid out as regular geometric shapes. The choice of geometric shape is often 
controlled by convention although circular plots are common in natural forests while rectangular plots 
are common in plantations. Rectangular plots where the ratio of long : short side is much greater than 
2:1 are called striplines or transects.

The area of a circular plot is simply calculated as plot radius squared 
times PI. On sloping ground, the radius should be measured using step 
chaining where possible to get the horizontal distance. If step chaining is 
not feasible, use the slope distance to establish the plot and then 
determine the maximum slope (Q) that crosses the plot from the edge 
through the centre. Move uphill to the plot edge and sight through the 
plot centre to the opposite edge and measure the slope. Move to a new 
position and check for the maximum slope. Multiply the plot area by 
Cos(Q) to correct the sloping area to the horizontal area. 

It is difficult to establish rectangular or square plots. The internal angles 
are rarely exactly 90 degrees, and thus a parallelogram, trapezium or 
trapezoid rather than a rectangle is actually a more common shape for 
plots with straight edges. The most reliable way of determining the area 
of this shape is to treat the plot as two triangles (ie triangle ABD and 
BCD). The horizontal length of the sides of these triangles is measured 
using step chaining or trigonometry and then the area determined and 
added together. To ensure an accurate measurement of area, the opposite 
diagonal (AC) can be measured and the area of the alternate two triangles 
(ABC, CDA) can be determined. The area of ABD+BCD should equal 
ABC+CDA (to an appropriate degree of precision).
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A diamond plot is often used in the plantations of New Zealand. It is like 
a regtangular plot with one diagonal aligned with the planted row of 
trees. Calculation of area is identical with the above plot shape. 

Forest 
area 

Many people are surprised by the difficulty encountered in determining the true area of a stand or 
forest. The boundaries of the forest are rarely well delineated, nor are they consistent between maps, 
legal documents, remotely sensed images, etc. The error introduced by mistakes in the boundary 
increases for stands that are not compact (e.g. long linear forests alongside waterways). 
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●     Number of trees 
●     Tree dbh 
●     Competition 

The average diameter at breast height (dbh) is occasionally used to describe 
a relatively homogeneous stand. The arithmetic- or quadratic- mean dbh is 
the usual statistic calculated: 

These mean values may be used in conjunction with estimates of the 
number of trees / ha to determine competition within a stand. The mean 
values may also be compared with the median and mode dbh to determine if 
the diameter distribution is skewed. 

The quadratic mean diameter has a stronger correlation to stand volume than 
does the arithmetic mean. The basal area of a tree with dbh equal to the 
quadratic mean diameter is equal to the mean basal area of the stand.
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●     [What to 
measure] 

●     [Direct and 
indirect 
measurement] 

●     [Predicting bark 
thickness] 

●     Tools 
●     Diameter 

Bark is the outer sheath of the tree. Some trees annually shed bark, while 
others have persistent bark. The inner bark transports photosynthates from 
the crown, while the outer bark has a major protective role. The bark 
protects the bole from insects and damage from physical abrasion. It is also 
important for fire resistance. 

The underbark measurement of diameter or sectional area at breast height is 
more closely related to wood volume than the equivalent measurement over 
bark. Thus, the determination of bark is important for estimating wood 
volume that could be extracted from trees or logs. 

Because bark is a suitable growing medium for horticultural purposes, 
estimates of the amount of bark available for harvesting is also of 
commercial interest. 

What to measure ●     Bark thickness or width: Bark thickness is needed to convert 
diameter over-bark to diameter under-bark. Diameter under-bark is 
calculated as diameter over-bark minus two times the average bark 
thickness. 

Diameter under-bark is used in many equations that estimate wood 
volumes. Bark thickness will also determine the duration and 
intensity of fire that the tree cambium can survive.

●     Sectional area of bark: Bark cross-sectional area is well correlated 
with important physiological variables, e.g. leaf area (Brack et al. 
1985).

●     Surface area of bark over tree bole: Trees lay down their woody 
growth from the cambium on the inner side of the bark. Therefore a 
measure of the surface area of the bark may be related to the growth 
of the tree.

http://sres-associated.anu.edu.au/mensuration/bark.htm (1 of 3) [9/5/2006 2:25:55 PM]



Bark

●     Bark volume: As a commercial product, the volume of bark is an 
important variable. However, where bark is not valuable, the volume 
included may need to be subtracted from the total volume of logs 
removed in a commercial logging operation. 

Measurement techniques On felled trees and logs, bark thickness can be directly measured at the cut 
ends. A small chip of bark can also be cut and the thickness measured. 
However, cutting the chip with an axe may compress the bark and provide 
biased estimates. Where a ring of bark can be removed, the diameter over-
bark and diameter under-bark can be measured. Bark thickness is one-half 
of the difference between over-bark and under-bark diameter.

On standing trees, bark thickness is measured indirectly. A probe is pushed 
through the bark to meet the wood interface and the length of penetration 
measured. Because bark varies around the bole, an average of four 
measurements (evenly spaced or where the calliper arms contact the bole) is 
normally required. 

Bark sectional area is normally calculated as the difference between over-
bark and under-bark sectional area. Similarly, bark volume is the difference 
between over-bark and under-bark volume, where volume is by the standard 
sectional or other technique. Thus diameter over-bark and bark thickness, at 
a number of heights up the bole, needs to be determined. 

Bark surface area (a) may be calculated by assuming that the bole is a 
quadratic paraboloid of basal diameter (D - under-bark) and tree height (h): 

 
Modelling Measuring bark thickness is difficult. Direct methods are destructive, and 

the use of a Bark Probe or Gauge requires experience and "feel". Bark 
thickness is also needed at locations up along the bole (e.g. for volume 
estimation), which adds the complication of safely climbing the tree and 
pushing a gauge in while metres above the ground. Thus, ways of predicting 
bark thickness from easily measured parameters are important. 

Bark thickness decreases from the ground to the tree tip. This decrease may 
be related to the rate of taper of the bole, but there are often irregularities 
and anomalies. Bark thickness varies with species; genetic constitution; site; 
tree age, health and size; rate of growth; bark persistence; and position along 
the bole. 
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Many hardwood trees maintain a reasonably constant ratio of diameter 
under-bark to diameter over-bark along the tree bole. Thus diameter under-
bark at any point along the tree may be calculated by multiplying over-bark 
diameter by the ratio of under- to over-bark diameter at breast height. 

For many other tree species, particularly conifers, the under- to over-bark 
diameter ratio of increases with increasing height along the bole. That is, the 
relative bark thickness decreases. A few rare species have a decreasing ratio 
of under- to over-bark diameter. 

Where the ratio of under- to over-bark diameter is not constant, equations 
may be developed to predict bark thickness from measurements at ground 
level. For example, Johnson and Wood (1987) estimated bark thickness (b) 
for Pinus radiata in ACT from measurements of diameter over-bark and 
bark thickness at breast height (dbh and bbh respectively) and the diameter 
over-bark at any nominated point:

This equation appeared to be reliable in all plantation forests of the ACT 
and is independent of site and age.

Equations may also be fitted to predict bark thickness or diameter under-
bark at breast height. For example, a quadratic polynomial equation fitted to 
P. radiata data from the ACT explained over 90% of the variation in bark 
thickness at breast height (bbh):

bbh = -0.558 + 0.127*dbh - 0.00101*dbh^2

Combining the above two equations allows bark 
thickness to be predicted for any height up the bole 
when only dbh and over-bark diameter (or relative 
over-bark diameter) is known.
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●     [Radius] 
●     [Diameter] 
●     [Circumference] 
●     [Sectional area] 

●     [dbh] 
●     [Basal area] 

●     Breast height 
●     Upper stem 
●     Tools 

Measurement of a tree bole at a nominated height would be easy if the bole 
corresponded to a simple geometric shape. For example, if we could assume 
that the bole cross section was like a circle, then we could measure the 
radius (r), diameter (d), circumference (c) or the area (a). We can calculate 
all the other variables once we measure any one of them.

However, the tree bole is rarely circular (or any other simple geometric 
shape) and the use of the above equations will only provide approximate 
estimates. The selection of which parameter to measure will depend on: the 
use of the measurement; the resources and tools available; tradition; and the 
acceptable error.
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Radius Radius (r): length from the centre to the 
outside of the bole. It is rarely measured in 
forestry. Radius cannot be measured on 
standing trees because the centre of the tree 
needs to be accurately located. Because a 
bole is not circular, different measurements 
of radius are possible.

Diameter Diameter (d): length from the outside of the 
bole, through the centre, to the opposite side. 
Diameter is commonly measured in forestry. 
Again, because tree boles are not circular, 
different measurements of diameter are 
possible.

Diameter at breast height (dbh) is probably 
the most common measurement made on a 
standing tree.

Direct measurement of diameter commonly 
measures two different axes: 

●     The diameter of the maximum and minimum axis of the bole on trees 
that are clearly elliptical; 

●     The diameter of the maximum axis and the axis at 90 degrees; 
●     The diameter of any two axes at 90 degrees to each other. 

The two diameter measurements are averaged using an arithmetic mean 
(most common) or a geometric mean (for highly elliptical boles).

The measurement of diameter on one axis is often acceptable when the data 
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is only being used to group trees into a stand table.

Circumference Circumference (c) - also known as girth: the 
length around the outside of the bole. 
Circumference is commonly measured in 
forestry, but usually it is then used to 
estimate bole diameter. If the bole were 
circular, diameter can be estimated as 
circumference divided by PI. However, if the 
bole deviates from this ideal shape, then this 
calculation will overestimate the diameter. 
This bias is not constant and will vary with 
the degree and type of deviation. However, 
this bias is rarely considered significant.

An advantage of measuring the bole girth is 
that there is no sampling error involved. Unlike diameter measurements, the 
result does not depend on which axis was selected to measure. This leads to 
an increase in measurement precision. In addition, if a tree bole changes by 
1 cm in diameter, the girth measurement changes by 3.1415... cm (PI). Thus, 
finer readings of the change can be read.

Sectional area Sectional area (a): the area of the cross 
section of the bole. This parameter is very 
important in forestry. The sectional area at 
breast height is used in many relationships 
and is called basal area (g).

Sectional area could be directly measured 
using a planimeter, but this is rarely done. 
Instead, sectional area is calculated from 
diameter after assuming that the bole has a 
circular shape. If the diameter is estimated 
from a measurement of circumference, then 
the basal area estimate will be an 
overestimate (positively biased). If the 
diameter is estimated from the mean of measurements on one or two axes, 
then an over- or under- estimate of the sectional area is possible. The 
geometric mean of the maximum and minimum axes is less biased than 
other approaches (Matern 1956, Chacko 1961).

Biging and Wensel (1988) studied ways of measuring basal area increment. 
They concluded that increment estimates were unbiased if measurements 
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along the minor axis were used.
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Tools for measuring stand basal area
Forest Measurement and Modelling.

 

  

●     Stand basal area 

The instruments described here are used in the angle-count sampling 
method. Although theoretically accurate, the method must be carefully 
implemented to avoid error. The Code of Forest Mensuration Practice 
(section 3.3.2 and 3.3.3 at 
http://www.anu.edu.au/Forestry/mensuration/rwg2/code/3-3-2.htm and 
http://www.anu.edu.au/Forestry/mensuration/rwg2/code/3-3-3.htm) 
provides an excellent review of good measurement practice.

 

Spiegel Relaskop (Relascope): Commonly referred to as a Relaskop. A 
sophisticated, compact and robust device for measuring range, tree height 
and diameter, and stand parameters. It is relatively expensive.

BAF from 0.0625 to 4.0 can be selected. However, there are a number of 
scales visible and novice users are often confused by the apparent reading 
complexity.

 

The bottle-opener dendrometer: A very cheap instrument for estimating 
height and stand basal area. BAF of 1,2 or 4 can be selected.
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Number of trees in a stand
Forest Measurement and Modelling.

 

 

 

●     Stand basal area 
●     Stand volume 
●     Competition 
●     Area of a plot 

Estimates of the number of trees in a stand may be needed to assess the 
success of regeneration or as input into an indirect measurement technique 
(e.g. Tarrif equations for stand volume). The number of trees may also be 
compared with a management ideal to determine if the stand is over- or 
under-stocked.

The number of trees in a stand is usually only a useful parameter when the 
trees are of similar size and age, e.g. a well-regulated plantation. 

The number of trees in a stand is often reported as trees / ha and may be 
calculated from:

●     Fixed area plots; 
●     Quadrants; 
●     Point-to-plant methods; 
●     Point sample. 

The number of trees on a fixed area plot is divided by the area of the plot to 
give an estimate of the trees / ha. A number of randomly selected plots can 
provide an unbiased estimate of the mean and standard deviation of the 
stand. The other methods can also provide unbiased estimates when the 
trees are randomly spaced throughout the stand. However, when the trees 
are clumped, or gaps occur, these methods may result in biased estimates of 
the standard deviation. 

The point-to-plant method estimates the average area that four trees (or n 
trees) occupy. From a randomly selected point, nominate the fourth and fifth 
(n and n+1) trees and measure the distance from the point to these trees. The 
four (n) trees occupy the space in a circle whose radius is the average of 
distances between the forth and fifth trees. If four trees occupy X ha, then 
there are 4/X trees per ha. This method is very fast and particularly useful 
for estimating the regeneration levels when there are many stems / ha and 
the distance to the n+1 tree is small. 
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Point samples estimate the basal area / ha (m2/ha). To estimate the number 
of trees from a basal area estimate, divide the stand basal area by the 
average tree basal area. 
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Merchantable height of a single tree
Forest Measurement and Modelling.

 

  

 

●     [Bole height] ●     Total height 
●     Tools 

●     Measurement 
techniques 

Merchantable height is used to 
predict conventionally merchantable 
woody material. Unfortunately, it is a 
variable quantity that depends on the 
specification of the merchantable 
products at the time of measurement.

Merchantable height may be defined 
as the distance from the base of the 
tree to the first occurrence of either: 

●     the highest point on the main 
stem where the stem diameter 
is not less than some specified 
value, or 

●     the lowest point on the main 
stem, above the stump, where 
utilisation of the stem is limited by branching or other defect. 

Bole height Bole height is a compromise between the objective measurement of total 
height and the subjective measurement of merchantable height. A more 
objective measurement is repeatable by different measurers and over time. 
Such repeatability provides for more precise measurements.

Bole height may be defined as the distance from the base of the tree to the 
base of the first living branch that forms a part of the tree crown.

 
[merchhgt.htm] Revision: 6/1999
Cris.Brack@anu.edu.au

http://sres-associated.anu.edu.au/mensuration/merchhgt.htm [9/5/2006 2:36:17 PM]

mailto:Cris.Brack@anu.edu.au


Breast height

Standard point on tree bole for measurement
Forest Measurement and Modelling.

 

 

 

●     Reference 
height 

●     [Breast height] 
●     [Rule for 

changing] 

●     [Ground level] ●     What to measure 
●     Tools 

The size of a tree trunk or bole is of direct relevance to people 
interested in quantifying the amount of woody material, carbon or 
biomass in a tree. It is also related to other important tree 
parameters and may be an index of the quality of a site.

Unfortunately measurement of a tree bole is not trivial. The bole is 
a three dimensional object with a cross sectional area that decreases 
progressively with height. It is also not a regular shape. Instead, 
defects and structural anomalies cause bumps and swellings that 
make measurements difficult.

Breast height
(reference or standard height on 
the bole) 

To allow measurements of bole size to be compared, a standard 
point on the trunk is defined. It is important that this point is at a 
convenient height near the ground and that it can be reliably located 
(and relocated) by different measurers. This standard height is 
termed breast height.

The actual location of breast height varies slightly between some 
countries. In continental Europe, Australia, U.K, Canada and some 
former members of the British Commonwealth breast height is 
defined as 1.3 m above the ground. The breast height convention in 
the USA, New Zealand, Burma, India, Malaysia, South Africa and 
some other countries is to measure at 1.4 m (or 4' 6") above ground.

Breast height is a convention with a long history of use within 
forestry practice. However, other standard heights are also used. 
Some researchers in grazing and agriculture use bole size at 0.3 m 
or 0.7 m above the ground as their standard height. This reference 
height is used because it has a strong relationship to the grass / crop 
/ tree competition measurements. Researchers studying tree volume 
have also found very strong relationships between volume and the 
size of the bole at a relative height (e.g. 5% of the total tree height 
up from the ground). However, while 5% of a 30 m tall tree is only 
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1.5 m above the ground and therefore easily within reach, it is 
difficult to reach the same relative height on a 60 m tall tree.

Rules for moving away from the 
reference height 

Measurement at breast height (or other nominated height) may not 
always represent the appropriate size of a tree. For example, the 
volume of the tree bole may not be correlated with a measurement 
at a height that corresponds to a fork in the tree or a fire scar. 
Typical causes of unrepresentative points include: 

●     Branches or forks 
●     Nodal swellings 
●     Malformations of the trunk due to genetics or disease 
●     Wounds 
●     Insect attacks 

 

Special rules apply where a tree forks near breast height. Treat the 
tree as double or multiple stemmed (i.e. more than one tree) if the 
fork is below breast height. If the fork is above breast height, treat 
the tree as a single stem with multiple leaders. When swelling at 
breast height occurs due to multiple leaders, the breast height 
measurement is conventionally taken where the bole diameter is 
smallest below the swelling.

Special instructions are also necessary where buttressing and fluting 
is common. Measurement is commonly made above the influence 
of the buttress or fluting. Where this influence extends well up the 
bole, an arbitrary height is specified.

When repeat measurements on the bole are expected (e.g. 
permanent samples), the actual height of measurement should be 
clearly marked.
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The representative size of the bole at a 
nominated height may be estimated by two 
common techniques: 

1.  Take two measurements equally distant 
above and below the nominated height. If 
there is little difference between these 
measurements, take the mean value as the 
representative size. If the difference in bole diameter at these 
two heights is relatively large, then a quadratic mean may be 
more appropriate.

2.  Subjectively select a representative point and take 
measurements at this point. Although quicker than the above 
method, this approach may lead to bias. 

Defining ground level

 

Ground level excludes loose leaves and litter that is not 
incorporated into to soil. Clear it away before taking measurements 
of height.

Consistent definition of ground level on sloping ground or for 
leaning trees is essential to maintain precision of measurements. 
Conventionally, ground level on sloping ground is taken to be the 
uphill of a vertical tree. If a tree is leaning, imagine which would be 
the uphill side of the tree if the ground was rotated to make the tree 
vertical. Thus, on level ground, ground level would be defined from 
the underside of the tree.
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Tools for measuring tree diameter
Forest Measurement and Modelling.

 

  

●     [Within reach] 
●     [Above reach] 

●     [Ranking] ●     Bole size 

 

Fiberglass tape: A girth tape measures diameter indirectly. The tape is wrapped around the tree 
to measure circumference. This value is divided by PI (3.1415....) to estimate diameter. Often the 
tape will have normal units (mm and cm) on one side and PI units on the other side.

The tape should be held relatively firmly (but avoid stretching). The tape should also be wrapped 
around the bole in a perpendicular plane to the stem axis. Keeping the tape numbers right side up 
(as in the photograph) reduces the chances of incorrectly reading the scale - when upside down 
errors like x.4 being recorded as x.6 are common.

 

Calipers: Calipers are comprised of a fixed arm, scale and moveable arm. The fixed arm is 
placed along one side of the tree at the desired height. The moveable arm is then placed flush 
against the other side of the tree and the scale is read directly. The calipers must be located 
perpendicular to the stem axis.

The length of the caliper arms must be at least half the diameter of the tree. Biased estimates 
(underestimates) of the diameter will result if the arms are less than half the tree diameter. This 
limitation may restrict the use of calipers to smaller trees - the large diameter trees often found in 
natural eucalypt forests would require calipers arms in excess of 1 m which would be 
inconvenient.

There are a wide variety of calipers available. The most widely used type is the light, 
hardwearing, metal alloy caliper. 

 

Spiegel Relaskop (Relascope): Commonly referred to as a Relaskop. A sophisticated, compact 
and robust device for measuring range, tree height and diameter, and stand parameters. It is 
relatively expensive.

 

Telerelaskop: A research quality instrument that is no longer in production. The Telereskop is 
similar in principle to the [Relaskop] except that it includes 5 x optical magnification.
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Criterion Laser: A heavy height, diameter and range measuring instrument. The Criterion uses 
laser light to determine distance from a tree. The user enters numbers read from a rifle-scope and 
a simple computer chip calculates diameter.

 

Pentaprism: A medium weight and cost instrument for measuring tree diameter. The Pentaprism 
uses a moveable prism to superimpose an image of the tree bole over an original image. When 
the sides of the superimposed image line up with the original image, the diameter can be read 
directly from a scale which measures displacement of the moveable prism.

Many users experience difficulties with the Pentaprism. They have difficulties lining up the sides 
of the tree for the two images.

Ranking tools for ease, 
effectiveness and cost 

I have ranked the above tools used for measuring diameter at heights not within easy reach. My 
interpretation of 5 main factors: 

●     price 
●     precision 
●     robustness 
●     ease of sighting 
●     speed of use 
●     compactness 
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Crown closure
Forest Measurement and Modelling.

 

 

 

●     Tree crown 
●     Tools.htm 

Crown closure, also known 
as crown cover, is the 
percentage of ground covered 
by a vertical projection of the 
outermost perimeter of the 
crowns in a stand. Only the 
crowns that form part of the 
upper canopy level (dominant 
/ co-dominant stratum) are 
used to determine closure in 
uneven-aged or stands with 
multiple canopy layers. 

Crown closure is used as a 
measure of stand density and 
competition. It may also be 
used in equations that predict 
stand volume. 

Crown closure may be measured on aerial photographs or other remotely 
sensed images. Often, stands are grouped into classes after the photograph is 
compared with standard percentage cover images. For example, the SFRI 
(Natural Resources and Environment, 1999) classified the forests of 
Victoria into six classes: 

1.  Very sparse (1-9%) 
2.  Sparse (10-29%) 
3.  Low (30-49%) 
4.  Medium (50-69%) 
5.  Dense (70-84%) 
6.  Very dense (85-100%) 

Crown closure can be determined by measuring the crown sectional area of 
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all trees in a stand and dividing by the plot area (and expressed as a 
percentage). This estimate will be greater than estimates based on aerial 
photography when tree crown overlap. 

An estimate of crown closure can be determined from a line (or line 
intersect) sample. If a randomly oriented line is located (fully) within the 
stand, then the percentage of that line that falls immediately below a tree 
crown is an unbiased estimate of the stand crown closure. Inoue (1999) 
summarises a proof for the line sample as well as point sample estimates of 
crown closure. 
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Error
Forest Measurement and Modelling.

 

  

●     [Types of error] ●     [Error 
calculations] 

●     [Significant 
figures] 

●     Why measure 

Nothing in the natural world can be measured without some error. However, 
this should not be a problem unless the user of the measurements denies or 
ignores the error. 

The universal nature of measurement error means that measurements should 
not be quoted as an exact value - they should instead indicate a range within 
which the true value lies. [Standard ways of writing values] allow this range 
to be implied.

Errors can arise from many sources. Errors may also [interact] with each 
other - errors in some estimates compounding the magnitude of errors in 
other estimates. An understanding of the [types or errors] may allow their 
effects to be considered and their magnitude controlled. 

The tolerable amount of error must be considered by person who is in 
charge of quantifying the forest as well as the person who will use the 
information. A clear understanding of the acceptable level of error will 
enable appropriate measurement methods to be selected. Measurement 
resources can be more efficiently allocated to reducing the dominant sources 
of error.

Types of error Errors can be classified into four kinds:

1.  Mistakes. These errors are caused by human carelessness, casualness 
or fallibility. Mistakes can include the incorrect use of an instrument, 
an error in recording or a calculation error. The magnitude of these 
errors cannot be determined. Good measurement practice is needed 
to minimise mistakes.

2.  Compensating (accidental). These errors are due to the nature of 
the object being measured, inconstant environmental conditions, 
limitations in instruments and deficiencies in assumptions. A positive 
error will, on average, be balanced by a negative error.
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3.  Systematic (bias). A systematic distortion in a measurement or 
estimate is defined as a bias. These errors are not compensating. 
Systematic errors may be caused by faulty equipment or technique 
and subjectivity of measurers. However some bias may be acceptable 
- see the discussion on estimating sectional area of a tree bole.

4.  Sampling. Sampling error is the error associated with an estimate 
purely due to sampling. If samples are selected using a probability-
based approach or other objective system, sampling errors tend to be 
compensating. The magnitude of a sampling error can be estimated 
from the variance of the population and the size of the sample taken.

A measurement or estimate may be defined as accurate when the total error 
is small. This is normally a qualitative classification as there is no generally 
acceptable definition of a small total error. The total error includes the 
effects of bias and precision.

Activity Use any recent experience in measurement to make a list of possible or 
actual errors. Classify these errors into their appropriate categories and 
estimate their likely magnitude. Which would be the easiest error to control? 
Which would be the hardest error to control?

Error calculations A final parameter estimate (say "A") may be calculated from intermediate 
measurements or estimates (say "B" and "C"). The magnitude of the error 
associated with A (denoted as "a") can be calculated if the errors associated 
with B and C (denoted as "b" and "c") are known:

When A = B + C 

then a = 

When A = B x C 

then a = 
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Significant digits It may be misleading to report a measurement as an exact figure because all 
measurements contain error. This error means that there is a range within 
which the true value lies. For example, accidental error in a 30 cm wooden 
ruler (say temperature fluctuations causing the ruler to swell or shrink by 3 
mm) mean that you may read the length of an object as 300 mm when it is 
297 or 303 mm. The accidental error when using a piece of string may be 
much higher, and the range within which the true value lies may be plus or 
minus several cm!

Reporting the range within which the true value lies would avoid misleading 
readers about the precision of a measurement. So, for example, the object 
measured above with the rule may be reported as 297 - 303 mm, but if 
measured with the string, it may be 285 - 315 mm. Calculations based on 
these ranges would also result in ranges of values within which the true 
value would be expected. For example, the true area of a square with one 
side between 297 - 303 mm and another side between 285 - 315 mm would 
be expected to be between 84 645 and 95 445 mm^2. The magnitude for the 
range of the resulting calculations is determined by the range of input 
measurements.

Figures that do not change within the range involved in the error of 
measurement or calculation may be considered as significant figures. Rules 
for writing significant figures should be observed to avoid implying a 
greater or lesser precision than was achieved. These rules may be found in 
the Code of Forest Mensuration Practice 
(http://www.anu.edu.au/Forestry/mensuration/rwg2/code/1-2.htm).

It is particularly important that the outcome from a number of calculations 
performed by a computer (e.g. a spreadshseet package) is reported to the 
appropriate number of significant digits. Computer packages often print the 
results of calculations to as many decimal places as computer memory 
allows. This is often well in excess of the appropriate number of significant 
places!
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Forest Measurement and Modelling.

 

 

 

●     [Even-aged 
stands] 

●     [Uneven-aged 
stands] 

●     Stand table 

Stand structure is the distribution of trees by species and size within a stand. 
The structure is the result of several factors:

●     Growth habit of the tree species, especially the degree of shade 
tolerance.

●     Ecological conditions.

●     History of disturbance and management. 

Stands may be grouped into difference structural classes for different 
reasons. However, three common stand structure classes are described as:

●     Even-aged. Trees are of an identical age having been planted at the 
same time or germinated within a short period of each other (e.g. in 
response to a fire). Small differences in age may not be of any 
practical significance and are ignored.

●     Uneven-aged. Stands are intermixtures of species and ages with no 
obvious boundaries separating them.

●     Multi-aged. These stands are intermediate between even- and uneven-
aged stands. Two or more age or species groups can be distinguished 
within the stand, although the boundaries may not be clearly defined. 
Examples of multi-aged stands include stands where regeneration is 
occurring in patches opened in the stand (due to timber harvesting or 
death of over-mature trees), and two-tiered or two-storeyed forests.

Even-aged stands tend to have normal or skewed-normal distributions for 
their frequency curve of diameter at breast height (dbh). Thus, an estimate 
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of the mean and standard deviation of dbh is a useful summary of the stand 
table. Young and slow sorting stands tend to be positively skewed with 
more trees occurring in the smaller classes (i.e. median and mode less than 
mean). Conversely, an over-mature stand tends to have relatively few small 
trees and may be negatively skewed (median and mode greater than mean). 
Normality can be tested by visual inspection of a normal quantile plot where 
a reasonably straight line should be seen. Alternatively, a statistical test like 
a Shapiro-Wilk test can be carried out. Many statistical packages are 
available to present these plots or calculate the test statistics. 

Normal distributions can however be truncated or distorted by management 
actions. For example, thinning operations in a plantation may 
disproportionately remove smaller (or larger) trees. 

Multi-aged stands tend to have bi- or multi-nodal distributions - two or more 
peaks in the frequency curve. In the easiest cases, two independent normal 
distributions can be isolated. 

The frequency distribution for dbh of uneven-aged stands is typically 
reverse-J shaped. However, this apparent shape may be an artefact of the 
scale. Small areas or patches within the stand may be normally or bimodally 
distributed, but when these patches are added together, the overall effect 
appears to be a reverse-J distribution. Small samples in the uneven-aged 
forests in Eden found normal, bimodal and reverse-J distributions within 
one 66 ha compartment. When added together, these distributions resulted 
in the typical reverse-J pattern. 

Research is currently underway to determine an optimal distribution pattern 
for uneven-aged forests. There is no reason to believe that the simple 
geometric pattern of De Liocourt or even the continuous distribution 
modelled by a negative exponential function is optimal for site occupancy or 
biodiversity.
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Total height of a single tree
Forest Measurement and Modelling.

 

  

●     [Definition] 
●     Vertical 

component 
●     Slope height 

●     [Tree habit] 
●     Excurrent 
●     Deliquescent 

●     Measurement 
techniques 

●     Merchantable 
height 

Total height is a very important tree variable. The total height (or potential 
height) of a woody plant is used to distinguish shrubs from trees. Specht 
(1970) for example, defines a tree as a woody plant, usually with a single 
stem, that is more than 5 m tall.

Tree height is well correlated with other important tree and stand 
parameters. 

●     Tree volume 
●     Site - an indicator of the environmental conditions that exist in the 

immediate area. 

Thus, total tree height is often measured to provide quantitative information 
about a tree as well as qualitative information about the area. 

Definition Total tree height may be defined as the distance along the axis of the bole of 
the tree from the ground to the uppermost point (tip). In trees with a single, 
straight stem, this corresponds to the total length of the stem.
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On leaning trees, height may also expressed 
as the: 

●     Vertical component - the vertical 
distance from the ground to the 
uppermost point of the tree 

●     Slope or linear height - the length 
from the base of the tree along the 
axis of the bole to the uppermost tip 
of the tree. 

The linear component will always be greater 
than the vertical component for leaning trees. 
However, unless the lean is severe, the 
difference is rarely critical. The tree must be leaning by more than 18 
degrees off vertical before the difference exceeds 5%. A lean in excess of 15 
degrees looks severe.

The vertical component (V) can be calculated from the slope (S) height (and 
visa-versa) if the horizontal distance (H) from the base of the tree to the 
point directly beneath the tip is known.

S=  

Tree habit
Excurrent
Deliquescent 
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Total height is most easily 
measured on trees with a well-
defined tip - trees with an 
excurrent habit. Most conifers and 
many young trees are in this 
group.

Trees with a spreading or rounded 
crown without a clearly defined 
tip have a deliquescent habit. 
Location of the uppermost point is 
more difficult in these types of 
trees.

To locate the tip of a deliquescent 
tree, extend a line along the axis 
of the bole until it is judged to 
meet the crown surface.

 
[totalhgt.htm] Revision: 6/1999
Cris.Brack@anu.edu.au

http://sres-associated.anu.edu.au/mensuration/totalhgt.htm (3 of 3) [9/5/2006 2:40:55 PM]

mailto:Cris.Brack@anu.edu.au


Stand table

Stand table and frequency diagrams
Forest Measurement and Modelling.

 

 

 

●     [Frequency 
diagrams] 

●     [Modelling a 
frequency 
curve] 

●     Example ●     Stand structure 

A stand table is a summary of the frequency of occurrence of trees by some 
classification system. A common system is a two-way classification by 
species and diameter class. The stand table can summarise information from 
hundreds of individual tree measurements into a simple table that a reader 
can quickly comprehend. 

To ensure maximum comprehension and to minimise the chance of 
misinterpretation, the classification system should follow some simple rules:

●     Class widths should be clearly specified and held constant where 
practicable.

●     Label the classes to avoid misinterpretation. For example, does a 
label of 10 cm with a 2 cm class width include all trees between 10.0 
and 11.9 cm, or 9.1 to 11.0 cm?

●     The number of classes should be kept to a reasonable amount (e.g. 10 
- 20). Interpretation of the data is difficult f there are too many 
classes. 

●     Class widths are a compromise:

❍     Wide classes may give rise to anomalous results if the 
frequency is low.

❍     Narrow class width may require too many classes to 
encompass all the data.

❍     Class widths are often determined by convention.

●     Class widths should relate to the purpose of enumeration and the 
stand characteristics.
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Frequency diagrams This information can also be presented in graphical form as a frequency 
diagram. Frequency diagrams take a variety of forms:

●      Histogram 

●     Polygon 

●     Curve 

Modelling the frequency 
curve 

The curve is often estimated by frequency distribution functions. In well-
maintained plantations, for example, the frequency curve may approximate 
a normal distribution. In a normal distribution, the mean, mode and median 
sizes are all equal, and the distribution follows a bell shaped curve. 

Often however the frequency is not normally distributed. Where the 
distribution is skewed from normal (i.e. mean is not equal to median or 
mode) then a Beta function may be more appropriate for estimation. The a 
and b constants fix the minimum and maximum sizes respectively while m 
and n determine the shape of the distribution. The k constant is a scalar 
value to correct the overall frequency value. 

 

Many natural and uneven-aged forests do not approximate the normal 
distribution. Instead, these forests appear to follow a reverse-J distribution 
with many small trees and only a few large trees. In 1898, De Liocourt 
observed that the ratio between the number of trees in successive diameter 
classes was roughly constant for a particular forest. This observation lead to 
the development of a simple geometric series that estimated the number of 
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trees in successive diameter classes. This series is based on the number of 
trees in the largest size class of interest (a) and the ratio of the next largest 
class to the largest class (q). If the largest size class (i) is classified as 0, and 
the next class as 1, ..., with the smallest class of interest being denoted as 
class n, then the frequency (F) of any class can be calculated as:

This produces the geometric sequence:

Applying De Liocourt's approach to the example 
frequency data from Eden results in a reasonable 
agreement (except for the smallest class). In this 
case, a was the frequency in the 100 cm class (3.80) 
and q was estimated as 1.35. 

The values for a and q vary between forests and 
sites. Values for native forests in northeastern NSW 
have varied between 1.47 and 2 (e.g. Curtin, 1962).

The advent of freely accessible computers for 
statistical analysis has allowed generalised and 
more powerful equations to be fitted to these 
frequency distributions. For example, a negative 
exponential curve fitted to the Eden data explained 
over 95% of the variation. The form of this 
equation is (where a0-a4 denote constants):

This can be transformed by taking the natural log to get a linear equation:

However, the most powerful equation form that is routinely fitted to this 
frequency distribution data is the Weibull model. This model can 
approximate normal and reverse-J distributions. The three-parameter form 
of the Weibull model includes three constants (a, b and c) which control the 
location, scale and shape (respectively) of the distribution: 
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Where dbh > a and b, c > 0.
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Stand height curve
Forest Measurement and Modelling.

 

 

 

●     [Sampling] ●     [Common 
equations] 

●     Stand height 
●     Site 
●     Stand density / 

competition 

A stand height curve is a 
representation of the 
correlation between tree 
height (total or bole) and tree 
diameter (dbh) or basal area 
(g). The curve can be 
presented as a plot of height 
against diameter, or in 
equation form. 

A stand height curve can be 
used to predict the height or 
a tree when only the dbh is measured. It is used in this way to determine 
some types of stand height. The predicted heights are also commonly used 
as input into 2-way volume tables and taper equations. 

The shape of the curve can also provide an indication of the development 
and growth stage of the stand: 

●     Steep slope indicates a young stand which is still sorting out 
dominance. 

●     Shallow or flat slope may indicate a mature or over-mature stand. 
●     A right-hand-side of the curve that is relatively high indicates a good 

site. 
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Repeated measurement of a 
stand height curve for one 
stand over time will 
generally show the curve 
moving upwards and to the 
right. The curve will also 
tend to flatten and approach 
a maximum height 
(determined by the site) as 
the stand matures.

The slope of the curve is 
determined by the relative growth of dbh and height. However, the curve is 
often not well defined because competition affects the growth of dbh 
significantly more than it does affect height growth. Thus, dbh will vary for 
trees of a given age and genetic make-up as competition varies within the 
stand, but height will not. 

Sampling to determine 
the curve 

The height curve for a stand is normally fitted to data that is collected 
during a systematic or stratified sample. A stratified sample ensures that the 
full range of dbh is covered and this allows a more robust relationship to be 
found. 

The number of trees sampled varies. The MicroMARVL inventory (NZFRI, 
1990) states that at least two trees are needed, but that it is normal to sample 
at least 20 or 30 trees across the dbh range. Fewer than 10 trees in the 
sample is only practical when the form of the equation (see below) is 
already known and the density is reasonably consistent across the stand. In 
the UK, for example, the height curve is assumed to be a quadratic 
polynomial which is fitted to the height and dbh data collected from 10 trees 
selected systematically across the plot. 
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Height curve equations 
Model forms 

A height curve equation is a mathematical or statistical statement of the 
expected height of a tree with a nominated dbh in a particular stand. As the 
shape of the curve changes with age, site and density, the form of the 
equation will also change. Common equation forms include (where h 
denotes height, b denotes breast height, and a1-3 denote constants):

●     Log : log 

 
●     Log : inverse linear 

 
●     Log linear 

 
●     Inverse 

 
●     Power function 

 
●     Exponential function 

 
●     Quadratic polynomial 

 
●     Petterson's Curve 
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Techniques for measuring height of a 
standing tree
Forest Measurement and Modelling.

 

  

●     Direct 
measurement 

●     [Height stick] 

●     [Climbing] 

●     Indirect 
(trigonometric) 

●     [Vertical tree uphill] 

●     [Vertical tree dowhill] 

●     [Leaning tree uphill] 

●     [Leaning tree downhill]

●     Tools 
●     Total height 
●     Merchantable 

height 

The height of a tree can be measured directly or indirectly. The direct 
measurement techniques can generally only be used on felled trees or small 
trees. Taller, standing trees are normally measured indirectly using an 
instrument commonly called a hypsometer.

Hypsometers are used to measure angles and distances to points on the tree 
from which height is derived. Geometric (similar triangles) or trigonometric 
(sin, cos and tan of angles) principles are embodied in the use of 
hypsometers. The correct use of a hypsometer will depend on the state of 
the tree (leaning or vertical) and the position where the observer can see the 
tree (observer's eye upslope or downslope with respect to the base of the 
tree).

Height stick (graduated 
pole) 

The use of height sticks is a reliable 
technique for measuring the height of 
trees less than about 25 m. Errors in 
measuring height are typically less than 
about 1%. Trees taller than 25 m take 
much longer to measure safely.

Height sticks are usually about 1.5 m 
long and constructed of tubular 
duralumin or fibreglass. A base stick is 
typically, l.5 m in length, and graduated 
in decimeters. Essentially, the poles are 
pushed up along the bole until the top of 
the stack of sticks is level with the tip of 
the tree. 

See the Code of Forest mensuration 
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Practice, section 2.1.2 at 
http://www.anu.edu.au/Forestry/mensuration/rwg2/code/2-1-2.htm for 
detailed instructions on use.

Climbing the tree Climb the tree to the maximum safe 
height. The distance from this height to 
the ground can be measured using a 
tape, while the distance from this safe 
point to the tip of the tree can be 
measured using a calibrated pole.

Safe climbing techniques should be 
used at all times.

Observer uphill from 
vertical tree 1.  Stand where you can see both 

the base and tip of the tree. 
Some hypsometers specify the 
[horizontal distance] OD (e.g. 
15 or 20 m).

2.  Site down to the base of the 
tree and, depending on the 
hypsometer, record the angle d 
or the value AD.

3.  Site up to the tip of the tree and record the angle u or the value DB.
4.  Height = AD + DB or OD x (tan(u) + tan(d))
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Observer downhill from 
vertical tree 1.  Stand where you can see both 

the base and tip of the tree. 
Some hypsometers specify the 
[horizontal distance] OA (e.g. 
15 or 20 m).

2.  Site down to the base of the 
tree and, depending on the 
hypsometer, record the angle d 
or the value AD.

3.  Site up to the tip of the tree and 
record the angle u or the value 
AB.

4.  Height = AB - AD or OA x (tan(u) - tan(d))

Observer uphill from 
leaning tree 1.  Stand where you can see both 

the base and tip of the tree. 
Some hypsometers specify the 
[horizontal distance] OD (e.g. 
15 or 20 m).

2.  Find the point A that is directly 
beneath the tip. Note that the 
distance OD is the horizontal 
distance from the observer to a 
point directly beneath the tip - it is not to the base of the stem.

3.  Site down to point A and, depending on the hypsometer, record the 
angle d or the value AD.

4.  Site up to the tip of the tree and, record the angle u or the value DB.
5.  Height = AD + DB or OD x (tan(u) + tan(d))
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Observer downhill from 
leaning tree 1.  Stand where you can see both 

the base and tip of the tree. 
Some hypsometers specify the 
[horizontal distance] OA (e.g. 
15 or 20 m).

2.  Find the point D that is directly 
beneath the tip. Note that the 
distance OA is the horizontal 
distance from the observer to a 
point directly beneath the tip - 
it is not to the base of the stem.

3.  Site down to point D and, 
depending on the hypsometer, record the angle d or the value AD.

4.  Site up to the tip of the tree and, record the angle u or the value AB.
5.  Height = AB - AD or OA x (tan(u) - tan(d))
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Tree roots
Forest Measurement and Modelling.

 

 

 

The functions of tree roots are to provide anchorage and storage (large 
roots) and access to minerals and other elements in the soil (fine roots). The 
storage function is of primary importance in some species (e.g. mallees) 
where long and hash conditions or devastating fires make the presence of a 
pool of resources vital for tree survival. Thus measurement of the root mass 
may be important to determine the health and growth potential of the tree.

Tree roots can also be large accumulations of woody material. Thus, their 
size is important in determining carbon sequestration and carbon pool size.

Tree roots however are not always benign. The pressure exerted by roots as 
they grow can damage buildings, roadways and paths. Many urban centres 
spend millions of dollars erecting root barriers and repairing damage caused 
by growing roots.

Unfortunately, measurement of total mass of mature tree roots is difficult 
and rare. The mass of smaller, pot-grown roots is determined by washing 
away the potting material and direct measurement. The mass of the large 
roots for mature trees may be estimated by digging a trench around the tree 
and then pushing the tree over. Many of the major roots will stay attached to 
the pushed bole. These roots can then be detached and weighed.
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Spiegel Relaskop
Forest Measurement and Modelling.

 

 

  

●     [Measuring 
height] 

●     [Measuring 
diameter up the 
bole] 

●     [Measuring 
stand basal area] 

 

The Spiegel Relaskop, also known as a Relaskop, is a sophisticated 
instrument that can be used to measure stand basal area and tree height and 
diameter at any point up a tree bole. In conjunction with other equipment, 
the Relaskop can be used in the estimation of distance (range) to an object 
and the number of trees / ha. 

The Relaskop has a peep-hole at the rear and a clear window at the front. 
Three additional windows in the lower half of the instrument allow light to 
enter and illuminate the scale. A brake button, bottom half at the front of the 
instrument, allows a weighted wheel within the Relaskop to rotate. When 
looking through the peephole, a circular field of view is seen. The scales are 
seen in the bottom half of this field of view and scale readings are taken 
where the scale touches the line halfway up the field of view.
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Height The standard metric 
Relaskop has three 
scales for measuring 
(vertical) height. The 
appropriate scale 
will depend on the 
horizontal distance 
from the tree. 

●     left-most 
scale - 20 m 
from the tree. 

●     middle-left - 
25 m from the 
tree. 

●     middle-right - 
30 m from the 
tree. 

If you depress the 
brake button and 
look straight up or 
down, the 
appropriate distance values can be seen alongside their scales.

Select a point that is 10 to 60 m (horizontal) from the tree of interest. The 
base and tip (or any other points of interest) must be clearly visible from the 
selected point. If the tree is leaning, the point where you observe the tree 
should be at 90 degrees to the plane of the lean. If the lean is severe (i.e. 
more than 10 degrees from vertical), the point directly beneath the tip of the 
tree should be located (e.g. using a pumb-bob) and the horizontal distance 
taken from this point. The actual distance chosen is related to an initial 
estimate of the tree height: 

●     Trees less than 12 m height: Set out 10 m and use the 20 m scale, but 
divide final estimates by 2. 

●     Trees 12 - 18 m: Set out 15 m and use the 30 m scale, but divide final 
estimates by 2. 

●     Trees 18 - 23 m: Set out 20 m and read directly from 20 m scale. 
●     Trees 23 - 28 m: Set out 25 m and read directly from 25 m scale. 
●     Trees 28 - 35 m: Set out 30 m and read directly from 30 m scale. 
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●     Trees 35 - 45 m: Set out 40 m and use the 20 m scale, but multiply 
final estimates by 2. 

●     Trees 45 - 55 m: Set out 50 m and use the 25 m scale, but multiply 
final estimates by 2. 

●     Trees greater than 55 m: Set out 60 m and use the 30 m scale, but 
multiply final estimates by 2. 

Once the observation point is found and the appropriate scale selected, sight 
through the peephole to the base of the tree. Tap the brake button several 
times until the scale settles then read the height directly from the appropriate 
scale. If you are looking down towards the base of the tree, this reading is 
the vertical height that the base of the tree is beneath your eye. Sight to the 
top of the tree (or other point) and again tap the brake button until the scale 
settles. The scale is a direct reading of the height above your eye to this new 
point. Add the two heights together if the base of the tree was below your 
eye to determine total (vertical) height. If the base of the tree was initially 
above your eye (i.e. the base if above you on sloping ground) subtract the 
initial height from the upper height to determine (vertical) height. 

Height is determined (and recorded) to the nearest quarter metre (0, 1/4, 1/2, 
3/4 m) for trees less than 20 m, or to the nearest half metre (0, 1/2 m) for 
trees greater than 20 m.

Bole diameter The band labelled with "1" and the four narrow (or quarter) bands along 
side are used to estimate diameter.

To determine the bole diameter for a known height on the tree:

1.  Depress the brake button and move back until the tree bole appears 
to cover all of band 1 and the 4 quarter bands, i.e. the left side of the 
tree is aligned with the left of band 1 and the right side of the tree is 
aligned with the right side of the right most quarter band. 

2.  Measure the horizontal distance (D in m) to the tree (directly beneath 
the point of interest). 

3.  Calculate the bole diameter (d in cm) as:

d = 4 * D
4.  This method provides a maximum precision for determining 

diameter with the Relaskop. With experience, a reading within 2.5% 
of the true diameter is possible (i.e. plus or minus 1 cm for a 40 cm 
dob). 
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To measure both height and diameter at one or more points up the stem: 

1.  Measure out a horizontal distance (D in m) appropriate for the height 
of the tree. 

2.  Sight to the base of the tree and the point of interest and determine 
height using the appropriate scales and calculations. 

3.  With the brake button depressed, align the right side of the tree with 
the right side of band 1 and ensure that the left side of the tree falls 
within the quarter bands. If the left side of the tree goes beyond the 
quarter bands, you will need to move further away from the tree - 
you will need to be 5 m away for every 20 cm of diameter. If the left 
side does not make it to the quarter bands, i.e. it falls within band 1, 
align the right side of the tree with the left side of band 1. 

4.  Estimate the number of quarter bands that are covered by the tree 
bole (between 0 and 4). Experienced operators can read down to 
fifths of a quarter band: 

❍     1/5 just into the quarter band 
❍     2/5 almost half a quarter band 
❍     3/5 at least half a quarter band 
❍     4/5 almost the whole quarter band 

5.  Calculate diameter (d in cm) as: 

d = 2 * D * (b + (q/4))
where b equals 1 if band 1 is covered and 0 otherwise, 
q denotes the number of quarter bands (read down to one fifth of a 
quarter band).

6.  The example in the above figure covers band 1, three quarter bands, 
and one fifth of another quarter band. If the tree is 20 m away, then
d = 2 * 20 * (1 + (3.2/4))
d = 2 * 20 * 1.8
d = 72 cm

7.  The precision (p in %) of this estimate depends on the distance from 
the tree (D in m) and the estimated diameter (d in cm) :

p = 10 * D/d
8.  The example above has a precision of:

p = 10 * 20 / 72 
p = 2.8% 
Thus we would expect the diameter to lie between 72 cm +/- 2 cm. 

Note that the above approaches only measure diameter along one axis of the 
bole. If the bole is elliptical, this measurement will over- or under-estimate 
the average diameter. The diameter measurement could be repeated at 90 

http://sres-associated.anu.edu.au/mensuration/relaskop.htm (4 of 5) [9/5/2006 2:50:32 PM]



Relaskop

degrees, but this is rarely carried out in practice.

Stand basal area The Relaskop can generate nine basal area factors (BAFs) using bands 1, 2 
and combinations of the quarter bands:

Bands BAF (Calculation) 

1 quarter 0.0625 (1/16) 

2 quarters 0.25 (1/4) 

3 quarters 0.5625 (9/16) 

Band 1 1.0 (1/1) 

Band 1 + 1 quarter 1.5625 (25/16) 

Band 1 + 2 quarters 2.25 (36/16) 

Band 1 + 3 quarters 3.0625 (49/16) 

Band 1 + 4 quarters 
Also called Band 4

4.0

Band 2 2.0

Choose the appropriate BAF and combination of bands. Then, standing over 
the sample point, hold the brake button down and make a sweep of 360 
degrees while comparing the tree diameters at breast height with the 
selected bands. Count the number of trees whose diameter at breast height 
appears greater (wider) than the selected bands - IN trees. Ensure trees are 
not hidden behind closer trees by stepping to one side and checking before 
returning to the sample point. Where trees appear to be the same width as 
the selected Relaskop bands, or it is not obvious that the tree diameter is 
larger, measure the distance to the tree and that tree dbh and refer to the 
borderline calculations. Once the sweep has been completed, multiply the 
count of IN trees by the appropriate BAF to get stand basal area (m^2/ha). 
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Help
Forest Measurement and Modelling.

 

 

●     [Formatting] ●     [Activities] 
●     [Quiz] 

●     [Navigation] 

Make yourself 
comfortable, and ready 
to be efficient! 

It is most important that you are prepared before you do any WWW 
research! Without proper preparation, you will waste a lot of your time and 
you may end up stiff, sore and sorry.

Recommended steps: 

1.  Make yourself comfortable. Adjust you seat, and make sure the 
computer screen is easy to read. Use the View / Font sizeMenu 
Commands to make sure the text is big enough to comfortably read 
and with a good colour contrast.

2.  Make sure to dont waste time when you actually find something of 
interest when you are searching the WWW - make sure the 
information you find can be captured for future use, e.g. 

❍     Bookmark the page address.

❍     Copy and paste relevent paragraphs etc into a wordprocessor.

❍     Save the file.

3.  Don't waste time searching for information. Have a plan of attack:

❍     Get colleagues to suggest some starting pages.

❍     Find the "related links" pages on pages maintained by 
authorities. For example, 
http://www.metla.fi/info/vlib/Forestry/

❍     Get a list of key words and use a WWW search engine. If 
possible, use boolean commands in your search (e.g. ecology 
AND maps) to reduce the huge set of data that a general 
search might produce.

4.  Dont trust everything you read:

❍     Look for author or authorisation links. If no organisation 
"owns up" to producing the information, then it may be 
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unreliable.

❍     Look for "last updated" details. Data can quickly become 
outdated.

❍     Look at the domain name to determine if the page owner is a 
commercial company (com), government body (gov), 
educational institute like a school or university (edu), or other 
organisation (net, etc). Then treat the information provided 
appropriately.

❍     Many organisations use the special tida character ~ in the 
name of any page that is designed to be a temporary page. 
Treat temporary pages as if they were personal 
communications - you may never be able to prove to anyone 
else that the information provided was reasonable.

❍     Look for evidence of peer review, e.g. comments indicating 
peer review or just simple evidence of good grammer, 
spelling, etc.

❍     Know how to reference or address the information if you 
intend using it. Your references in a report etc should at least 
include the full WWW addrsss of the page and the date you 
last referenced it. This will allow other readers to check on 
the data at a future time.

5.  Set a time limit for searching. Don't spend too long or you will never 
do anything with the information you gathered!

Formatting These resources have been designed to run under Netscape 4 or Microsoft 
Explorer. General control and navigation throughout the resources therefore 
use the [common navigation tools] available under these programs.

Users can easily become lost when following links throughout these 
resources. One of the common problems is that the user does not know if the 
link jumps to a new position in the current page or to a new page. To help 
overcome this problem, links to another position in the current page will be 
indicated by enclosing square brackets [ ].

Curly bracket { } enclose links to pages that are not part of these resources. 
These links were valid at the time these resources were compiled, but their 
on-going maintenance and existence are beyond local control.
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A link may cause a new browser window to open. This second window is 
provided to allow you to follow a different thread without loosing your 
original page. When finished with the seond window, you can close it and 
return to your original browser window, or use the Browser menu bar to 
swap between windows. The new window can also be resized and moved to 
allow the original window to be seen. For example, this link will open a 
separate window with a picture of the author. You can close the new 
window in the normal fashion for your browser or just click back in the 
original window to continue where you left off.

Activities Throughout these resources, the user is asked questions or suggestions for 
further reading or analyses are made under the label "Activities". The 
activities are designed to test understanding of the concepts. Where there are 
questions, multiple choice answers may be provided as links. Selecting the 
link that corresponds to your answer will move you to either a confirmation 
or a suggestion for further work. These activities may be restricted to 
students who are enrolled in a course at the Australian National University.

Some of the activities will ask a question and provide you with radio buttons 
to select the appropriate response. Clicking on the radio button will cause a 
pop-up window to appear which will contain some feedback. For example: 
What is the result of the calculation 1+3? (click the one correct dot)

 For

 Four.

 Fore.

Navigation Words or phrases that are underlined indicate hyperlinks. Click on these 
links to move to different documents or different places within a document.

 Back arrow. Click on this arrow to go to the previous link.

 Forward arrow. If you have used the back arrow, clicking on the 
forward arrow will go to the next link in your current chain of links. 
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Forest Measurement and Modelling.

 

 

 

●     [Site Quality] ●     [Methods] ●     Stand density 

Introduction In forest mensuration, the term site generally refers to the:

totality of environmental conditions that exist at a specified 
location.

Site is an abstract concept which combines a multitude of environmental 
factors affecting tree growth into a unified classification.

The environmental factors that influence growth include: 

1.  soil factors, e.g. physical and chemical properties, soil moisture, soil 
microorganisms; 

2.  topographic factors, e.g. slope, elevation, aspect; 

3.  competitive factors, e.g. other trees and lesser vegetation, animals, 
man. 
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4.  climatic factors, e.g. air temperature, humidity, radiant energy, 
precipitation, wind; 

Defining and mapping site (survey and classification) is useful for several 
reasons: 

●     Estimates of site can be used to identify land that is more (or less) 
appropriate for different uses. Hence better land use policies and 
practices are encouraged. 

●     Management planning can be improved when homogeneous land areas 
are delineated on maps. Better documentation of these areas will also 
reduce the potential loss of information that follows the movement or 
retirement of experienced field staff. 

●     Estimates of yield can often be improved if the quality of the site is 
known. 

Site Quality Site Quality is used as an indicator of site when a specific management 
objectve is being pursued. It may be defined as: 

an indicator of the productive capacity of a specific area of land 
for a particular species.

In the context of timber management, site quality can be defined as: 

the potential of the site to produce timber given a particular 
species or forest type.

Site quality is not easy to assess. The factors of the site and the plants 
themselves are interacting and interdependent making it difficult to assign 
cause and effect relationships. There is no single measure of site quality that 
has been found to be entirely satisfactory. 

Some methods used to describe or measure site quality (Based on 
Frankcombe, 1997)

Description Advantages Disadvatages 
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Soil Evaluation Classification of a site 
using soil characteristics. 
Individual or collective 
soil properties that 
correlate with site qualiy 
are chosen and measured. 
Permanent (soil depth and 
texture, etc.) and dynmic 
(nutrient evels, structure, 
pH, etc.) soil 
charactersitics can both 
influence site quality. 

Looks at causal factors 
of site productivity 

Expensive, time 
consuming and difficult 
to carry out 

Climatic Evaluation Based on the assumption 
that climatic factors like 
rainfall, temperature, 
length of growing season, 
wind and light all affect 
plant survival and growth 
and are therefore related to 
site quality.

Easy to obtain data from 
external sources (Met. 
Bureaus, etc.) 

Accurate data not 
typically available. 
Arbitrary ratings often 
used 

Topographic 
Evaluation 

Based on the assumption 
that growth can be 
correlated with landform 
variables like aspect, 
gradient, position on the 
slope, length of slope and 
the geometric shape of the 
site. The Terrain Shape 
Index (TSI) is one 
example of using 
topographic measurements 
to correlate with site 
(McNab, 1989).

Accounts for local 
variation 

Can be complex to carry 
out 

Stand Pognosis A forecast of stands which 
is based on vegetational 
and environmental 
features in a model. These 
features can include plant 
density, topography, 
habitat type, soil type, 
moisture, soil depth and 
humus content.

Good to forecast stand 
growth

Requires alot of data 
which is exensive and 
time consuming to 
collect 
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Wood Production Timber volume at a given 
age or mean annual 
increment as an integrated 
expression of all 
biological and 
environmental influences.

Typically well 
researched. Relatively 
easy to measure

Problems associated wih 
measuring tree volumes. 
Trees must already exist 
on the site

Tree dimensions / size Based on the assumption 
that trees grown on a good 
site will be bigger (eg 
taller, larger average 
diameter, greater natural 
basal area, etc.) than those 
on a poor site of the same 
age or structure.

Widely applicable. Easy 
to measure.

Intensive measurements 
may be costly 

Species Composition Indentification of native 
vegetation (or even weed 
species) which are 
indicative of site 
characteristics.

Related to causal factors 
and very sensitive

Requires skilled people. 
Restricted to simple 
composition forests. 

Ordination An arrangement of species 
composition ordered 
against a gradient such as 
climatic conditions or 
parent material. 

Simple to implement. 
Integrates vegetative 
and environment factors

Subject to an 
understanding of 
environmental 
interactions 

Stand Appearance A description of 
characteristics like general 
vigour, form, crown 
density, needle length and 
colour, bark colour and 
tightness, green level and 
canopy formation.

Easily carried out Subjective 

Relative Stocking Index A ratio of measured stand 
density in a fully stocked 
stand to the predicted 
mean tree size. (See 
Berguson et al, 1994)

Close association with 
causal factors

Requires fully stocked 
stands 
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Site Index The mean height of a 
specified number of 
dominant (and co-
dominant) trees at an 
index age. The number 
and selection of trees and 
the index age varies. See 
{Code of Forest 
Mensuration Practice} for 
details.

Easily implemented Only suitable for even-
aged stands of known 
age 

Site Form The average or modelled 
height of trees with a 
nominated reference 
diameter at breast height. 
(See Vanclay and Henry, 
1988)

Easily implemented Intensive measurements 
may be costly 

Modelling using 
Geographic 
Information Systems 

Use the data handling and 
modelling capabilities of a 
GIS to extrapolate site 
quality measurements 
from areas with similar 
environmental conditions.

Fast and efficient means 
of managing and 
interpreting data

Cost and difficulties 
with use of many 
current software 
systems 

Remote Sensing Determine the amount of 
intercepted 
photosynthetically active 
radiation. The more 
radiation intercepted and 
used efficiently, the higher 
the productive capability 
or site quality of the land.

Able to cover large 
areas effectively and 
efficiently

Cost of data collection 
and analysis software. 
Current wariness of true 
ability 
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Site Quality Maps Accurate and reliable site maps are essential under intensive forest 
management. These maps are the basis of: 

●     Evaluation of land for purchase. 

●     Siting of species. 

●     Forecasting the productivity capabilities of planted stands (yield 
forecasting and yield regulation). 

●     Forecasting thinning, pruning, fertiliser application and other tending 
and protection strategies.

When site maps are used to determine thinning and related logging 
priorities, they must be made before the time of first thinning, i.e. at age 
approximately 9-10 years.
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Stand height
Forest Measurement and Modelling.

 

 

 

●     [Mean height] 
●     [Lorey's height] 

●     [Height of stand 
components] 

●     [Using height 
models] 

●     Tools 

Some measure of stand height is a useful index of the quality or site of a 
forest stand. It is also related to the volume and biomass of the stand. The 
parameters used for quantification of stand height include: 

●     Mean height of (sample) trees in the stand 
●     Weighted-mean height of (sample) trees in the stand 
●     Mean height of a predefined component of the stand 
●     Mean of the predicted heights of a component of the stand. 

Mean height 
(unweighted) 

The arithmetic mean of the height of all trees in the stand is a useful 
measure of stand height in even-aged stands. In small stands, the height of 
every tree could be measured, added together and divided by the total 
number of trees to derive the mean height (unweighted). However, a sample-
based estimate of the mean is the more usual approach. 

A sample-based mean could be determined via a systematic sample of trees 
in the stand (e.g. measuring every 100th tree and taking the mean), or a 
random sample (e.g. selecting the tree nearest to 10 randomly selected 
points). 

Alternatively, the height of the average tree may be measured. If the stand 
has been measured for diameter breast height (dbh), then the quadratic-mean 
diameter can be determined. The three (or n) trees with dbh closest to the 
quadratic-mean diameter are measured and the mean of their heights 
averaged. The quadratic-mean diameter rather than the arithmetic-mean is 
used because this mean is better correlated with volume and other stand 
parameters of interest. 
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Weighted-mean height 
Lorey's mean height 

Lorey's mean height weights the contribution of trees to the stand height by 
their basal area. Thus Lorey's mean height is calculated by multiplying the 
tree height (h) by its basal area (g), and then dividing the sum of this 
calculation by the total stand basal area: 

This method of calculating stand height is not used in Australia, but is 
regularly used in the US and Europe. Lorey's mean height is more stable 
than an unweighted mean height because it is less affected by mortality and 
harvesting of the smaller trees. 

A reasonable estimate of Lorey's mean height can be determined by 
averaging the height of all IN trees selected during an angle count sample. 
The estimate may be slightly biased (positive) because too few small 
diameter trees are selected. 

Height of a component of 
a stand 

Several stand height methodologies select only the biggest trees to avoid the 
effects of thinning and tree mortality on stand height estimates. The 
estimates are strongly correlated with site and stand volume, and do not 
change when (normal) thinning operations remove the smaller trees. 
Methodologies differ in the way big trees are defined, and the number 
selected for measurement: 

●     Predominant height: Mean height of the tallest trees in a stand. 
Also called mean dominant height (MDH) in NSW and predominant 
mean height in New Zealand. 

●     Top height: Mean height of the trees with the largest dbh in a stand. 
●     Dominant height: Mean height of the dominant (and sometimes 

some co-dominant) trees in a stand. 

The number of trees selected to derive the mean value varies. NSW, ACT 
and Victoria traditionally use 40 trees/ha (pro rata to plot size), while 
Queensland uses 50 trees/ha and South Australia uses 75 trees/ha. New 
Zealand uses only the tallest tree (free from malformation) in each 0.01 ha 
plot.

Dominant height is usually measured in uneven-aged forests. The choice 
between predominant and top height usually depends on the ease of 
identifying the tallest trees. Predominant height is the preferred stand height 
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parameter in many even-aged forests. Top height will supplant predominant 
height when it is difficult to choose reliably the tallest trees (e.g. in a 
densely stocked stand). The way the trees are selected differs - see the Code 
of Forest Mensuration Practice, section 3.4.2 at 
http://www.anu.edu.au/Forestry/mensuration/rwg2/code/3-4-2.htm. 

Relationships between predominant height and top height have been 
established for many forests. These relationships are useful for comparing 
inventory and growth data across regional boundaries. Similarly, 
relationships between stand heights estimated from 40, 50, or 75 trees/ha 
have been established. Studies in New Zealand found that the average 
difference between top height and predominant height was 0.35 m for short 
stands, but that this difference reduced for older and taller forests. 

Using predicted heights 
in stand height 
determination 

A measure of stand height may be derived from the predicted height of the 
largest diameter trees. This approach avoids subjective selection of the 
tallest trees. 

In New Zealand, the quadratic-mean diameter of the largest 100 trees is 
determined. The corresponding height for this diameter tree is estimated 
from a Petterson height:diameter curve - this is termed the top height. A 
similar approach is adopted in the UK, except instead of the Petterson curve, 
a quadratic regression to predict height from diameter and diameter squared 
is fitted to data from 100 trees systematically selected from the stand. 
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Forest Measurement and Modelling.

 

 

 

●     [Ocular 
estimate] 

●     [Sample tree] 

●     [Tree volume 
equations] 

●     [Stand volume 
equations] 

●     [Aerial 
equations] 

●     [Statistical 
samples] 

●     Tree volume 

Like tree bole volume, an estimate of the total bole volume in a stand or plot 
is important for forests quantification and management. Stand volume at a 
nominated age is related to the site quality, and the total at any time is 
important for an estimate of wood and biomass resource. Also like tree 
volume, stand volume is a function of stand height, average tree taper, 
average bark thickness and average diameter or basal area. 

There are a number of practical approaches to the determination of stand 
volume: 

●     Ocular estimate: An estimate of stand volume made by a skilled 
worker. 

●     Sample tree: Select and measure the volume of an average tree, then 
inflate this value for the stand volume. 

●     Enumerate the stand for dbh (and height) and use a tree volume table 
or equation to estimate the volume of each tree. Add the individual 
volume estimates to derive stand volume. 

●     Derive and use a stand volume equation. 

http://sres-associated.anu.edu.au/mensuration/s_volume.htm (1 of 7) [9/5/2006 3:07:48 PM]



Stand volume

Ocular estimate In the beginning of the 19th Century, foresters in central Europe ocularly 
estimated the volume and stocking of small forest areas (called Forstorte). 
This approach to estimating stand volume provided adequate information 
for planning in the State Forests of Saxony until the early 1940's (Loetsch 
and Haller, 1964, p. 7). The main requirement for collecting effective 
volume information was the existence of a body of workers with sufficient 
experience and knowledge to estimate reliably the timber resources on small 
areas, and sufficient time to visit all the Forstorte. Workers skilled in ocular 
estimation were in great demand. 

Brack (1996) demonstrates that skilled workers can still estimate stand 
volume to an acceptable level of precision. The reliability of ocular 
estimates can be determined by correlating ocular estimates of stand volume 
with measured volume. In the study reported by Brack (1996), local field 
foremen and foresters were able to predict the volume for Cypress Pine 
stands in western NSW to within 5 m^3/ha. The linear correlation between 
ocular estimate and measured stand volume was found to pass through the 
origin, with a slope not significantly different to 1. However correlations 
were much poorer when the same approach was attempted in the more 
heterogeneous forests of coastal NSW.

Sample tree The ideal example of this method involves the selection of one tree whose 
volume is equal to the mean tree volume for the stand. The volume of the 
selected tree is then determined and the stand volume estimated by inflating 
the sample tree volume by the number of trees in the stand. 

V = v * N 
where V denotes stand volume, v denotes sample tree volume, and N 
denotes number of trees in the stand.

Such an approach may be possible in small stands of relatively 
homogeneous trees, but there are a number of problems: 

●     A tree of mean volume may not exist. All trees may be smaller and 
larger trees than average, i.e. above or below the mean volume. To 
overcome this problem, two or three may be sampled and the mean 
volume determined from this small sample. However, a statistically 
reliable sample may need a large number of trees. The ease and 
simplicity of the approach is lost as more trees are sampled. It is also 
difficult to assess the reliability of the volume estimate (precision or 
bias) if the mean volume tree is selected subjectively.

●     Finding the mean sized tree. Even if a tree of mean volume exists in 
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a stand, it may be difficult to locate. The tree of mean volume may 
also have the mean basal area (quadratic mean dbh). Thus, 
enumerating the stand for dbh may allow the tree of mean basal area 
(or two to three trees around the mean) to be located and measured 
for volume. 

The tree that corresponded to mean basal area, mean height, mean 
taper and mean bark thickness might be expected to have a mean 
volume and so resources could be devoted to enumerating the stand 
for all these parameters. However, this would not be practical or 
worthwhile as the sum of the means does not necessarily equal the 
mean of the sums. 

The accurate determination of the mean tree may not be as important if 
relative basal area instead of the number of trees is used as the inflation 
factor:

where V denotes stand volume, v denotes sample tree volume, g denotes 
sample tree basal area and G denotes stand basal area.

Using basal area instead of stocking effectively turns the sample tree 
method into a stand tarrif or volume line where the intercept is assumed to 
be 0 and the slope of the line determined as v/g. 

Tree volume equations / 
tables 

If one-way tree volume equations or tables exist, the stand can be 
enumerated for dbh and the tree volumes modelled and added together to 
get stand volume. If two-way equations are available, all trees in the stand 
can be measured for height in addition to dbh, or a stand height curve can be 
derived to predict height for a given dbh. 

Some volume equations use a mixed of tree and stand parameters as 
independent variables. For example, tree bole volume (v) may be predicted 
using the tree basal area (g) and a measure of stand height (H) may be used 
instead of individual tree height:

●     (e.g. Vanclay, 1980)
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Similarly, a ratio of merchantable volume (volume up to a merchantable 
diameter limit) to total volume has been correlated with tree and stand 
parameters. For example, Vanclay (1982) predicts the ratio (R) of 
merchantable volume to total volume using merchantable height for a tree 
(h) and mean predominant height (H). Merchantable volume is defined as 
the volume to a merchantable small end diameter or other limiting factor: 

●      

Where a volume line or tarrif based on tree basal exists, then stand volume 
can be determined without measuring individual tree basal area: 

●     Estimate stand basal area (G in m^2/ha) using angle-count sampling 
or other simple technique. 

●     Estimate trees/ha (N) by dividing G (above) by the basal area of the 
tree with quadratic mean diameter or other easy technique. 

●     Calculate stand volume (m^3/ha) from the volume line: 

If tree volume v = a + b * g, then 

Stand volume V = (N * a) +( b * G) 

where a and b are constants and V, N, and G are per ha units. 

Care must be taken to ensure that the equations or tables used are 
appropriate for the stand.

Stand volume equations Like tree volume equations, stand volume equations correlate stand volume 
to some expression of stand height (H), stand basal area (G) and stand form 
factor (F): 

V = H * G * F

The stand form factor is not really the stand equivalent of the tree form 
factor, but is rather a more abstract value which incorporate the mean tree 
shape, the mean difference between average tree height and the stand height 
parameter used, and various interactions. However, stand volume estimation 
can be simplified considerably if F can be determined. 
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F can be determined empirically from stands that have been harvested: 

F = V / (H * G)

This approach has been used for Pinus radiata plantations in NSW (where F 
is known as the k-factor). The estimates for the k-factor range up to 0.32 for 
mature stands (Brack, 1988). k-factors based on merchantable volume from 
thinning operations have also been empirically derived. These k-factors 
relate the basal area removed in a commercial thinning to the saleable 
volume. Merchantable k-factors can be as low as 0.15 for young plantations 
(about 15 years old), and grade up to 0.32 as the stand matures. 

The stand volume equation can also be rearranged to give the following 
equality:

H * F = V / G 
where the parameter H*F is termed the Form Height (Fh).

If Fh is known or can be easily predicted for a stand, then stand volume is 
easily determined by the multiplication of Fh with stand basal area (e.g. 
measured using an angle count sample). Form height has been linearly 
related to stand height (where V is total volume): 

Alternatively, a volume equation similar to the Combined Variable, 
Australian or Form Factor equation could be derived. These stand volume 
equations would use stand basal area instead of tree diameter squared, and 
stand height instead of tree height. 

Aerial volume equations 
/ tables 

Parameters measured from aerial photographs can be used as independent 
variables stand volume equations. Estimates of stand height (mean or 
predominant - H), average crown width (w) and crown closure (C) can be 
determined from appropriately scaled aerial photographs. These values can 
be used to predict stand volume (V): 

However, Avery and Meyer (1959) found that average crown width did not 
add significantly to the predictive power of the equation. Aerial volume 
tables based on the above equations were relatively common in northern 
America, but have not been extensively used in Australia.

Hamilton and Brack (1999) developed a series of equations that estimated 
stand volume from crown closure and median stand height measured from 
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aerial photographs, and elevation (E) estimated from a Digital Elevation 
Model: 

Species and crown form indices (an ordinal variable relating to the 
percentage of regrowth, regular and irregular crowns observed in aerial 
photographs) were added to the equation to predict merchantable volume. 

Sample The mean volume of a sample of trees can be determined and then inflated 
to estimate stand volume. Where a high level of accuracy is not required, a 
subjective selection of the sample tree may be appropriate [as in the sample 
tree approach]. Where an unbiased estimate of stand volume is required, as 
well as a measure of the precision or reliability of the estimate, then an 
objective or statistically valid sampling frame is needed. Trees, selected 
randomly or systematically, could be measured for volume and then the 
mean volume inflated to estimate the stand volume. 

As knowledge about the stand improves, more effective sampling 
approaches can be used. For example, without any knowledge of the 
population, simple random sampling would be appropriate. If the forester 
were aware of any structure in the population, e.g. fertility or altitudinal 
gradient, then a stratified sample would allow a better precision to be 
achieved. If however the forester knew there was no discernible pattern, a 
cluster sampling approach would achieve a similar precision for a 
substantially less cost. These types of sample selections are all equal 
probability based systems. 

Variable probability sampling continues this use of forest knowledge to 
improve precision or reduce the cost of inventory. In variable probability 
sampling, sampling elements - in this case trees - are selected for 
measurement in proportion to some aspect of their value. For example, 
when the parameter of interest is volume, the most valuable trees will be the 
largest volume trees. A variable probability sample may therefore select 
trees in proportion to a simple auxiliary measurement like dbh or an 
assessor's ocular estimate of volume. 

Variable probability sampling is also known as sampling with probability 
proportional to size (PPS) and is the basis of a wide range of schemes 
commonly mentioned in forestry literature: point- , line- , 3P / Poisson-, and 
list- sampling. 

Pioneer work on variable probability sampling was begun during the Second 
World War. The theory and practical application of this work was 
developed during the following decade by Bitterlich (1947), Grosenbaugh 
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(1952, 1955, 1958) and others. Australian forestry practice has been slow to 
take up the power of these developments and only angle count sampling is 
used in any routine sense in the major forest management organisations. 

The basic principle in probability-based sampling is that the total population 
volume can be estimated from the volume of a sample divided by the 
probability of that sample being chosen: 

where vi denotes the measured volume of i and P(vi) denotes the probability 
of selecting i in the sample. 

 
[s_volume.htm] Revision: 6/1999
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Stand density
Forest Measurement and Modelling.

 

 

 

Broadly, we may define stand density as: 

a quantitative measure of tree cover on an area, i.e., the amount of tree material per unit area or space.

Many foresters use the terms stand density and stocking synonymously. Conventionally, measures of stand density are 
accepted as being absolute and unaffected by management objectives. In contrast, stocking historically involves comparison of 
a given stand with some established norm, e.g., one established with a particular purpose of management in mind. Thus, stands 
are described as overstocked, 50% stocked, understocked, etc.

Because they are absolute, measures of stand density are more precise and more useful in analysis and estimation of forest 
growth and yield than stocking. Stand density is important in forestry because, within limits, the more growing space made 
available to a tree, the less competition it will face and the faster it will grow. Thus, an important role of the forester is to 
regulate stand density through initial planting spacing, thinning and other silvicultural practices.

Estimates of stand density are made to express the degree to which the 
growing space available for tree growth is utilised. Thus, stand density 
is a function of three elements: 

1.  Number of trees - which is readily determined by counting.

2.  Tree size - which involves a number of factors, e.g.:- 
❍     Stem - characterised by diameter, height and taper 
❍     Crown - characterised by spread and depth 
❍     Root - characterised by spread and depth (both difficult to 

measure).

3.  Spatial distribution on the ground - which is not readily determined. Generally, a square or triangular spacing is 
assumed. 

Drew and Flewelling (1977, 1979 - For. Sci. 23 and 25) define maximum density: 

as the density at which a stand undergoes substantial and continuing mortality induced by competition.

In effect, this implies a natural barrier beyond which stands may not grow. Such a barrier is a useful base for planning thinning 
strategies. Applications of this barrier include the 3/2 power law of thinning or 'self-thinning' line. This line, relates the 
logarithm of the size (diameter, volume, weight) of the mean tree or stand to the logarithm of the number of trees per unit area, 
has a negative slope of -1.5 (-3/2).

Changes in density may affect both the timber yield from a site and the sizes of the individual trees on it. The effects can be 
measured in either absolute or relative terms. Because efficient management of a forest necessitates careful regulation of stand 
density, there is a need to describe it quantitatively. This is done by the use of what are termed stand density indices. 
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Stand 
Density 
Index 

In choosing a stand density index, several points should be kept in mind:

●     The variable used as the index should be simple and easily measured and applied in practice.

●     The index should imply the same thing to all people, and the different amounts of tree material they are variously 
interested in (tree biomass, foliage weight, sawlog content, etc.) should all be derivable from the index.

●     The index should be independent of age and site. Stratification of stands based on density as well as age and site will 
not improve volume estimates if the index of density is correlated with age and site.

●     Variation in the index of density of a stand should be reflected in a difference in growth behaviour. It should also reflect 
differences in growth behaviour between stands.

●     The index should be a variable which lends itself to forward projection, e.g. future yield is likely to be affected by the 
density at a future time which will be a reflection of the present density.

●     Ideally, the index should be applicable to any kind of stand, even-aged or uneven-aged, single or mixed species.

Many indices of density have been proposed and used by foresters (refer West, 1983) but not one meets all the requirements 
listed above. A number of different measures of density may be necessary to cover the wide range of conditions encountered in 
practice.

The measures of stand density fall into two classes - biological and practical. 

●     Biological measures: These aim to describe the stand and reflect its growth behaviour.

●     Practical measures: These are those used as a basis of for regulating stand density, e.g. indices derived essentially for 
the practical purpose of implementing a thinning schedule. 

Indices

The bases of the various indices of stand density used by foresters fall into four categories: 

●     Number of trees; 
●     Number of trees and dbhob; 
●     Number of trees and height; 
●     Number of trees, dbhob and height. 

Number of trees

The number of trees on a defined area may be a satisfactory index of density if tree size is uniform or differences in size can be 
ignored, e.g., young stands following establishment where the main concern is whether or not the area is sufficiently stocked 
and whether refilling is necessary. Stocking here implies 'stems per unit area' and is a qualitative expression of the adequacy of 
tree cover on an area. Thus we use the relative terms 'under-stocked', 'fully stocked', 'over stocked' in describing a young forest 
stand. Stocking may also be expressed as a percentage of a pre-established norm, i.e., as a stocking factor.

Stocking is a practical index of density for regulating stands of a specified species, age and site where the desirable number of 
trees per unit area at a given stage of development is known from past experience or research. Generally, however, number of 
trees must be combined with tree size to be a satisfactory measure of density. 

Number of trees and dbhob

Number of trees and dbh are incorporated in four indices, the first being the stand density index of Reineke (1933). Ferguson 
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and Leech (1976) have shown that this index involves a source of bias which could lead to biased estimates of density. They 
also show it is analagous to stand basal area (see below). Reineke's index is extensively used in the U.S.A. but has found little 
application in Australia.

Stand basal area is another index incorporating number of trees and dbhob. The basal area of a stand of a given age varies with 
species for a given site and with site for a given species. However, for certain species, the basal area of stands on particular 
sites may be reasonably constant over a considerable period of development of the stand particularly towards maturity. Under 
this condition, stand basal area is a good measure of the maximum occupancy of the site and thus of stand density.

Stand basal area is widely used in the management of even-aged stands for a number of reasons, viz. it is a practical index of 
stand density; it is easily measured; it is the natural base for deriving stand volume; and volume increment and basal area 
increment are usually well correlated. Another index in this category is the crown competition factor (CCF). Leech (1984) 
demonstrated that crown width (CW) in open grown P. radiata in South Australia is linearly related to tree dbhob (d) viz.,

CW  =  0.7544  +  0.2073 d
      (0.0848)   (0.0032)

Leech used this model to calculate the CCF of P. radiata stands. Given an area of A hectares with a total stocking of N trees: 

 CCF = 1/A [ 0.004 470N + 0.002 456 Sum(d) + 0.000 337 5 Sum(d^2) ] 

Leech suggests that the CCF should be a useful variable in growth and yield studies of radiata pine for it is independent of age 
and site.

Note that number of trees in relation to mean tree dbhob has often been used as a 'rule of thumb' method of thinning, e.g.,

Required spacing between trees (m) = 0.1 d (cm) +/- k.

Crown cover is another index incorporating number of trees and dbhob (through the crown diameter/dbhob relationship). The 
vigour of tree crowns is partly related to aerial growing space so crowns might be expected to reflect the density of a stand. 
Another is crown closure (also termed canopy closure), which is the ratio of the projected horizontal crown area to the total 
horizontal ground area, is used as an independent variable in aerial stand volume tables. Strictly speaking, it is an index of 'area 
occupation' rather than stand density.

In even-aged stands, crown closure may be proportional to basal area/ha. This relationship has led to the development of 
indices between estimates of crown closure obtained from aerial photographs and basal area. The value of crown closure as a 
variable depends on how well variation in stand volume is correlated with it: root space may be more important than crown 
space in determining stand growth! 

Number of trees and height (Hart's Index)

Indices of this type are of the practical kind for implementing schedules for regulating stand density, e.g. height/spacing ratios 
(HSRs). They are mainly used in even-aged stands of known age and site. 

HSR  =  H/S, thus S = H/HSR                        
where   HSR is the height/spacing ratio;
        H is some index of stand height 
        (mean height, predominant height, top height, etc.);
and     S is the average spacing between trees. 

It incorporates the number of trees per unit area and may be based on a triangular spacing (Holland) or square spacing (UK).

H should effectively reflect the site/age relationship because as site quality and age increase, spacing should increase. For this 
reason, predominant height (or top height) is the commonly used stand height index. 
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Number of trees, dbhob and height

This category contains two indices, stand bole area and stand volume.

Stand Bole Area:

The bole area of a tree is its surface area underbark. It represents the base for potential increase in tree volume. Wood 
increment over a period is superimposed on bole area at the beginning of the period.

The total bole area for all trees in a stand represents the base for potential increase in stand volume, therefore tree and stand 
bole areas should be variables of particular interest to foresters. Surprisingly, little attention has been given to them.

Most work on bole area has been done by Lexen (J. For. 41:883-5, 1943). Lexen's argument is that stand volume only provides 
a measure of wood capital and not of the potential of the stand to grow. He suggested that estimates of stand volume should be 
supplemented by estimates of stand bole area.

For the individual tree, bole area can be estimated by substituting girth for sectional area in Huber's or Smalian's formulae, or 
plotting girth against height on rectangular co-ordinate paper, and square counting. Lexen compiled bole area tables for P. 
ponderosa based on dbhob and height. He found that bole area of the individual stem could be approximated by applying the 
formula: 

B = k dh
where   d is dbhob(ins)
h is total height (ft)
and k = 1/7 or 0.143 (= 0.0172 metric.  Metric = Imperial x 12/100).

Carron (1968) investigated bole area in P. radiata covering all sites and ages in Uriarra Forest A.C.T. and found k varied from 
0.137 (0.0164 metric) to 0.154 (0.0185 metric) and was correlated with dbhob but was unaffected by height class within a 
dbhob class (Table 9-1). Overall, Carron found variation in 'k' was so small that he suggested a useful approximation to stand 
bole area (SBo.A) could be obtained by applying the formula: 

SBo.A (m2) = Stand mean d (cm) x Stand mean h (m) x No. of trees x 0.0172

Stand bole area is a function of diameter, height, stocking and tree form and is thus a measure of the amount of stand in a 
physical sense. Also, as it is the base for potential increase in stand volume and describes a surface that absorbs short wave 
radiation from the atmosphere and re-radiates long wave radiation onto surrounding areas, it has particular biological and 
ecological significance. Thus, being a measure of the amount of stand in both the physical and biological senses, stand bole 
area should be an effective index of density - but the evidence is conflicting (refer p. 141 Carron).

Stand Volume:

The volume of trees/unit area is an expression of density. Ultimately density must be expressed in terms of volume for 
economic evaluation of forest management strategies. However, volume is difficult to measure and it is not independent of age 
and site. 

Other Measures of Stand Density

Other measures of density (e.g., tree area ratio) which are claimed to be independent of age and site are described in the 
literature (e.g. Husch, Miller and Beers, 1982. "Forest Mensuration", Chp. 17). These warrant close examination by any 
researcher involved in investigating relationships between stand variables and tree growth.

In recent years many attempts have been made to describe such relationships by equations. Many indices of density have been 
tested in these equations, the efficiency of a variable as a measure of density being judged mathematically by its contribution 
to the correlation. Almost invariably, basal area (G) has emerged as the most satisfactory variable. West (1983), in a detailed 
study of 17 measures of stand density in even-aged regrowth eucalypt forest in southern Tasmania, concluded that the more 
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complex measures were no better than the simpler ones, e.g., G. 

Point 
Density 

The previously described measures of stand density are usually employed to determine the average density of a stand. 
Somewhat more specific measures of density have been developed to describe the degree of competition at a given point in a 
stand. These measures of what is termed Point Density are useful in silviculture and ecology to evaluate the effects of 
competition upon single trees in a stand, e.g. the correlation between the growth of a tree and density around the tree, the 
correlation between establishment of natural regeneration and point density, and the selection of plus trees for research in 
forest tree improvement.

The 'angle summation method' of Spurr (For. Sci. 8: 85-96, 1962) is an example of one technique giving a measure of point 
density. The method involves choosing a point or tree upon which we wish to determine the degree of competition from 
surrounding trees. Using the basic theory of Bitterlich (angle count sampling) each competing tree is imagined to be 
'borderline' from the chosen point or tree and, thus, to have a specific basal area factor. The point density measure is obtained 
by appropriately summing a series of basal area per hectare estimates made using these trees.

Formula:

Point density (m2/ha) = [0.25(0.5(d1/l1)2 + 1.5((d2/l2)2  + .. 
                             +(n-0.5)(dn/ln)2 )]/n    

where:  di is diameter in cm of tree i; (i = 1, ...., n).
        li is the distance in metres of tree i from the sample point or subject tree;
        n  is the number of competing trees measured.
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Management decisions (need for inventory 
information)
Forest Inventory.

 

  

●     [Subhead] ●     [Subhead] ●     [Subhead] 

Notes... Inventories are expensive Adds nothing to the value of the product Service 
function only Difficult to value potential for improved management 

Strategic, tactical and operational...

●     Objectives of the organisation 
●     Forest management control system - Where / what decision points 

(Mission Statements?) 
●     Outline information needs 

❍     Compile and study available information 
❍     Reconnoiter area 
❍     "Think-tank" all requirements - include The Planning Team: 

Management Representative, Mensurationist, Programmer / 
statistician 

❍     What relationships could be assumed 
❍     Predict difficult but useful parameter from simply collected 

parameter 
❍     Outline final tables? 

■     Standardisation: Kind of information. Form of 
presentation. Usefulness at local, regional, national or 
international levels. 

●     Resources for collection 
❍     How critical is the time factor? 
❍     Less accurate results sooner? 
❍     Estimate entire inventory cost (budget constraints) 
❍     Marginal costs for additional information 
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SubHeading However, Iles (1994) states that an inventory designer must always assume 
that any list of requirements will be incomplete and that prior to undertaking 
an inventory it is virtually impossible to "find out the information needed 
and the required precision". This impossibility is partially due to the 
dilemma of not knowing what data is needed to make a decision until the 
manager has a good idea of what resources are available and how the 
environment will change. Instead, Iles suggests that it is more important to 
be able to deal with a change in the definition of what data are needed than 
in defining what the right data to collect should be in the first place. 
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Sampling
Forest Inventory.

 

  

●     Statistical terms 

Forests are large and variable and the individual components (ie trees) tend 
to have a relatively small value. Consequently, samples or sub-sets rather 
than complete measurement of all individuals are often necessary.

Information derived from the sample can be used to make inferences or 
estimates about the total forest. Three general objectives in sampling 
include:

●     To obtain an unbiased estimate of the population mean.

●     To obtain as precise an estimate of the mean as is possible for the 
time and money spent.

●     To assess the precision of estimate, i.e. standard error of the mean.

Effective forest sampling requires appropriate decisions about:

1.  The sample element. What is the individual in the sample - a single 
tree, a stand of trees, a plot, a stripline, a unit area of ground, or a 
point?

2.  The sample selection. Will elements be selected subjectively or 
objectively? If objectively, will each sample have the same 
probability of selection or will its probility of selestion change in a 
predetermined manner?

3.  The sample design. Will the sample elements be selected and 
measured in a single step, or will the sampling procedure be a series 
of steps and phases that depend on initial steps and assumptions? 
Can you make realistic assumptions about the structure of the forest 
(eg about the patterns of variation) and use this information to 
allocate the sample selection?

Together, these three aspects define a sampling frame.
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Managing an inventory
Forest Inventory.

 

  

●     [Subhead] ●     [Subhead] ●     [Subhead] 

Notes... Field Measurements 

●     60-70% of cost of processing is data input 
●     Error control is vital 
●     Supply detailed instructions 
●     Design field forms carefully (Unexpected events) 
●     Data capture devises 
●     Select instruments carefully 
●     Check instruments periodically 
●     Field check - TQM 

Personnel and Training 

●     Organisation 
●     Plan "chain of command" 
●     Selection 
●     Training 
●     *Initial 
●     *Monitoring 
●     *Encouragement 

Logistic Support 

●     Office equipment 
●     Field equipment 
●     Transport 
●     Accommodation 
●     Safety 
●     Communications 

Calculations / Data processing 

●     PLAN 
●     Standardise 

❍     Definitions of terms 
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❍     Symbols 
❍     Forest classification system 
❍     Error bounds, probability levels 
❍     Measurement units Expression of volume 
❍     Size classes 
❍     Utilisation limits 

●     Enlist technical support as appropriate 
●     Storage 
●     Redundant backups 

SubHeading MainTextHereOnwards

SubHeading MainTextHereOnwards

Implementing a new 
inventory 

Now armed with some confidence in new forest inventory procedures, you 
may try to implement them in your organisation. Unfortunately this may not 
be as simple as it sounds! People, both as individuals and as part of an 
organisation will affect the design, implementation and acceptance of an 
inventory and its resultant estimates. Lund (1995) identified 3 sources of 
problems in new inventory development and use: the individual, the 
organisation and the current inventory design. Some of the factors that may 
influence willingness to take part in a new inventory include:

The individual factors:

●     Recognition - Need to have people recognise the value, and know 
how to use the information properly. If they do not have time to learn 
anything new, they are unlikely to change their current ways.

●     Personality - Many natural resource specialists are independent and 
have trouble working as team players.

●     Knowledge - Some experts may declare knowledge of express 
demands of a new inventory without practical experience in doing 
the work. This may lead to unrealistic expectations, inapplicable 
results and frustration.

●     Tradition - There is a general unwillingness to change definitions, 
standards or procedures when it may disrupt the ability to analyse 
trends.

●     Perception - Perception of a change in priority from traditional 
resource inventory approach.
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●     Fear - Fear of losing control (over a well known approach).

●     Communication - The use of unfamiliar terms and definitions.

●     Skills - Lack of new skills

●     Leadership - Lack of initiative or taking the lead. Also there may be 
a reluctance to follow direction because it is viewed as being dictated 
rather than being persuaded that it is a more reliable way of getting 
information.

●     Support - If people do not the desire or ability to understand and use 
the information collected there is little incentive for input.

The organisation:

●     Self interest - A not invented here syndrome may occur within 
groups in an organisation when new techniques are presented by 
outsiders.

●     Benefits - Lack of trust in new methods where preious innovations 
have lead to little or no benefit to the local people or individuals.

●     Fear - Groups that traditonally had a simple goal they were meeting 
may have difficulty changing direction and risking failure.

●     Focus - Poor understanding or no concensus on the priority for 
inventory and questions that need to be answered.

●     Communication - Poor coordination and communication between 
organisational levels and administrative levels.

●     Support - Lack of support for adequate time and money to do the job. 
There is a feeling that it makes more time and resources to think 
through a new approach rather than just follow the old tried and true 
methods.

●     Priority - Other interests and priorities result in lack of true 
commitment in funding and completion of the inventory. 

●     Coordination - lack of a strategic and coordinated plan (which 
includes training and support in the collection and use of 
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information).

●     Power - lack of enforcement or ability to enforce direction once a 
decision has been made. 
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A brief history of forest inventory
Forest Inventory.

 

  

●     Graphic of 
Inventory 
Development 

●     Sampling 
●     Management 

Decisions 

Extract from 
Brack (1997) 

Systematic collection of forest information began in Europe towards the end of the 
Middle Ages, i.e. in the late 18th Century. A growing concentration of people into 
towns and relatively dense population centers lead to a fear that fuelwood resources 
from accessible forests would be exhausted. The first forest maps were made to 
assist planning and management of this scarce resource. These maps delineated the 
location of forests by area. Such information was adequate for estimating total 
growing stock (biomass) which was sufficient for planning fuelwood utilisation.

By the beginning of the 19th Century, foresters in central Europe were ocularly 
estimating the volume and stocking of small forest areas (Forstorte). These ocular 
estimates were effective if the area could be surveyed as a whole from one spot 
(Pfeil, 1858).Whole forests were divided into Forstorte and the sum of the ocular 
estimates for each was used to determine the forest resource levels. This approach 
continued to provide adequate information for planning in the State Forests of 
Saxony until the early 1940's (Loetsch and Haller, 1964, p. 7). The main 
requirement for collecting effective information was the existence of a body of 
workers with sufficient experience and knowledge to reliably estimate timber 
resources on small areas, and sufficient time to visit all the Forstorte. Workers 
skilled in ocular estimation were in great demand.

Throughout the 19th Century, mensurational techniques and relationships were 
developed and improved. Relationships between simple to measure parameters (e.g. 
diameter and height or length) and parameters of interest (e.g. volume) were found 
and published (e.g. Hoppus's Practical Measurer (c. 1840) and the tree volume to 
basal area relationship (Carron, 1968) ). These relationships allowed foresters to 
conduct strip line surveys over forest areas much larger than the Forstorte, e.g. 
Matern (1982) describes random and strip line surveys in the 1830's and 1840's. By 
the turn of the century, the surveys had developed into statistically sound sample-
based methods, e.g. Schmidt (1891) describes a valid plot-based method used in 
Germany. Schreuder et al. (1993, p. 10) note that these statistically sound 
approaches, and discussions about the need for representative samples in forestry 
literature, predate the major theoretical publications in the field of statistics.

During the 19th Century, developments in collecting information about forest 
resources were based on experience, early statistical knowledge and simple 
mensuration relationships. These developments were appropriate to collections 
relating to small units of forest. In contrast, developments in the 20th Century were 
dominated by technological changes and an increase in the size of the forest units of 
interest. With the opening up of the North American and Australian continents, 
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information about large forest estates was required - the Forstorte or small sample 
unit was not appropriate. Remarkably advanced stratified sampling was being 
practised by 1911 (Schreuder et al. 1993, p. 11) and by the 1920's developments in 
aircraft use allowed aerial surveys to be pioneered in Canada.

By the middle of the 20th Century, the statistical basis for multi-phase and multi-
stage forest inventory was firmly established and textbooks discussing the theory 
and practice of statistical survey techniques were freely available (e.g. Schumacher 
and Chapman 1942). Unequal probability sampling theories and practices in forestry 
were also developed during this period (Bitterlich 1947). The development of 
unequal probability sampling in forestry practice was made prior to its introduction 
in the statistical literature.

Combining these efficient sampling theories with the increasingly powerful and 
available computing and remote sensing technology has allowed the development of 
sophisticated forest sampling systems. For example Sandoval et al. (1994) 
successfully combined two-stage and two-phase sampling with regression estimators 
in a large area inventory of natural forest in Chile. Hazard et al. (1994) designed a 
four-phase inventory system using Landsat satellite imagery, high-altitude colour 
infrared photography (1:60 000 scale), low-altitude colour infrared photography 
(1:3000 scale) and ground sampling for an inventory in Alaska. Unfortunately 
further technological developments may still be needed as Hazard et al. conclude 
that although the four-sampling strategy is a good one, it is several years ahead of 
the current supporting technology.

Graphical History 
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Where to now? As the above illustrates, forest managers have been formally collecting information 
about forest resources for almost two centuries. In fact, foresters were using 
"advanced" statistical concepts and approaches before their major theoretical 
publications in the field of statistics.

Over the past 2 centuries the need for information has grown, i.e. forest managers 
need to know more about a wider range of parameters. The information is also 
required to be more precise and needs to be collected with increasingly expensive 
human labour. One method of improving precision is by increasing the number of 
samples taken. However this generally requires a major increase in funds and other 
approaches may be utilised: 

●     use knowledge about the population to reduce the importance or effect of the 
high variation (standard deviation) of the forest population,

●     efficiently distribute the samples among the most important variables, 

●     use other other sources of knowledge more effectively. 
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Tools for measuring tree bark 
Forest Measurement and Modelling.

 

 

●     Other tools
●     Bark

These tools sample the thickness of tree bark at one location by inserting 
something through the bark to the wood interface. To obtain reliable 
readings without damaging the tools: 

●     Avoid twisting the tool when it is embedded in the tree. The chisel 
tip on the Bark Gauge in particular is easily fractured;

●     Trees with rough and fissured barks should have their bark thickness 
measured on the ridges (this is where girth tapes will contact the 
bole). However, if calipers are used for measuring diameter, measure 
bark thickness at the points of caliper arm contact;

●     Ensure the flange of the tool is flush with the bark before reading;

●     Because bark thickness tends to vary from one side of a tree to 
another, take 3-4 readings around the stem and average.

Bark gauge: The Swedish Bark Gauge is a tool of small size and weight 
used for measuring the bark of Pinus and other "hard barked" trees. 

Place the chisel end of the gauge against the bark and apply pressure to the 
handle until the chisel penetrates to the wood interface. The operator must 
"feel" the change in pressure as the chisel is pushed through the wood. Once 
the wood interface has been reached, push the flange against the bark and 
read the thickness from the scale. 

Considerable experience is needed to ensure the chisel reaches the interface 
but is not pushed too far through the wood. 
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Bark probe: The Bark Probe is a tool of small size and weight for 
measuring the bark thickness of eucalypt and other trees. 

The probe is placed against the bark and the plunger struck lightly until the 
needle penetrates to the wood interface. The user must "feel" or listen for 
the change as the needle reaches the woody material. Read the depth from 
the scale while the needle is still embedded in the tree. Withdraw the 
instrument straight out from the bark to avoid bending or breaking the 
needle. 

The measuring technique is virtually non-destructive and is simpler, more 
accurate and precise than most other commonly used techniques (Gill et al. 
1982). 

[toolsb.htm] Revision: 6/1999 
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Gray's taper line
Method for estimating volume
Forest Measurement and Modelling.

 

 

 

●     Tree volume 

Subjectively select 5-7 
representative points for 
measurement, two in the 
buttswell region and 3-5 along 
the main stem up to at least 
half height.

Measure diameter over bark 
(DOB), bark thickness (BT) 
and height above ground at 
each point.

Convert the diameter 
measurements to sectional 
areas under bark (SAUB) and 
plot against height above 
ground (rectangular 
coordinate paper). Plotting is 
done by a recorder on the 
ground as measurement 
proceeds.

 

As soon as the recorder is 
confident of fitting a straight 
line to the points representing 
the paraboloid of the main 
stem, the measurer returns to 
ground.

Measure total height above 
ground.
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Extend the taper line fitted to 
the points on the main stem to 
cut the SAUB axis (abscissa) 
at parabolic base (sp) and the 
height axis (ordinate) at 
parabolic height (hp). The 
area under this taper line 
represents parabolic volume 
(vp) and, being a triangle,

vp = (sp x hp)/2.  

Fit a curve or straight line to 
the points in the buttswell 
region and determine the area 
between the curve, taper line 
and SAUB axis either by 
square counting or from the 
dimensions of the triangle 
formed by the straight line 
which approximates the 
buttswell curve. This gives 
buttswell volume (vb).

Join the total height point on 
the ordinate to the 10 cm DUB 
point (= 0.007 85 m2) on the 
taper line. Experience has 
shown that the inflection point 
(paraboloid to conoid) on the 
upper main stem occurs at 
approximately the 10 cm DUB 
point. Tip volume (vtip) is 
then given by the area 
enclosed by the height axis, 
taper line and the line from the 
tip to the 10 cm DUB point, 
and is determined as for vb.

Total volume = vp + vb + vtip.
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Merchantable height is 
normally less than parabolic 
height in conifers, so if 
volume to the merchantable 
limit is required, subtract the 
non-merchantable part of 
parabolic volume (represented 
by the appropriate triangle) 
from vp + vb. Subtracting 
stump volume from the result 
gives actual merchantable 
volume.

 

Note: If parabolic height (hp) equals or exceeds total height, an error should 
be suspected either in measurement, conversion of DUB to sectional area, or 
in plotting. In the rare case of a stem which carries its paraboloidal shape to 
the tip, parabolic height may approximate total height. Unhealthy stems 
(particularly on poor sites) sometimes exhibit this feature.

The taper line method thus assumes that the main stem approximates a 
second degree paraboloid with a skirt of buttswell of varying size at the base 
and, in the case of conifers, surmounted by a cone like top (only if a curved 
line drawn from hp to the tip). This assumption results in a minimum 
number of measurements and a saving in time, energy and risk which may 
be considerable.

Other advantages

The graph provides a visual check on measurements and recording and a 
permanent record of the stem.

Volumes of assortments can be determined at any time to adjust for 
changing standards of utilisation.

Disadvantages

Two disadvantages result because the points of measurement are few and 
subjectively chosen: 

●     The volume estimate is liable to bias 
●     Precision of the estimate is likely to be low both for the same 
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operator and between operators. 
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Centroid sampling
Forest Measurement and Modelling.

 

 

 

●     Tree volume 

Technical Note: A simple procedure for 
measuring single tree volume using the 

centroid sampling technique.
C.L. Brack

Department of Forestry
Australian National University

Canberra A.C.T. 0200
E-mail: Cris.Brack@anu.edu.au

Published in IFA Newsletter 37(5):12 - 14. 

Introduction
Recent correspondence amongst practising foresters in Australia suggested that there were problems in 
communicating forest research findings to potential users (Stewart, 1996; Brack, 1996; Wood 1996). 
Specifically, it was felt that the advances made in efficient techniques for measuring trees for volume 
were not available to practising foresters because too much time was needed to learn and understand the 
advanced theories involved. 

Earlier papers by forest mensuration researchers (e.g. Wood and Wiant 1990, 1992; Wiant et al. 1996) 
provide theoretical evidence that the centroid sampling method is precise and essentially unbiased in 
estimating a single tree's volume. This note presents a very simple set of instructions to help practising 
forest workers to use centroid sampling to efficiently determine merchantable volume for single trees. By 
following this procedure and using good measurement techniques, forest workers will be able to 
accurately measure merchantable tree volumes easily and efficiently.
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Select a sample point
Centroid sampling requires one measurement of diameter at a selected sample height. The selected height 
is related to the total tree height, and the merchantable height (if crown break or defects in the bole limit 
the merchantable bole). Measure the total height and the percentage of that height that is merchantable. 
Select the corresponding sample height from Table 1. 

For example, the tree in Figure 1 may be measured as 20 m in total height with the large branch at 8 m 
reducing the merchantable height to 40% of total height. The corresponding sample height from Table 1 
is therefore 3.5 m.

Figure 1: Example eucalypt tree of 20m total height and 8m merchantable height.

Measure at sample height
The diameter (over bark) at the sample height is then measured. If the sample height is low enough, this 
measurement can be completed using a diameter tape and small ladder or pole callipers. Where the 
sample height is not within reach from a ladder, the tree will need to be climbed or some type of optical 
dendrometer used.

The measurement of diameter at the sample height is squared and multiplied by the value in Table 2 that 
corresponds with the total height and percent merchantable height. For example, the tree in Figure 1 may 
have a diameter reading of 28 cm at 3 1/2 m height. The multiplier from Table 2 is 0.000610, and the 
merchantable volume for this tree is therefore 28^2 * 0.000610 = 0.478m^3.

Underbark volumes
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If underbark volumes are required, the volume over bark (VOB) estimated above is reduced by a ratio of 
underbark:overbark sectional area. Measure diameter at breast height (1.3m) overbark (DBHOB) and 
average bark thickness. The average bark thickness is easiest measured by hammering a nail into the bark 
at four equally spaced points around the tree at beast height - tapping the nail relatively lightly until you 
hear or feel the nail reach the wood layer. Measure how much of the nail remains outside the bark and 
subtract that from the original length of the nail to calculate bark thickness at that point.

Diameter underbark at breast height is calculated as:

DBHUB = DBHOB - 2 * (average bark thickness). 

Volume underbark (VUB) then is:

VUB = VOB * DBHUB^2 / DBHOB^2.

For example, the tree in Figure 1 may have a DBHOB of 30cm and 4 bark thickness measurements of 
1.8, 1.2, 1.7, 1.3. Average bark thickness is (1.8+1.2+1.7+1.3)/4 = 1.5 and therefore DBHUB = 30 - 
2*1.5 = 27. Thus, the volume underbark for the Figure 1 tree is:

VUB = 0.478 * 27^2/30^2
= 0.478 * 0.81
= 0.387 m^3

Conclusions
The above procedure indicates that centroid sampling can be easily carried out by anybody who can use a 
diameter tape and look up values in 2 simple tables. The most difficult calculation needed is to square a 
number!

Other authors have shown that centroid sampling is precise and is likely to be much more accurate than 
applying volume tables or functions from measurements carried out in other forests. This note 
demonstrates that it is easily carried out as well.

References
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Table 1: Sample heights (m) related to total height and percent merchantable height.

Total Height (m) 100% 80% 60% 40% 20%

10 3 3 2 1/2 2 1

12 3 1/2 3 1/2 3 2 1

14 4 4 3 1/2 2 1/2 1 1/2

16 4 1/2 4 1/2 4 3 1 1/2

18 5 1/2 5 4 1/2 3 1 1/2

20 6 5 1/2 5 3 1/2 2

22 6 1/2 6 5 4 2

24 7 6 1/2 5 1/2 4 2 1/2

26 7 1/2 7 1/2 6 4 1/2 2 1/2

28 8 8 6 1/2 5 2 1/2

30 9 8 1/2 7 5 1/2 3

32 9 1/2 9 7 1/2 5 1/2 3

34 10 9 1/2 8 6 3

36 10 1/2 10 8 1/2 6 1/2 3 1/2

38 11 10 1/2 9 6 1/2 3 1/2

40 11 1/2 11 9 1/2 7 4

42 12 1/2 11 1/2 10 7 1/2 4

44 13 12 1/2 10 1/2 7 1/2 4

46 13 1/2 13 11 8 4 1/2
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48 14 13 1/2 11 1/2 8 1/2 4 1/2

50 14 1/2 14 12 9 4 1/2

Table 2: Multiplier values related to total height and percent merchantable height.

Total Height (m) 100% 80% 60% 40% 20%

10 0.000555 0.000523 0.000433 0.000305 0.000156

12 0.000666 0.000627 0.000520 0.000366 0.000187

14 0.000778 0.000732 0.000606 0.000427 0.000219

16 0.000889 0.000836 0.000693 0.000488 0.000250

18 0.001000 0.000941 0.000780 0.000549 0.000281

20 0.001111 0.001046 0.000866 0.000610 0.000312

22 0.001222 0.001150 0.000953 0.000671 0.000343

24 0.001333 0.001255 0.001040 0.000731 0.000375

26 0.001444 0.001359 0.001126 0.000792 0.000406

28 0.001555 0.001464 0.001213 0.000853 0.000437

30 0.001666 0.001568 0.001299 0.000914 0.000468

32 0.001777 0.001673 0.001386 0.000975 0.000500

34 0.001888 0.001777 0.001473 0.001036 0.000531

36 0.001999 0.001882 0.001559 0.001097 0.000562

38 0.002110 0.001987 0.001646 0.001158 0.000593

40 0.002221 0.002091 0.001733 0.001219 0.000624

42 0.002333 0.002196 0.001819 0.001280 0.000656

44 0.002444 0.002300 0.001906 0.001341 0.000687

46 0.002555 0.002405 0.001992 0.001402 0.000718

48 0.002666 0.002509 0.002079 0.001463 0.000749

50 0.002777 0.002614 0.002166 0.001524 0.000781
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Measuring the upper bole

Measuring the upper bole
Forest Measurement and Modelling.

 

 

 

●     What to measure 

Measurement of the size of the bole 
above breast height may be necessary 
to determine: 

●     Bole taper or shape 
●     Bole volume 
●     Presence and volume of wood 

products (of specific 
dimensions) 

The most accurate approach to 
measuring upper bole dimensions is to 
climb the tree and use calipers or a 
tape. However, where this is expensive 
or unsafe, dendrometers like the 
Relaskop may be used.

A taper equation is often used to predict the size of the upper bole. These 
equations can provide varying degrees of accuracy, but are often adequate 
for routine use. 
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Stand table example
Forest Measurement and Modelling.

 

 

 

●     Frequency 
diagrams: 

●     [Histogram] 
●     [Polygon] 
●     [Curve] 

●     Stand tables 

Stand Table Trees / ha Data collected from Compartment 507, Yambulla State Forest No.126, 
N.S.W. (February, 1998)

 Number of trees (/ha) in DBHOB classes (mid-point of 10 cm width)  

Species 10 20 30 40 50 60 70 80 90 100 >110

ash  14.29 6.61 4.52 4.37 3.00 2.16 1.74 2.37 2.60 2.90

blue stringybark  3.78  1.95 1.54 0.57 0.15 0.12   0.06

mana gum   1.74    0.14    0.09

miscellaneous  3.02 0.64         

messmate 3.31 4.98 3.35 3.42 1.80 1.61 1.83 0.11 0.77 0.28 0.52

usbk     0.24 0.38 0.13     

white stringybark  2.77 1.98 3.03 2.18 1.56 0.45 0.31 0.25  0.10

yurchuck 14.99 8.29 2.00 6.10 1.49 0.98 1.19 0.31 0.27 0.22 0.05

yellow stringybark  7.14 15.21 6.30 6.81 4.21 1.56 1.00 1.24 0.69 0.60

Grand Total 18.30 44.26 31.52 25.32 18.42 12.31 7.60 3.60 4.90 3.80 4.32

Histogram Trees / ha 
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Polygon Trees / ha 
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Curve Trees / ha 
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Tree Climbing
Forest Measurement and Modelling.

 

 

 

●     Other 
techniques for 
measuring 
height 

Safety suggestions Do not climb if you have a genuine fear 
of heights or have an impediment 
which restricts your climbing ability.

Climb with caution. Wear light 
footwear (sand-shoes, gym boots). 
Under no circumstances 'skylark' or 
'show-off' when aloft.

Wear a safety belt. Check its condition 
thoroughly and test it (with your full 
weight) on the lower bole of the tree 
before you climb. Ensure the buckle is 
engaged, the belt tongue is secure in its 
keeper, and the belt itself is not so tight 
that your movement is restricted. Do 
not climb until you have full 
confidence in the belt.

Climb a vertical ladder unsecured at the top by holding the tree bole with 
the hands.

Secure each ladder section firmly to the tree before ascending further. 
Dispense with ladders once the green crown is reached except on trees with 
long internodes or fine branches.

When attaching a new section to an already secured ladder, stand on the 
second or third rung from the top, secure your safety belt to the tree, and 
thread the new section of ladder between your person and the tree into the 
female coupling. If the tree is sinuous, it may be necessary to loosen the 
chain securing the upper section of ladder before the new section can be 
engaged.
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The load limit for an extended set of climbing ladders is one person.

Except in exceptional circumstances, do not ascend a tree when another 
person is aloft. In the exceptional case, ensure the person aloft secures 
himself to the tree by safety belt and remains motionless while the second 
person climbs.

Ensure any equipment you carry while climbing (girth tape, bark gauge) is 
firmly secured to your person. If a piece of equipment is dropped or a pine 
cone or branch is dislodged scream a warning immediately to those below. 
Do not deliberately drop equipment from aloft. Persons on the ground must 
wear safety helmets and except when the climber requires a measurement of 
height above ground, should avoid standing under the tree being climbed.

Climb in the green crown making full use of branch crutches as holds for 
hands and feet. Test each branch before giving it your full weight.

Disengage a set of ladders one section at a time. Release the chain of the 
upper section and retreat to the second upper rung of the section below: 
secure safety belt. Gain a firm purchase on the lower rung(s) of the section 
to be removed and with a sideways 'to and fro' motion, disengage the ladder. 
Release the safety belt and carry the ladder to ground (thread one arm 
through the gap between the two upper rungs).
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Code of Forest Mensuration Practice 3.4.2

Units of measurement, 
symbols, significant digits 
and rounding off
1.1 Units of measurement and 

symbols
1.2 Significant digits

1.3 Rounding off

1.4 Bias, accuracy and 

precision
Individual Trees and Logs
2.1 Bole characteristics

2.1.1 Diameter

2.1.2 Height 

2.1.3 Bark thickness

2.1.4 Volume

2.1.5 Stem form and taper

2.2 Log characteristics

2.2.1 Diameter

2.2.2 Length 

2.2.3 Volume

2.2.4 Weight 

2.2.5 Allowance for defect

2.3 Crown characteristics

2.3.1 Width 

2.3.2 Depth 

2.3.3 Surface area

2.3.4 Volume

2.3.5 Biomass

2.4 Stem analysis

Groups of Trees (Stands)
3.1 Number of trees

3.2 Diameter

3.3 Basal area

3.3.1 Fixed-area plots

3.3.2 Angle count sampling

3.3.3 Advantages and 

disadvantages of angle count 
sampling
3.4 Height 

3.4.1 Mean height

3.4.2 Predominant height, top 

height, dominant height 
3.4.3 Stand height curve 

3.5 Volume 

3.6 Crown closure

3.7 Crown biomass

3.8 Growth and increment 

References
Appendix 1: Checklist of 

[RWG#2] [Copyright] [Title Page] [Next Page] [Last Page] 

3.4.2 PREDOMINANT HEIGHT, TOP 
HEIGHT, DOMINANT HEIGHT 

Because thinning can affect mean height (h - )foresters were prompted to 
seek a crop parameter which was relatively unaffected by thinning. The 
parameters they chose were predominant height, top height and dominant 
height. These are derived as the average total height of respectively, a 
specified number of the tallest (predominant height), or largest diameter (top 
height) trees in the stand (whether the tallest or thickest trees are used 
depends on whether or not the tallest trees are easily identified from the 
ground), or of all or some of the dominants with or without the codominants 
(dominant height). The international symbol is hdom. 

In Australia, predominant height (incorrectly called top height in some 
areas) is defined as the arithmetic mean height of the tallest trees in the 
stand generally at the rate of 40-75 /ha (viz. NSW and ACT, 40 /ha; Q'ld., 
50 /ha; South Aust., 75 /ha) .

Assuming that a rate of 50 trees /ha is specified, proceed with assessment of 
predominant height as follows (the procedure for top height assessment is 
similar):

(i) Experimental plots of defined area (< 0.1 ha) 

1.  Determine the number of trees required for measurement in a given 
plot by multiplying its area in hectares by 50 and rounding off to the 
nearest whole number (n1).

2.  Divide the plot into two or four sections of equivalent area and shape 
with at least one internal boundary line aligned perpendicular to the 
fertility gradient if it is apparent, e.g.
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equipment and materials

3.  Allocate selection of the n1 trees as evenly as possible to the two or 
four defined sections, e.g. if n1 = 5 and there are four sections, 
allocate one selection to each of the four sections and the fifth to the 
section which has the tallest tree not yet selected (see next below).

4.  Because tree height is difficult to judge by eye, measure the height of 
twice the number of trees required in each section, unless the tallest 
tree(s) in a section is (are) obvious, and identify the tallest tree(s) in 
each required to make up the n1 trees.

5.  Average the height of the n1 trees so identified. 

(ii) Inventory:

1.  Decide the size and shape of the plots to be used in the assessment. 
Conventionally, given a selection rate of 50 trees /ha, circular plots 
of 0.02 or 0.04 ha would be used, requiring the choice of 1 or 2 trees 
per plot.

2.  Select and measure for height what is judged by eye to be the 2 or 4 
tallest trees per plot and accept for the assessment of predominant 
height the 1 or 2 tallest of these.

3.  Record in detail the definition of height used and how this was 
implemented.
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Background statistics

Background statistics
Forest Inventory.

 

  

●     [Mean] 
●     [Mode] 
●     [Median] 
●     [Variance / 

Standard 
Deviation]

●     [Coefficient of 
variation] 

●     [Sample size] 

●     Definitions 

Statistics may be defined as numerical facts that are systematically 
collected. It may also be used to refer to the science of collecting, 
classifying, summarising and using these numerical facts.

Statistics can be used to describe a forest population in a consistant and 
repeatable manner - these are called descriptive statistics. When numerical 
facts are collected via a probability-based system (ie the probability of 
selecting an object for counting or measuring is known) then the science of 
statistics also allows predictions about the forest population to be made - 
these are called inferential statistics. Inferential statistics are generally 
based on a measurements from a subset (or sample) from a population of 
interest.

Mean The mean is descriptive statistic that summarises the centre of a range of 
values. An unbiased estimate of the mean size or value of a population is 
one of the most common objectives in a forest inventory.

A mean is defined as: 

where: 

●     xi denotes the size of individual i and 

●     n the number of individuals measured. If all the individuals in a 
population were measured, then the mean is called the population 
mean, but if only a subset of individuals were measured, then it is a 
sample mean.
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Background statistics

The mean is sensitive to extreme (minimum and maximum) values, but is 
probably the most common statistic reported from a forest inventory.

Mode The mode is a descriptive statistic that identifies the value (in a list of 
values) with the highest frequency. It is commonly used when the variables 
observed are ordinal or nominal (eg presence or absence, classifications of 
damage or habitat type).

The mode may not be a unique value, for example when two or more values 
occur the same number of times. 

Median The median is descriptive statistic that summarises the middle of a range of 
values - half of the values are less than the median while half are above.

The data values are sorted into ascending (or descending order) and then the 
median is selected: 

●     If there are n observations, and n is an odd number, then the median 
is (n+1)/2 ordered value.

●     If there are n observations, and n is an even number, then the median 
is the average of the n/2 and (n+1)/2 ordered values. 

The median is an effective statistic to represent the middle of a distribution 
and it is not very sensitive to extreme (minimum or maximum) values.

Variance
Standard Deviation 

The variance and the standard deviation are descriptive statistics that 
indicate the spread of values around the mean. In forest inventory, the usual 
measure of this spread is the standard deviation:

where: 

●     xi denotes the size of individual i and 

●     n the number of individuals measured. 

The standard deviation is the square root of the variance, ie variance =s^2.
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The sample estimate of the mean and standard deviation can be used to 
make inferences about a population. For example, in a normal population, 
68% of all individuals will be within s of the mean, i.e. 68% of the 

population lie within the range of  most of the time. 95% of 
individuals will be within 2 times the standard deviation of the mean, almost 
all (99%) will be within 3 times the standard deviation of the mean. 

If the population is not normally distributed, then at least the fraction 

 will lie within k*s of the mean value. 

Coefficient of variation The coefficient of variation is a description of the relative variation in a 
population. You would expect, for example, that the range of heights in a 
stand of tall trees would be greater than the range in a stand of small trees. 
The coefficient of variation (CV) removes this noise by expressing the 
variation as a percentage of the mean value:

The CV for volume/ha or stand basal area in a well managed plantation may 
be about 40%, while in a natural / native forest, the CV may exceed 100%.

Sample size The required output from many inventories is an unbiased estimate of the 
mean size or value of a parameter with an indication of the precision or 
reliability of that estimate. Thus, the inventory designer must be able to 
provide an estimate of the mean value and an estimate of the possible range 
of values that would occur if another sample of the same size were taken. 
The range due entirely to the sample taken, is termed the sampling error. 
Often the desired precision of the inventory is determined in terms of the 
sampling error. The number of samples required to meet this sampling error 
is calculated as:

where: 

●     E denotes the maximum sampling error desired, 
●     t the student t value (about 1 or 2 for relatively large samples and 

with probability levels p=0.33 and 0.05 respectively), and 
●     n the number of samples required. 
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Activity  Try your skill at interpreting these basic statistics for real forest populations.
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Stripline sampling

Stripline sampling
Forest Measurement and Modelling.

 

 

 

●     Sampling 
frames 

Striplines are a long rectangular plot, usually 5-40 m wide and up to several 
kilometers long. The distance between the strips depends on a number of 
factors including sampling intensity, topography, forest composition, and 
other factors.

Strips are most convenient if information on topography and forest 
composition is also required as part of the survey and if dense undergrowth 
or difficult terrain necessitates spending a disproportionate amount of time 
on plot establishment. Conventionally, strips are run at right angles to the 
contours of the main topography of the area under survey because the 
fertility gradient usually runs in this direction. 

For a given sampling intensity, a stripline survey may be faster than a 
survey based on plots because the ratio of working time on the units to the 
travelling time between units is greater for strips. However, the number of 
units and therefore the number of degrees of freedom for calculating 
sampling error are often far fewer for strips than plots.

Strips and plots may be combined in what are called Line Plots. With these, 
topographical and forest type data are gathered from the strips and 
quantitative information (diameter, height, volume, etc.) is obtained from 
plots located at intervals along the strips.
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Plots
Forest Measurement and Modelling.

 

 

 

●     Sampling 
frames 

●     Measuring area 

Unbiased estimates of timber and many other natural resource quantities can 
be obtained from any fixed-area plot size and plot shape (rectangular, 
square, circular, and narrow-width rectangular called striplines or transects). 
However, the optimum size and shape for a plot will vary with forest 
conditions. For important forest inventories, a pilot study to determine the 
relative efficiency of different sizes and shapes by comparing the respective 
sampling errors and costs may be worthwhile (Gambill et al 1985).

A guiding principle in choosing the size of unit is to have it large enough to 
include a representative number of trees but small enough so that the time 
required for measurement is not excessive. Thus, the size of unit should be 
related to the distribution and variation of the elements of the population. In 
the past, the following plot sizes have been commonly used:

●     0.5 ha plots in a stand of mature eucalypts.

●     0.05 ha plots in a stand of poles.

●     0.0005 ha plots in a stand of regeneration.

●     0.05 to 0.02 ha plots in coniferous plantation.

Concentric or multi-area plots are sometimes used in mixed forest 
containing a wide range of tree sizes from mature veterans down to 
saplings/regeneration. Measurement of the large trees is done on the plots of 
greatest area whereas that of the smaller trees is confined to the inner plot of 
smallest area. Circular plots with three concentric radii plots have been 
commonly used in New South Wales and many other states. In Tasmania, bi-
area plots are created by dividing rectangular plots down the centre line - 
large trees anywhere in a rectangular plot are measured, but small trees are 
only measured on one side of the centre line. 

Except in very uniform populations, small plots yield more variable 
information than large plots, that is, the variation around the mean value in 
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Plots

the smaller plots is greater than the variation around the mean of the larger 
plots. However, the lower costs of plot establishment and the wider 
distribution possible for smaller plots may give an increase in the precision 
of estimate of the mean. 
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Sampling frames
Forest Measurement and Modelling.

 

  

●     [Subhead] ●     [Subhead] ●     [Subhead] 

Sampling frames are constructed from decisions about the elements to be 
measured, the way the elements are selected, and the sampling design.

Sample elements Four types of sampling element or unit are common in forest inventory:

●     individual trees,

●     strips (stripline or transect),

●     plots (bounded or fixed area),

●     point or angle count points. 

In addition, these elements may be relocatable (permanent) or temporary. 
Permanent sampling units (trees and plots) are established in forests for 
three main reasons:

●     To provide information on growth and yield of forest crops which is 
then used to construct yield models (yield tables).

●     To provide information on the effects of specific experimental 
treatments, e.g. different thinning regimes, initial plant spacings, 
fertiliser treatments, etc.

●     To provide data which are used in devising new measurement 
methods and systems for general forest use.
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Sample selection The main approaches to sample selection are:

●     Non-random / non-probabilistic. This approach includes subjective 
(eg selection of the mean tree by personal judgement) and haphazard 
(eg sticking pins in a map while blindfolded) selection.

●     Approaches based on probability where each element has a chance 
(that can be determined) of being selected. These approaches can be 
further divided into:

❍     Unequal probability. The probability of an element being 
selected is proportional to that element's size, or some other 
parameter.

❍     Random. All elements, and all combinations of elements have 
the same chance of being selected.

❍     Systemmatic / restricted. All elements, but not all 
combinations, have the same chance of being selected.

When carried out by experienced professionals, non-probabilistic selection 
of the mean element in a population can be accurate. However, there is no 
way of determining the accuracy or reliability of this estimate. Subjective or 
personal judgements are also liable to bias and therefore are rarely used in 
important inventories.

Sample design Different sampling designs can take advantage of pre-existing knowledge of 
the forest structure (and other information) to improve precision or reduce 
the cost of an inventory. Examples include:

●     Simple Random Sampling. A simple sampling approach that is 
commonly used when there is no obvious structure or pattern in the 
population of interest.

●     Two-, multi- stage Sampling:
❍     Stratified Random Sampling. The forest can be divided into 

two or more groups or strata where the variation between 
groups is greater than the variation within a group. That is, an 
element in strata A is likely to be more similar to another 
element in A than it is to an element in strata B.

❍     Cluster Sampling. There are no strata or definable patterns in 
the forest population so that the variation between any two 
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element within an arbitrary group or cluster is at least as great 
as the variation between clusters. That is, if you calculated the 
mean of all the clusters in the population, the spread of these 
cluster means around the population mean will be similar or 
smaller than the spread of the individual values within a 
cluster.

●     Two-, multi- phase Sampling:
❍     Regression Sampling. A list of values exists with every 

element in a forest population included, and these values 
relate to the parameter of interest for the inventory.

❍     Double Sampling. Easily measured values can be collected 
over the forest and an unbiased mean determined. The 
relationship between these easily collected values and the 
parameter of interest is determined.

SubHeading MainTextHereOnwards
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