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FOREWORD

There is probably little argument among forest memagers that the ability to estimate
the volume of trees and stands and to predict what the forest will produce, on different
sites, in response to particular types of silvicultural treatment, is central to all
rational planning processes connected with forestry. There is, however, a considerable
diversity of opinions over what constitutes "yield", and how it may be estimated &nd
projected into the future.

This manual is an attempt to codify current practices in the field of tree and stand
volume estimation and forest yield prediction in s wey that is practicable and useful to
the person who is charged with the responsibility of producing volume estimations and
yield forecasis, but perhaps has not had the benefit of extensive experience in thias field,

It mast be appreciated, however, thet this is a field of human endeavour that is
currently in a state of rapid evolution, especially with regard to forests growing in
iropical environments., Consequently, all thet is said in this manusl must be regarded ag
provisional and subject to future refinement for particular situations thet can arise, or
new technicues that oan he developed, whilet other techniques may exist which are not
ref'erred to in thie text and which may be superior for particular purposes,

Thus it is not & manual in the true sense; it is rather a set of guidelines for the
choice of procedure combined with more precise instructions concerning calculation tech-—
nique for mome specified cases.

The manual is done with special reference to the tropics and applies to natural as
well as man made forests., Bsecause of the grest difficulties in assessing growth and
¥ield of natural mixed and uneven aged foreets, the methods given to construct growth
models, however, mainly apply to even aged forests, PFor mixed forests no specific
instructions are given but rather some examples of possible ways of dealing with the
problems

The manual coneistas of two volumes, The firgt volume deecribes techniques of
measuring trees and the asseasment of volume of trees and stands, and the second volume
deals with growth and yield predictions Demcriptions of statisticel and mathematical
techniques, selected statistical tables, blank copies of calculation and data recording
forms and &n ennotated bibliovgraphy are included in & series of sppendices,

Volume I of the manual has been written by Francis Cailliez,; Centre Technigue
Forestier Propical (CTFT), Nogent—sur-Marne, France, and Volume II by Denis Alder,
Commonwealth Porestry Institute (CFI), Oxford, Great Britain, who also compiled the
appendiess The work of the two authore has been cocrdinated by J¥ran Fries, Swedish
University of Agricultural Sclences, Uppsala, Sweden, The work was formulated and guided
by Jean-Paul Lanly and Karn Deo Singh of the Forest Resources Division of FAD, Jean
Clement (CTFT) was associated at the initiel stage of the study.

The firet draft of the manual was presented at the meeting of the IUFRO Subject
Group £4.01 (Mensuration, Growth and Yield) held in Oxford in September 1979, and was
discussed for one full day in detail, Among the participants there were tropical forest
mensurationists especially invited by FAD to make a thorough and critical review of the
contents of the manual. In addition, the manual was also sent 10 & mumber of specialists
for comments, Based on thege remarks, & revised version of the manual was prepared by
the authors concerned.

This manual, being the first of its kind in the field of tropioal forestry, has con-
giderable scope for further improvements and additionse Particularly in the case of mizxed
uneven aged stands further complementary studies are immediately needed, All suggesiions
in this respect will be very much appreciated,

Mal, Flores Rodas
Assistent Director-General
Forestry Department






GOHT ENITS

PART I
INTROBUCTION ........... TN - T R NN
THE DIFFERENT VOLUMES THAT CAN BE DEFINED IN A TREE .......
11 What is the physical object concerned ? ...............
12 In what part of this object is one interested .........
121 DikensTon @ressells sesospt:gnme 3 0 JUaE G W
122 Form crosscuts - Examples ......... 47960 B WD IO END T
125 ol e, SIEMD g 3 5=omymae 5 42 B 326 3 os b8 S O0NA =3 §
1222 The base oFf Ehel CRowWn, naxs : x3umns o ons masssames
123, (QUE]HIEY ERoSSEliEs eram 2 35 £ 2 3 9 b B a Bl 8 Tm & (aps
13 Some examples of gross volumes ...... " A DO ESA S {IeNeNT ]
I4 CGomeeiiang usable VOTUNES sqmpe sz cossessavnevasamnoaas
DIREET MENSUEEMERT GF T VALUME CF A EREE- eg essw s ssmens o
21 NensurEHents. OF SEandTng. Trees mysssnas sawen ik sen o oein
211 Measurements of size (diameter or girth) .........
211.1 Definition of the reference diameter and
of the reference circumference ............
211.2 Practice of diameter measurements on stan-
NG “BREES ar e PEEGLLDus SRR s R A o5
211.21 Diameter measurement with a cali-
L S Gt i R e SN s M
211.211 The usual caliper ........
211.212 The Finnish caliper ......
211.22 Girth measurement with a tape .....
211.23 Method of the ruler for diameter
measurement at small heights ......
211.231 Construction of the ruler.
. 211,232 Operating method .........
211.24 The Wheeler pentaprism caliper .
211.25 Diameter measurement with the Bit-
terlich ReTascope :...oiciawvswasds
212 Height measurements ................o..n i AT 5
BBl  BEFIRNIETGNS s codan dias an ) 5 adias hand s ok
212.2 Height measurements on standing trees ..
212.21 Some GendremebiEng. . .o. oo bhbaebaipts
212.211 Principle of two instru-
ments easy to construct ..
212.212 Five commercial dendro-
MEEERS frg ¢ b dppa boghf bE LA
212.22 Some practical remarks .. : ik
213 Measurement of bark thickness ......... b i 4 e il
22 Measurements on felled trees ......ccvvivvniniinn., TP
221 Length measurements ...........cc..iinnn 000 BT o
222 Size measurements ......i.iiiiiiiains Y .



- 11 -

Pages
223 Accurate measurement ©f the diameters under bark
Or under Sapwood ......ivuiirireriaetiinnnenaonas 29
224 Mensuration of stacked wood ....... T a— 29
23 Direct calculation of the volume of a tree from mea-
surements taken on the tree .......cccviiiiiiiiiiiann.. 31
231 Calculating procedures ..........c.cecemnnnnnannn, 3
232 Recommendations for the measurements to be taken
with regard to the required volumes .............. 34
288 BRI TS e mreeeam S o e O s A RS &5
2 SEUY O BIrER RO o eram o 5 e 8o 2 o )5 o e S AT 39
241 Measure of stem form with a coefficient .......... 39
23121  BEFTNNENDE vs . srgsrrapa e esvraaaresnoaaes 39
28] -2 How ‘to @alicilwie’ T @ ™ Sspeesv:sasans 9706 41
242 Description of stem form by the equation of the
LApen CURVE] posprersegs s BEF-8rSE - e AEEs 00 5o geE pE 43
242.1 The two types of curve - Problems of
NS rstwareeEERE e L Lo BEEYEE NETERR sew 43
242.2 Fitting a taper curve by calculation ...... 45
23202, PRINGIPIE =owe b Ertwas s EEE e ERTEE b 45
EEA2 ERANBIES ¢ po@EnsE ¢ EEF PEs 55 FEE FBOSME 49
242.221 Four measurgment points -
Fitting a 3“ degree poly-
TN e BB R St 49
242.222 Four measurement points.
Division into two logs and
fitting a curve to each of
EhEm s 1S T 49
242.223 Description of the mean
profile of 3 stems with a
3d degree polynomial ..... 51
243 Crohn MeaSUrEMENES| s ne sod s s sasmass I oI5 god B
INDIRECT MEASUREMENT OF A STAND VOLUME : THE TARIFFS ...... 59
31 Principle and definitions ........... o o S conwe gl B9
32 Choice of the entries ,.ccictiveitvoeriaiocaisioime BT a8 WO
33 Procedure to estimate the volume of a stand with a
L ey P R Ty 1 R N 1T~ i b B ses B2
34 Sample choice to construct a tariff ...... Tl LS b B ¢ 68
S [RESSHARTMED ko b s #.0 hatl 30 b SR s 2B L =y ey e— ni. 0B
SA7) SN = Tan i A R Al o S et e R BT 64
35 Different ways to construct the tariff with collected |
FEMTR D18 4 bt o S e b oot it M et Wil %0 AT oo s ool W 65
351 Direct method ........... AN WS —— S -
352 GraDhiea mEBNDTS' cx ihssamswid susmnddio st s s e . 66
353 The statistical method : regression analysis ..... 66
353.1 Concerning the choice of the regression
model ........... s P, omithih R W st b 85
B3 ST ity ©f The medel e isens &7
353.12 Concerning models where a function
of V and not V itself is estimated. 68
353.13 Piecewise fitting of a model ...... 69
353.14 Weighted or unweighted regression?. 72
353.15 How to appreciate the quality of
5, PESRESENITN, ot s s oo 06 o e pa il bhs 74
353.2 Example ............ SR S st A e b LD



- II1 =

Pages
36 Concerning underbark volumes ............. o dore oo e 86
361 Bark thickness and diameter .........ooevuvinennnns 86
362 Overbark volume - Underbark volume ................ 87
S68.1 Barl QUEEBRENE peessrEEmeEErE s e e e e 87
362.2 Conversion of volume overbark into volume
Underbark corrEr R L R CEDG RS ooy 88
4 ESTIMATION OF USABLE VOLUMES ...... R T o, 90
41 An example of method applied in tropical high forest ... 90
Y -BIRHEPTITE O AR o6k il e iebsnsils ook b ks te B 90
L L T G o R . A 93
42 Estimation of the usable volume by a tariff ............ 94
SHORT BIBLIUGRAPHY B R R T T I AT TSNS C L ST SIS SO 96

-00( } 0o~



0 INTRODUCTION

How to measure the volume of trees and of stands ?
The first part of the manual intends to answer this question.

It is; in effect, worth treating this subject for two
essentral reasons :

the prablem in itself is neither as simple, nor as clearly
posed as it seems ; it is necessary to define as precisely
as possible the nature of the required volume : is one
interested in the ligneous biomass, in the volume of the
large stems, in the volume of sawable timber, etc... ?

. once the required volume or volumes have been specified,
the way of measuring them has to be defined ; in this field,
forest practices are very old and varied and it is important
to try to unify them to be able to make valid comparisons
between estimates made by different persons in different

countries.

Being a manual, the accent has been put on the most robust
methods; sophisticated techniques which can only be applied by well
equipped research institutes are not mentioned (utilization of
expensive dendrometers, measurement of volumes on aerial photographs.,

gtc. .. /).

Furthermore, this manual 1s addressed mainly to foresters
of tropiecal countries, where the major problems concern the utili-
zation of the wood as fuel and as prime material for the supply
of sawmills and of veneer wiits or for the production of pulp. This
18 why the other uses of the forest (harvest of minor products such
as cork, utilization of fodder of the forest, etc...) which pose
specific problems as regards the measurement of these products, have
not been considered.

After having defined the most important types of volume,
a deseription is given of the procedures to be followed to collect
the data and for the calculations to be applied.

This first part of the manual can be considered as an
introduction to dendrometry and could as well be placed in a manual
on forest imventory ; it can be read easily by every person having
to work in this field.



THE DIFFERENT VOLUMES THAT CAN BE DEFINED IN A TREE

The volume one is talking about always has to be defined
very prectsely. An answer has therefore to be given to the
following two questions :

— What is the physical object concerned ?
- In what part of this object is one interested ?

Furthermore, it is advisable to specify how the volume of
this object was caleulated ; this question arises because the real
volume 18 seldom knowm exactly (it would be the volume of water
which the object displaces when tmmersed in a vat). The procedures
for the estimation of this exact volume are described in § 295.

Let us return, for the moment, to the two questions.

11 WHAT IS THE PHYSICAL OBJECT CONCERNED ?

It ean be : — the stem : The part of the tree which is
followed going from the foot
of the tree to the terminal bud.
For ramified trees one considers
conventionally that the terminal
bud is the most elevated bud.

- the branches
- the roots
- the tree . Stem + branches + vroots

Specify i1f the bark 1s included or not.

12 IN WHAT PART OF THIS OBJECT IS ONE INTERESTED

The limits of the object are a lower crosscut (at the larger
end) and an upper crosscut (at the smaller end). Each of these cross-—
cuts can be defined in several ways.

121 Dimension crosscuts

The following are three examples of upper erosscuts of
this type :
- the 0 om diameten crosscut means that the limit is the
physical extremity of the stem or of the branch. One then
speaks of "total" wvolume.

- the 7 em diameter crosscut is the most often used one to
make a limit with the twigs, Which are very numerous,
difficult to measure and of little interest. It s the
upper crosscut of the volume of "big wood" .



- other crosscuts are possible : the 5 em diameter crosscut <s, for
example, often accepted as the upper crosscut of the pulpwood
Vo Lume .

122 Form crosscuts - Examples

of the stem which is extracted from the forest under optimal exploi-
tation conditions (losing the least possible utilizable volume). For
trees without buttresses, this level is at a height from the ground

of between 10 and 50 cm tn gemeral ; 1if this level is not specified,

it s presumed to be at a distance from the grownd equal to a hundredth
of the total height of the tree. For trees with buttresses or with
aertal roots, the stump 18 the top of the buttresses or of the roots

(a level which is, in general, higher than the felling height).

122.2 The base of the crown : it is the place where the

stem clearly ramifies.

These two crosscuts allow one to define :

the bole ¢ the part of the stzm
sttuated between
the stump and the

W

A
0 iS é_‘{’k
i

base of the crown. Base of Crown
the crown
the low branches : the branches
inserted on the i
bole. SIS
the crown : the part of the Bole

stem situated above
the base of the
crown + the branches
inserted above the  Stwmp
base of the crown.

Low branch

// Buttresses

123 Quality crosscuts

One mentions for example slicing crosscut, sawing crosscut,
post or pole crosscut, etc... These nottons are evidently rather
delicate to apprectate because they comprise notions of form and
of dimension and are closely comnected to technological and com-
meretial practices of the moment.

13 SOME EXAMPLES OF GROSS VOLUMES

The foregoing shows that for a given tree one can define an
almost infinity of volumes. Here are some examples, given in order
of itnereasing complexity of their measurement. The first three
are the most used.
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Stem + low
branches

Physical Lower crosscut Upper crosscut Name of

object (at the larger end) |{at the smaller end)| volume

Bole Stump Base of the crown Bole wvolume

Stem Stump Crosscut D = 7c¢m Big wood stem
volume

Stem Stump Physical extremity |Total stem

volume

For the stem
stump

Stump

Crosscut D 7 cm
for the stem and

each low branch

Big wood volume
stem + low
branches

Physical extremity
of the stem and of
each branch

Crosscut D Tcm
for the stem and
each branch

Total volume
above ground

‘paqvnaivo usaq svy asumjoa

—— s

Big wood volume
above ground

crosscut D = 7em
for each branch:
insertion on the
stem.

Branches For each branch : | Physical extremity |Total branch

insertion on the | of each branch volume

stem or on the

branch on which

it is inserted.

it e e e S .I,._-.. e e e e e e e e e e ——— —_——— e
Branches - 1dem - Crosscut D = 7cm Big wood
for each branch branch volume

Crown For the stem Physical extremity |Total crownm

of the stem and
of each branch

volume (lower
crosscut D=7cm
for the stem)

Stem + branches

Ground level

Physical extremity
of the stem and
of each branch

Tree

Physical extremity
roots

of stem, branches,

Total ligneous
biomass above
ground |
Total tree
ligneous
biomass

Sy (OY PIVOLPUL PUD 3IDG INOYIYM 0 y3iM Bumion 81 31 f21 swiy yova Afioadg




14 CONCERNING USABLE VOLUMES

Volumes cited above are gross volumes. How to estimate the
corresponding wusable volumes would require lengthy explanations
which cannot be tackled in this manual. The subject ts indeed difficult
and 5 far from being solved.

The difficulties are of several types :

= the current and future uses of the wood have to be known
(veneer, sliced wood, sawn wood, telegraphic poles, pulp wocd,
fuel wood, chip wood,...)

- for each use, the chain of transformations to which the wood
will be submitted has to be known in detail (felling, skidding
and transportation systems, industrial processing,...).

= the different constraints imposed by these transformations
have to be expressed in terms of measurable data (length,
diameter, cylindricity, heart eccentricity, stem bending,
admissible defects...).

The procedure to be followed in order to corpert gross volwues
into usable volumes is therefore very much subordinaie to local econdi-
tions and available resources. We can only give a féw‘*deas and send the
reader back to spectalized handbooks.

- Data collected by foresters during inventories (observations
on standing or felled trees) can only provide volumes presumad
suitable for such and such use. Inquiries among logging compa-
nies and processing industries are essential to determine the
exact transformation coefficients from gross volume to used
volume. An example will be given in paragraph 41,

~ even when a volume estimation is undertaken with a well defined
purpose (for instance, pulpmill supply), data should be
collected in order to be able to estimate other volumes because
the final destination of wood and/or loggers and manufacturers
requirements might change in future,

- give priority to gross volume estimation and consider usuable
volume estimation as a specialized task.



DIRECT MEASUREMENT OF THE VOLUME OF A TREE

According to the type of the required volume, the measurements
will be more or less numerous. As the various parts of the tree
(stem, branches) never are solids of a perfectly known geometrical
form, sueh as cylinders, cones ete..., the principle is to measure
on each of them the diameter at different heights and to ecalculate
the volume from these measurements ; of course, this volume will be
the more exact as the number of measured diameters will be large.
It is obvious that these measurements are easier and more accurate on
felled than on standing trees, which explains the lay out of this para-
graph.
§ 21 Measurements on standing trees )Caleulation of the volume
§ 22 Measurements on felled trees Sbased on these measurements: §23

21 MEASUREMENTS ON STANDING TREES

211 Measurements of size {(diameter or girth)

The size of a tree 18 traditionally deseribed by the following
values :@ reference diameter, reference circumference, basal area. One
measures the diameter or the cirveumference and the basal area is
deducted by the formula corresponding to the circle :

I}

Basal area IL— (reference diameter)2

1 . 2
= (reference circumference)

i

The basal area is thus a conventional value which gives an
approximation of the area of the refevence section. The knowledge of
the exact value of the area of this section is indeed practically
tmpossible on a standing tree and, on a felled tree, it requires the
use of a planimetenr.

211.1 Definition of the reference diameter and of the

R A e A g e e e A S e e s B M N e B AN S ey e S

e e e R P N e — o

Between all the diameters and all the circumferencesthat
ean be measured, the reference diameter and the reference circumfe-
rence play an essentral role.

On a standing tree, this diameter (or this eircumference)
18 rmeasured :
~ at 1.30 m from the ground (4'3") for trees without buttresses or
with buttresses or aerial roots less than 1 m. high. The reference
diameter 1ig then, traditionally, called diameter at breast height .

L& e ﬁeeommendéd to avoid this ambiguous expressicon and to take
eare that the height of measurement g&es not depend upon the

hetght of the operator.

— at 30 cm above the end of the buttress or the aerial roots if these
are higher than 1 meter.

When the height from the ground s not equal to 1.3 m, it
should be recorded.

The following page illustrates some cases which oceur in
practice for the definition of the refcrence diameter.
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REFERENCE DIAMETER

Flat terrain Stoping terrain
Straight tree without buttresses or Vertical tree

with buttresses less than | wmeter or

with aerial roots less than | meter, As 2 guley Clhe bass of the $188 L8 the

level marked ... (location of the seed).
For practical reasons the measurement is
taken at 1.30 m at the uphill side.

Leaning trees

The 1.30 m length has to be measured parallel to the tree, not vertically.
Thejmezasured section has to be pesrpendicular to the axic of the tree, not howi-
sontyl,

’ Flat terrain Sloping terrain

1.30 m meapured
at up hill
side

1.30 m measured on
the side whare -
tree is leaning

\’/ V
Trees with aerial Trees with buttresses higher Forked trees -
roots higher than I m. than 1 meter
For a good estimate of level (A} Bottom of the fork
view the tree from a distaice i \
Legs than Higher than
] 1.30 m 1.30 m
L — =— measurement
o "J'""‘kmeasurement a3 el s eetah O]
0.30l buttress
_end of =
S aemal roots measure—
- ! 3Omerzt }
or moTe !
¥
in geneml—, h t& smaller Conaider there
than 6 m. are two trees.

Anomaly at 1.30 m (knot, swelling; deformation...)

The measuremsntes have to } 17 .rMsasu—

de formed part.

- Do, 1f posaible, 2 meazu- —
rements at equal distances
from the 1,30 m level and
take average.
But it oan happen that omly
one meagurament i8 posetbla. 0 =

be taken outside the

1.30 o




Remarks :

. If diameter has to be remeasured in the future for increment, the
level of measurement has to be materialized (painted mark,...)
Such a mark can induce a reaction of the tree ; it 1s thus advisable
to put the mark at a fized distance (for instance 10 cm) from the
measurement level and to record the height of the mark in case it
should disappear.

In tnventory or permanent sample plot mensurational work, reference
diameter is in general measured only for trees of a minimum size. In
most cases, reference diameter is measured if it is more than 5 em
(on smaller trees, height is measured) but on studies focused on
regeneration, diameter measurement is of interest and requires
special instruments (mini calipers).

The following scheme indicates the lay-out of the paragraph.
///Usual caliper - Finnish caliper

‘_-Tape
The height of \\\
measurement is /// For measurement of big diameters : ruler
manually accessible
(eventually by Vheeler
climbing or with pentaprism
poles) Commercial instruments
3 : 2 ekxamples
for optical measurements \\
Bitterlich

relascope
211.21 Diameter measurement with a caliper
211.211 The usual caliper

- Do prefer « metallic caliper to a
wooden caliper (climatic stability -
easy to clean).

- Hold horizontally.

- Do not press the arms too much
against the tree (soft bark).

- Verify frequently the parallelism
Pized Mobile of the grms.

-arm aTE —a ~ Take at least one measurement,
without choosing the direction. For
a better precision or for a flat

kk, tree, do a second measurement in the

= perpendicular divection and take the
. = "“iljl_ T arithmetic average.
T ) - Carry out the measuvement with Lhe
graduations maximim precision allowed by the

in mm graduation (in general to the nearest
em, if possible to the nearest mm).

it
Tl
nn




Various improvements can be made to the instrument, of which
the above drawing shows the most simple type : additional graduations
{yirth, basal area), adjustment by a screw of the final position of
the mobile arm, movement on rollers of the mobile arm, addition of a
system of automatic registration of the measurement on punched
paper tape or mint cassette,...

211.212 The Finnish caliper

|
-~ Stratght arm {

The graduations
are parallel to
the inside edge
of the atraight
arm,

Grasp the handle with left hand (the left arm should be
stretched out as far as possible}, apply the caliper against ihe
tree, orthogonal to stem axis. The diameter is oliatned by sighting
parallel to the graduation marks.

Advantages on the usual caliper :

. no movable part,

. when fized on telescopic poles, the caliper allows to measure
diameters up to approximately 8 m from the ground, and even
up to a dosen meters if binoculars are used for the reading,

. tnstrument easily selfmade with plywood (7 layer, 9 mm thick) ;
graduate both faces to be used with left or right hand ;
varnish the whole instrument.



_101—

P | The curved form of the graduated
/| arm is such that the distance a
/ does not depend on tree size, which
/ guarantees8 the same degree of ac-
e curacy for trees of different sizes
{a=45.5cmin the instrument of
previous page).

211.22 Girth measurement with a tape

The use of a tape i¢ indispensable for large trees because
the caliper is impracticable. Also for small trees, a tape is prefe-

rable to a caliper :

- the tape estimates a size called girth (it is in fact the perimeter
of the convex hull of the section), the definition of which is not
ambiguous whereas there exists an infinity of diameters. By reference
to a ecircle, the quotient of the measured girth by w is taken as
the diameter (certain tapes comprise a diameter graduation). A mathe-—
matical property adds a supplementary justification to this practice :
the measured girth divided by n is equal to the average of the infi-
ntty of diameters that could be measured with a caliper.

— measurements with a tape are more reliable than measurements with
a caliper : the tape, provided that it does not extend, is stronger
and the visk for compression of the bark is less than with a caliper.
It is essentially for this reason that ome can hear say that the
diameter measured with a tape is systematically larger than the
diameter measured with a caliper and it is to correct for this bias
that the french standard for example defines the girth at 1.50 m as
the reference for the size of a tree. This definition is not to be
recommended in order to unify and also because detailed studies,
practical as well as]theoreticaz, have showm that the difference
between D, 10m and —-Cl_somis, tn general, small and does not have

a really systematic character.

- The main point is to hold the tape in a plane perpendicular to the
stem axris, after having removed lianas, mosses,... (but care must be
taken not to remove bark inadvertently). Prefer  tapes provided
with a hook at the extremity to fiz in the bark, which allows a
single person to measure a large tree. Linen tapes streteh and wear.
Metal tapes are better but kink. With recent materials such as

fiberglass, these disadvantages disappear.

- Carry out the measurement with the maximum precision allowed by
the graduation ; in gemeral to the nearest em (82.4 +~ 82 ; 82.6 + 83),
1f posstble to the nearest mm. However, for rapid measurements under
difficult conditions and with unskilled labour, whole wunit measure
(82.4 + 82 ; 82.6 + 82), though biased, may be more accurate because

of the reduced risk of misunderstanding.
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211.23 Method of the ruler for diameter measure-
ment at small heights (5 to 6 m maximum)

211.231 Construction of the ruler

a) Take a board of T50 em x 10 em x 1 em and paint white.

bY) Attach in the middle a vrod of 1 m long and on this rod a
detachable handle of 2 m long.

LiglLJ_ll Liaeed

N ]

| -
———

c) Mark with black paint the limits and the numbers of the classes
as given below.

) ) Lower limits of the classes
Classes Exact limits Positions of limits
on ruler
D (cm) d {(cm)
2 15 . 14.9
3 25 ! 2T
4 35 34.4
5 45 44.0
) 55 58kb
7 65 63.0
8 75 ; 72.4
g 85 8l w7
10 95 90.9
11 105 ‘ 99.9
12 115 108.9
13 125 | 117.9
14 135 12657
15 145 : 135.5
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Justification : to avoid parallax errors, the class limits on the
ruler are corrected :

One ecan prove
eastly that :

d =

= I+ L
- —— - - sl a
a

a = Distance from the eye
of the observer to the ]
centre of the ruler. \\_,/

The operating method which follows supposes that the
observer is at a horizontal distance of 10 m from the tree. If
the ruler is at his eye level, a = 10 m
If not, the maxinum height at which
the ruler can be placed being appro-—
zimately 5 m and admitting that the
terrain is flat and that the eye of

the observer is at 1.5 m from the
ground, the distance will then be :

2 5 S5m
Jlo (e = L5 &= TeaE @ I

One can therefore estimate that a is equivalent to 10.3 m
on an average. The corrected diameters d which are to be marked on
the ruler have been calculated with this value.

211.232 Operating method

= The observer places himself at a horizontal distance of 10 m from
the side of the tree.

\ Reading of the number

of the digmeter class

- A helper places the ruler against the tree at the' height of measurement.
It ig important that the ruler should be perpendicular on the line of
sight. The left edge of the ruler has to be in a line with the left
edge of the stem in relation to the observer.

~ Read the rumber of the diameter elass on the right hand part of the ruler.
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211.24 The Wheeler pentaprism caliper

This optical instrument has two advantages :

— the observer can stand at any distance from the tree and
this distance has not to be knounm,

= it allows diameter measurements at any height.

But it requires a good visibility . a strong contrast between

tree and background is necessary.

Diagram showing pathways taken by the
sightings through the instrument

rf?) Direct line of sight above fized priam

o i (2

Nized pentapriasm

diameter

Reflected line of sight through priams

i
{
|
|
|
|
|
!
|
|
I
|
|
|
|
|
!
|
|
!
|
|
|

“Movable pentaprism

B

Two vertical

guidelinegﬁﬁktttz ;.

Left bark edge of tree
(direet aighting)

e

Prism reflected
image of right
bark edge




Hold the caliper 8 or 10 em in front of the eye with the
graduated scale up. Look into and through the viewing slot.
Most operators keep both eyes open.

Through the upper part of the slot, the left bark of the
tree 18 seen directly. In the lower part, appears the vight bark
edge reflected through the two prisms. Slide the movable prism
with the vight hand wntil the right bark edge refleetion is
brought into direct vertiecal aligmment with the left bark edge,
midway between the two vertical guidelines. Read the diameter on

the scale.
The inetrument exists with 3 lengths :
44 em > maximum diameter 36 com
69 em ~ maximum digmeter 62 om

35 em - maximum diameter 86 com.

To check the caliper for accuracy, measure a target of known
width eand adjust the pointer position to get the correct value.
Verify also that the measurement does not depend upon the distance
(some instruments are defective).

211.25 Diameter measurement with the Bitterlich
Relascope

The Bitterlich relascope 728 an imstrument quite universally
used by foresters, which permits the following principal measurements :

a) diameter of the tree at any height
b} tree height

¢) basal area of stand

d) certain horizontal lengths

e) slope of a terrain.

Its deseription, the principle of its functioning , and its
handling for the measurements c) d) e) , are not given ; the follo-
wing are the directions for use of the instrument (of the wide scale
model, more adapted to the measurement of large trees than the narrow
scale model) for the measurement of diameters at various heights .of

the bole.



-5 =

Diameter measurements with the wide scale Bitterlich

Relascope for the calculation of a bole volume

1/ Stand at a horizontal distance D from the centre of the tree equal to
at least 2/3 of its height ( D can be equal to 4, 6, 8, 10, 12, 14,
16, 18, 20 meters).

2/ The bole must be seen completely. Clear vegetation if necessary.

3/ Measure height h_of buttress, reference diameter (with a tape or a ruler),
and bark thickne§s.

4/ 8 being the first entire height (read on the scale corresponding to
the distance D) situated above the end of the buttress, measure :

- diameter at end of buttress
heitght h between H und end of buttress
- diameter at heights H, H+l, H+3, H+5, etc..

Don't measure the diameter if there is an anomaly.

5/ Estimate the height L between last measurement and upper crosscut
(base of the crown) (L < 2m).

6/ Measure diameter at upper crogscut.

7/ Indicate the parts of the bole which camot be used (defect, insertion
of a big branch...)

8/ Do the qualitative observations (see § 41)

croun point

2m

-
-

2m

5 / !
h- “'2——_’0_30“' | Raference diameter

E : end of buttress

st

entire height above E
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The measurements are gathered in the following form which is
provided for the calculation of volume with a programming caleulator :
no place ts therefore prepared for the volume of each log. Modify
consequently the form if caleulation is to be performed by hand.

To transform the relascope-units into the real values, use
the relationship :

one scale in cm = 2 x D in meters (ex. D = 10m, one scale = 20cm)

Remark :

For measurements by tree-climbing method, use a similar form.

In the two columme for relascope-units, place overbark and underbark
diameters.

Example : The following form is for a tree whiech has been measured

in the following conditions :

Heights in
the relascope

0.9m reference diameter measured

?_0—30:11 with the ruler (§211.23)

h = 2.5m
c

i
[
1
|
i
%

e
[

Volume caleulattions have been made with Smalian's formula
(see § 231) for each log limited by two measurements. For the bottom
log (0.9 m high} the cylinder formula has been used. For the log with
the broken branch, the length of the defective part has been estimated
1.8 m + length of good part = 2.2 m.

Bark thickness has been assumed constant from bottom to top.,
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Form for volume estimation of the bole of a
standing tree with Bitterlich Relascope

oC iank-: ot Bark
Code . e Helght ‘
. Location : { | [ [ T[T 9 [ {]m
1 Species _m F H W above ;
o ground
Mensurationist : Date : Qualitat‘!ve L Bark Djm
Horizontal distance Dj m observatins E:iﬁ’;g?ﬁ:
Mark 1 Relative JRelascope Units
unusa- X\‘ | heights (R 0)
ble parts | /4 Relative | Relasco i
f — B pe Units
= scale : scale heights ( T U%M
’_-[:] :], D] scale | scale
| E
- 3 O =T G
|
|
==uf || | l: L4 ] ~-=L_1¢ 1y 87
[ ;
| ;
= AT B —-{1| [
[ I
-~ M| f—-3 | O 1]
I
: !
{3, O =1 =35 Y
l !
-0 W B
1/4 scale '
' reference scale |
"':] '::]l D:] diameter L ] L J + kﬁ
| or
reference
=} £ ]: ; ] circumference [T T4 km
|
- II, | bole height E]:D“
I
[ Jl 3! [T]]]overbark volume EREEE
I
I
S ks I underbark volume DIED”
Zm !
I
o S : = I | I height BREE.
height abovve}h B =N He| | [ ] Il [T]]| usable |
]
E = end of | ¥V overbark [:D:]I]ﬂ?h
buttress /|y " L] | Lt] part
c l V underbark mna
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212 Height measurements

212.1 Definitions

e e ™ Qs gy

The total height of a tree is the length of the straight line
connecting the foot of the tree (ground level) with the extremity of
the terminal bud of the stem. For forked trees, there is a total height
if the fork is above 1.30 m and as many heights as there are stems if
the fork is below 1.30 n.

In the same way as for volumes, the heights at certain
crosscuts are defined : the height '"big wood" for example will be the
length of the line cornnecting the foot of the tree with the 7 em dia-
meter crosscut of the stem.

Remarks : . for very badly formed trees or for shrubs with multiple stems
as can be encowntered in savannahs, the term diameter has little practical
sense ; total height then becomes the essential characteristic.

. total height has little concrete sense for trees with a broken
or dead crowm. Avoid to use such trees to construct a volume table.

) Hetght measurements take more time and are more delicate than
diameter measurements. They are sometimes imposstible (lack of vistbility).

A height 1s measured :

= either using a system of graduated telescopic poles which
i1s put against the tree. This is possible only for small
heights (ranging about ten meters),

- or, most frequently, by optical procedure, using a dendrometer.

212.21 Some dendrometers

There exists a great variety of dendrometers. We will only
describe the prineciple of two instruments easy to construct and quote
some examples of commercial instruments.
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212.211 Principle of two instruments easy to
construct ’

attached to one corner.

AB 78 graduated in centimeters starting from B on both faces.

n 1'12

with ¢ hy = D«*L and h, = D —
= 2 a

" ]

tot

'

h]+h2

LD 10 mand a = 10 em, Hy in meters is the sum ny +m in centimeters.

ot 2

It 28 difficult to read the result witk a precision better
than half centimeter ; the error on the sum of the two measurements
18 therefore 1 em maximun ; the error on the height is thus about
I meter if D = 10 meters. about 2 metera 1f D = 20 meters . 2tC. ..
The use of this instrument is thus not recommended at more than 10
meters from the tree ; the maximum height which can be measured is
then about 10 meters.

This instrument requires the measurement of the distance
from the tree. This is an instrument which avoids this measurement !
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°
5_
A'C' = 30cm 10
15—
20—
30
24 The observer stands at a distance such
100 that the height to be measured is seen
B i) between A' gnd C'. The instrument has
- to be held loosely so that it takes its
. vertical equilibrium position but should
graduations for not move ; the height is read at B' on
a pole length AB the scale.

of 4 meters

The longer A'C' , the shorter the distance from the tree
but it becomes more difficult to control simultaneously the C'C ,
B'B and A'A alignments.

In general, the chosen length for the instrument s
A'C' = 30 cm, which leads one to stand at a distance from the tree
approximately equal to the measured height.
AB

The scale is graduated according to the formula A'B' = 4% A'CT.

Heve are some values of the A'B' zeale as a function of
pole length AB and tree height AC, for an instrument of length A'C' = 30cm.



AB » ;
W %5 3m 4 m 5m 6m 7 m
5m { 180 mm 240 mm 300 mm
6m i 150mm 200 om 250 mm 300 mm
0m { 90mm 120mm 150 mom 180 mm 210 mm
1'm ! 82 mm 109 nm 136 mm 164 wm  19] mm
15m : 60mm 80mwm 100 mm 120 mm 140 mm
16m ¢! S6mm 75mm  9%wm 113mm 131 m
W0m } 45mm 60mm 75 mm 90 mm 105 mm
21lm {43 mm 57 mm 71 mm 86 mm 100 mm
30m ! 30wmm 40om  S50mm 60 mm 70 mm
3lm {29 mm 39 mm 48 mm 58 mm 68 mm
0m ! 23mom  30mm 38mm  45mm 53 m
4] m 22 mm 29 mm 37 mm 44 mm 51 mm

This table shows that the precision of the measurement
deareases 1f the measured height increases and if pole length AB decreases.

In practice, this instrument is used only for heights lover
than about 20 meters, which often is suffieient for measurements of
bole heights in tropical high forest, btecause beyond trat, the tree
has little chance of being entirely visible and the distance from the
observer to the tree becomes too large as can be seen with the following
caleulus : a precision better than x = 3 mm on the B' reading seems hard
to get. Let us impose that such an tneertitude induces a 'y itneertitude
of no more than one meter on the AC result.

The following relation between x and y :

AC = JAB EAiE" & 2
bl

shows that ©f A'C' = 30 em and x = 3 mm, the condition y € I m 18
satisfied if :

AC 20 m for a pole AB of 4 meters
AC

AC < 24.5m for a pole AB of 6 meters.

1A

22.4m for a pole AB of 5 meters

1A
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212.212 Five commercial dendrometers
These instruments are; of course, more precise.

- The BLUME-LEISS dendrometer ©8 composed of a clinometer with pendulum
which can be blocked at the moment of taking a sight in front of
four scales graduated in heights and a fifth one in angles. The height
sealeg covrespond at a distance from the tree to be measured of 15,
20, 30 and 40 m. These distances can be measured with the aid of a
diopter which gives 2 shifted images of 2 small, foldable target
board which is hooked to the tree ; on this target are 3 lineg 45
cm apart on one face and of 60 cm on the other, which corresponds,
when the images of two lines come to coincide, to distances of 15,
50, 30 or 40 meters.

T

1 - too far
2 - correct distance

3 - too close

One takes a sight and when the pendulum has reached its posi—
tion of equilibrum, it is immobilized by a knob. The height s
given directly on the scale which corrvesponds to the distance.

On slopes, where the sight on the mavk is inclined, the inaeli-
nation is measured on the scale graduated in angles and the cor—
rection to be made to the height read is caleulated according to
a table which 18 engraved on the instrument. The mark ig seen
obliquely wunder an angle i , the intevcepted length of the mark
18 thus divided by cos i ; on the other hand, a measure is taken
of the oblique OA and not of the horizontal OC = OA cos 1 . The true
hei%h? is therefore equal to the measured height multiplied by
cosé i.
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true height = measured height x cos2 i

measured height - measured height stin2 i

plane of the
mark

A table earved on the instrument gives the values of si'nz 3y

- The HAGA dendrometer 18 practically identical but offers the advantage
that only the scale corresponding to the chosen distance is visible,
which eliminates the rick for error. A delicate point as regards these
two instruments . make sure that the action on the knob does not lock
the pendulum in a position slightliy different from its exact position.

~ The SUUNTO dendrometer

actual 8ize

 For establishing the measuring distance (15, 20, 30 or 40 meters)
the ingtrument has a double-refracting prism and a separable calibrated
target board made of reinforced plastic (the same that i used with
the Blume-Leiss dendrometer). The target is fixed vertically on
the tree trunk at the eye level ; sight it through the prism and move
backwards or forwards until the lines coinecide.

?Zace the @nstrument to the eye and move it in a vertical
are untzl'the horizontal indexr line, viewed through the lens, is
aligned with the desired object.
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Look simultaneously, with both eyes open, through the
lens and alongside the instrument. The reading obtained is the

height above the eye level.

_______ A
|

1

|

] |
index |
line |

I

|

{

|

mVEE e |

seale seale
1:20 TS

Advantage over the Blume-Leiss dendrometer : sighting and reading
are stmultaneous.

Drawback : sighting is more difficult.

Any instrument which measures angles ("cliseometer" or "clinometer™)
can be used, the height in relation to the horizontal betng the
product of the horizontal distance to the tree by the tangent of
the angle. Instruments where the reading 1s done on the moment of
sighting are preferable to avoid the inconvenience mentioned caused
by the knob. This i3 the case of the SUUNTO clinometer and the
Bitterlich Relascope, instruments which are much used by foresters.
The first one comprises a graduation of the angles in tangent ; one
can stand at any distance from the tree but the product of the dis-
tance and the tangent has to be made. The relascope gives the height
autcmatically if one stands at 20, 25 or 30 m from the tree (model
with narrow scales) or at a distance equal to an even number of
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meters between 4 and 20 (model with wide scaleg).

- ALl these instruments give a maximum precision when one stands
at a distance from the tree perceptibly equal to its height. This

precision is, under optimum use conditions of each instrument,
in the order of a few percent.

Recommendation ! calibrate each instrument as socn as 1t arrives ; it
Jobt RRRSLAL L 18 not rare indeed to find out divergences as high as
3 % between two instruments of the same mark.

212.22 Some practical remarks

212.221 Even 4f it 1e illugive to try to
measure a total height with a precision better than the dacimeter for
small trees (a few meters) or than the meter for tall trees, it is
adwisable, in order to lose the least possible precision, to do the

measurement with the maximum precision permited by the instrument used,
let us say tentatively :

- to the nearest cm for trees of less than 2 meters high,
- to the nearest dm for trees of height between 2 and 5 m,
] .
- to the nearest 5 m for trees of height between 5 and 10 m,
- to the nearest meter for trees higher than 10 m.

212.222 Measure a total hetght only if the
top of the crown can be seen ;s iLf an apparent top is viewed, the mea-
sured height overestimates the real height. This overestimate can be
very irportant ; it 28 about 20 % in this case.

Apparent top
of the crown

measured height
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212.223 Height measurement on a leaning tree.

A B
. B o )
AC = total height i
From above :
7
A Observer

The observer should not be in the vertical plane defined by
the tree but perpendicularly to this plane, at equal distance from A
and B.

With the CHRISTEN dendrometer (or any other instrument which
does not necessarily measure vertical distances), the reference pole
18 put alongside AC and the observer takes a stght on AC, which gives
the exact hetght.

With a dendrometer which measures vertical distances only
(Blume-Letiss, Bitterlich relaseope, SUUNTO dendrometer,...) a cor-
rection is theoretically necessary because the measured height is
BC and not AC : '

AC = ¢ AB2 + BC2 -l

cos 4

but this correction i8 generally small !

AC - BC °
G T 10
AC

15°

It

1.5 %2 for «
3.4 7% for a

1

Relative error = = F - cos o

212.224 Dpendrometers which measure height above
observer's eye.

From or to the measurement of the top, it is necessary to sub-—
stract or add the measurement of the base depending on whether the eye
15 beneath or above the foot of the tree :

total height = s total height =
Ry = g by *'hg

On horizontal terrain, the measurement of the fcot of the tree need not

be done because h, ig then knowm (distance from the eye to the grownd).
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| | 212.225 The definition of total height
involves the extremity of the terminal
bud of the stem ; this is not necessarily
the highest point of the tree. The dis-~
tinction has a practical consequence

total (which ean be important) only for the

height  gmall treee the tip of which can be reached
by hand.

Y

Example of a young pine

213 Measurement of bark thickness

To know the volume under bark is a necessity if 1t is the
utilizable volume that one wants to know because the bark is generally
not uttlized.

The proportion of bark volume over the volume with bark varies
from a few percent to approximately twenty percent for the majority of
species. This proportion is all the more tmportant if the tree is young,
1f the altitude inereases and, in a general way, if the growing condi-
tions are more difficult,

Instruments have been specially designed to measure the bark
thickness. They measure thickness on the radius (maximum capacity
approximately 5 em) but be careful : some instruments are graduated to
give double bark thickness.

a/ The bark gauge

—

Fil =Wl Wil ¥

S

Cutting and sliding direct reading of
part. bark thickress

Place the instrument perpendicularly against the tree and push
the handle until the whole of the bark (but only the bark ! this is
the delicate part of the operation) has been traversed. Do not use a
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mallet to make the job easier. It is better to do two measurements, in
two points diametriecally opposed, and to take the arithmetic mean.

b/ This 18 an other instrument, the "boring hammer", because it is
used as a hammer, the cutting tube having to hit the tree at a right
angle.

—= Pusher to get
out the core

Hollow cutting =—
tube

This instrument has been conceived to take rapidly small wood
cores but it 15 sometimes used for rapid measurements of thin barks
(approximately 2 em thickness maximum). This ts not to be recommended
because measurements can be very inaccurate.

22 MEASUREMENTS ON FELLED TREES

Important remark : Whatever the measurements may be that are carried
out on a felled tree, its reference diameter has to be known.

If possible, the reference diameter has to be measured before
felling,

if not, reconstitute, examining the stump, which was the height
of the reference diameter and take the measurement there.

221  Length measurements

Length measurements are carried out with a decameter tape
and are given in meters with at least one decimal place (round off to
the nearest dm, or to the nearest cm) ; sometimes aleo a graduated
ruler s used of one meter long, equipped with a steel pin on each
edge : streching alternatively each pin, a single person can rapidly
take the measurement.

II1JOHHHU|2[O&(zjllllllllgﬁl

222  Size measurements

Size measurements are also carried out with a tape, good care
being taken that the tape is put perpendicularly om the axis of the
stem and closely fitted on the whole of the periphery. If it is diffi-
cult to slide the taper under the tree, even when using a curved steel
needle attached to the tape, the diameter i8 measured with a caliper.
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223  Accurate measurement of the diameters under bark or under sapwood

Using a bark measurement instrument 18 of course possible,
but one can take advantage of the fact that the tree is felled to
debark the tree or to cut of the sapwood and to take measurement
of the diameters under bark and/or under sapwood at various hetghts.

224  Mensuration of stacked wood

The volume obtained is expressed in 'stacked cubic meters" with
one decimal place.

A "stacked cubic meter" Zs the bulk volume occupied by pileces of
wood one meter long piled on ome meter width, one meter high.

It i8 thus a volume whiech containe air and wood in variable
proportions according to the form of the nieces. The piling coefficient
ie the volume of wood expressed in m3 contained in a “stacked cubic meter'" 3
if all pieces were cylindrical and of the same diameter, the piling

coefficient would be : ,% = 0.785 . In practice it varies between 0.45

(small branches of bad form) and 0.80 (split cordwood piled small end to
large end).

It s difficult to estimate precisely a piling coefficient. Here
are some indications to estimate the volume of wood in a parallelepipedic
pile. For further details, see bibliography,references 9 and 12,

- If the pieces are not too small, take on each of them the following

measurements

. diameter at each end and in the middle
. and apply Newton's formula (see § 231).

This ts tedious and forces to pull down the pile. More simply,
measure diameters of every piece on both faces of the pile (don't try to
assoetate the two measurements of a piece) : Smalian's formula (see § 231)
gives :



Volume of wood i 2 2.
in the pile "8 E (@D )face g (zD )face 2
length of
preces

Carry out this operation on some similar piles and take for piling
coeffiatent :

B Total volume of woed contained in the piles
P 7 Sum of the volumes of the piles in "staked cubic meters"”

A confidence interval for p can be estimated. See a manual on
sampling techniques, chapter ''ratio estimates'. For instance : ref. 7.

It ts possible also to weigh the piles (the wood is sometimes
sold by weight), which allows density estimation.

If the_pieces have small diameters, weighting only is practicable but
the problem of volume estimation remains 1f the piled wood must be
expressed in cubie meters ! [mmerse the wood and measure the volume of

water displaced...

Remark : when stacked wood is cut by axe leaving '"pencil point'ends, take
for length of the piece the length without the points.

Attention : the shorter straighter or fatter the piled pieees, the

higher the piling coefficient. If for example q pile
consists o piecgé ofjg;od 2mlong, a cogg%iciegt which

has been calculated for the same pieces but of only 1 m
long cannot be used ; the difference between the two piling
coefficients 1s often important (in the order of 20 percent
more for pieces of 1 m than for pieces of 2 m, but this

has to be verified in each case).
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23  DIRECT CALCULATION OF THE VOLUME OF A TREE FROM MEASUREMENTS
TAKEN ON THE TREE

231 Calculating procedures

The volume sought will be obtained by adding volumes of its
components. The basic calculation therefore consists in calculating
the volume of a log (stem or branch).

C, and C, are the girths at the

extremities.

C_1i6 the girth at mid-length

DI’DZ’Dm are the corresponding

diameters.

Various caleulation methods are possible :

c2 3
If ¢ is known Vo= z% L % pZ L (1)
: - Huber
i C? + Cg . D? + Dg (2)
If ¢, and ¢, are known Vomo et Loep =" L P .
C ¥ .
c, + D, +D
= Mg [l 4 2 . e 2 -
VS G [ 2 ] e S [ 7] ] L (3)
- ¢l 2
PGy v O ¢ I ‘ (4)
. 2 9 formula fog
=<5 (D7 + D, + D D,) L a truncate
12 1 2 172 cone
: ey - [ 2, .2 .
Ifc,,c, and c_are knowm T [Cl + 4G cz] 2 (5)
Newton -
I & 2 2 :
= T3y [Dl T DZ] ) Simpson

Remark that (3) < (4) < (2) and that (4) - (3) = {22 L8 _ %% (Dl—Dz)z

Let us see what these formulas give in some classical cases :
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e formula formula formila formula formula
Lo Yoy e 8 (1) (2) (3) () (5)
s is exact is exact is exact is exact is exacet
Cl=C =C .
m 2
A parabolicf — — = underestimates |underestimates|is exact
log ; is exact is exact the real ‘|the real
% ] %2 2] volume with 3¢ |volume with 2g
Ci =i B #C
m 7] ] 2 (*) (*)
A conic [:::::3 underestimates|overestimates|underestimates| is exact is exact
log the real the real the real
iC ] volume with € |volume with 2g|volume with ¢
€2 (*) (*) (*)
(x) : (*) . {x3 . (x) . .
A neloidic E:::::g undérestimates|dvérestimates|underestimates ovérestimates |is exact
log the real the real the real the real
C2/3 l_%2/3 2/3J volume with volume with |volume with volume with
9 f___e;e >£35>4e 35—e'>—8§E-=8p_‘ e'<%— s*s'>%5 > 2e’
2
, 7L 2 Ml Yo i3 WS /8 243
- = e— - d U =) L
with : ¢ T8 (D]_ DQ} an € T D] 5 DI D2
(e>3")

Formula (5) is exact for each solid (not necessarily of
revolution) for which the area of the section is a cubie of the
distance of this section to a section origin,

0

5.
X

= g % bx +-cx2

+ de




This 15 the case for the cylinder, the paraboloid, the cone
and the neloid, becquse these solids are obtained by rotation around

the x—axie of a curve y = axb with :

cylinder : b = 0 which gives 5™ naz

paraboloid : b = %- which gives Bl wazx
cone : b =1 which gives 5, = nazx2
neloid b = % which gives B/ ﬂa2x3

One would thus think that, to caleulate the volume of a
stem of which the girths at a spacing of length L aqre known, it
would be preferable to apply formula (8) for logs of length 2 L
instead of one of the formulas (1) to (4) for logs of length L . This
18 not necessarily so since the conditions of validity of Newton's
formula, though rather general, are not necessarily fulfilled by each
Log.

As a matter of fact, formula (5) being somewhat less easy
to use, one rather uses the others. Which one 1s the best ? One
ecannot agnswer this questiom which, moreover, is of small importance
because the precision of the estimation of the volume depends more
from the diameter measurements {precision and number) than from the
calculating method used.

c
o : 5T . 2
Remark : The § formulas can be considered to give similar results if ¢ > 0.82

oooooo

because for each case marked * in the previous table, the relative
error ts then less than 1 %.

Whichever way a volume has been calculated, it should bej
expressed in cubic meters, with 3 or 4 decimal places. ‘




232 Recommendations for the measurements to be taken with regard to the required volumes

The following recommendations are made about mea

. ‘ surements to be taken on a tree for a direct
estimation of its volume.

————————————————————————————————————————————————————————————————————————————————— -11—--*."1-—-'--——————————-————-—--————-—-----‘-
] Total stem volume rStem volume at a fixed cross cut ' Total and big wood stem +
{for example : big wood volume) branches vnlume
ED f - Reference diameter DR Eﬂ - Reference diameter D |
Stump diameter D + Stump diameter D
. Length between D and DS . Length between D_ and D
i . A diameter at a ﬁigher . H_ = height at cross cut

level than D,, for exam—

e, r
: . A glameter at a higher
ple, diamete]% at about M ﬁ

C 1sory !
. o B level than D,, for exam-

e et

1/4 H or 1/2 H ple diameter at about This volume can only
tot tot 2. rameter A
STANDING oL 1/4 fa g ;/2 ler | b & o i
| T2 Htot = total height. \, PFENErab.Jel . e, S
| felled tree.
TREE Diameter at other heights
) as provided for on the
(optical form for the mensuration .
of standing trees with |Diameter at the cross cut !
measure= | y¢ possible { the Bitterlich relascope If possible and f
(§ 211.25) : diameter ; diametersat other heights. |
ments)

every 2 m with an inter-
calated measurement in
the lower part.

—————— e et e e i i o] : S

——————————————————————————————— 2 'T-"'"---!
. 4 ] ‘ ' ¢

|—_3—| { . Reference diameter D D . Reference diameter D i Sten, ; see and @
. Stump diameter p L . Stump diameter D i
Compulsory . Length between D, and DS | Compulsory ! Length b?tween DR and DS Branches : twe possibilities |
P . H = fotal height e Hcr = height at cross cut| - proceed for each large branch. |
Fot | . Diameter at H and B

FELLED . Diameter at 1/2 H | /2 1 cr | as for the stem and
B ‘ (Gl it stack the small branches ‘

q | . 1

TREE - Diameter every meter Diameter every meter ‘
If possible or every two meters 1f posgible{ or every two meters ' ~ more simply % stack all the l

from the stump from the stump

branches ;
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Whatever the volume required, it is good to take alwaye the
measurements enumerated under [li ;s they allow, by interpolation, the
caleulation of the stem volume comprised between any lower and any upper
eross cut.

Remarks

1 - The volume wnder bark can only be obtained accurately on a felled
tree because the bark thickness can be measured at any height.

On a standing tree the bark is measured at reference height and
some assumption 18 made on the decrease of bark thickness taking
into account data ecollected on felled trees. Without any such
information an assumption has to be made {for instance = constant:
bark thickness). See paragraph 36.

2 - The measurements given in the table allow calculation of gross
volumes. To get net volumes, the additional measurements to be
taken depend on the type of net volume required. The form given
in paragraph 211.25 for volume calculation on standing trees with
Bitterlich relascope shows a simple way to record the defective
parts of the bole of a high-forest tree.

3 - Problem raised by the stump.
The felling level depends on species, tree size, loeal habits and
changes with sawing equipment. Thus, a velume calculated on a standing
tree contains an wncertainty due to the wunknowm stump height. In
order to be able to calculate easily the volume in function of dif-
ferent hypothesis on stump height, a simple way (for trees without
buttress only) is to give a volume in which the part under reference
diameter D, is the cylinder between D, and the ground and with

R R
diameter Dp- From this volume which contains the stump, it 1& easy,
knowing the felling level, to derive the felled volume. See example
233.8.

233 Examples

233.1 Let us take a felled tree on which have been measured
overbark diameters every meter starting from the stump. Let us ecalculate
the total volume and the "big wood" volume of the stem.

Here are 5 different caleulating methods for the tree divided
into 1 m logs.



Note =

d =

;£= estimated diameter (by average) used in method 5

reference diameter = 31 om

VAT iy gD netghts
Heiifts emakey Volume tn m [] Formula used A m
m cm
Method 2 Method 2 Method 3 Method 4 Method &
=98 9.5
4@ 0.0027 0.0027 0.0027 0.0027 0.0027
e = N ; 7] 6.0009 _ [[3] 0.0009 |[2] 0.0009 |[2] 0.0009 |12] 0.0009 s
6.7 ”il x=9 [2] 0.0064 0.0064 0.0064 7] 0:0028 6.7
6.2 10 0.0166 |[1] 0.0079
] \ 0.0106 0,0104 : 5.7
5.2 18 = 0.0279 0.0133
3 ] 0.0180 0.017%7 4.7
43
< 8] - 2
&? ia,z i7 0.0452 [1] 0.0227 B
ol b ] \ | 0.0277 0.0269
§ 2 3:2 20 ———1 0,0700 O] 0.0314 -
& é ; \ 0.0465 0.0452 B
2.2 \ 28 — 0.1194 0.0616 o
fad d = 31 2] 0.0710 0.0707
.2 \‘ 32 — 0.1598 [1] ©0.0804 5%
0.7 y = 33.5 H[Z] 0.0883 0.0881 0.0883 0. o
) 0.2
0.2 - 3s ‘
I AT
Total stem volume m3 0.2715 0.2690 0,2677 0.2731 0.2698
Big wood stem volume m3 0.2688 0.2663 0.2650 0.2704 0.2671

_gg_
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The & methods give very similar results (this 18 always the
case when the logs are short). Of course, it cannot be satd which one
18 the nearest to the truth.

233.2 Measurements on a standing tree for total atem volume.
Case where only compulsory measurements ave available lell [1] of table
of paragraph 232).

For the upper log, an hypothesis is needed on the form. Let us
suppose a conic form.

Heights
in meters
9.5 F—cmmg =
; Cone formula %xo.lez x5.5 = 0.03686
4 +-——-=7T-F—D = l6cm
Smalian's 2 2
: v |0.167 + 0.21
| formula T [ 5 ] 2.7 = 0.12904
1.3 +--—-| ~—=Dp = 3lcm Bl 0 .
JAANCET WAEN o slow $0319 2 LS = 0.09812
B2y A e pyvffenr it — diameter 3lcm 4
L DS = 3592m,
0.2640
cewo total stem volume = [0.26&0 = % x 0.312 x Hs] m3

+
stump height in meters

To estimate the big wood volume of the stem without knowing
the height of crosscut D = 7 cm , this height has first to be estimated,
which necessitates an hypothesis on the form of the last log ; let us
suppose again the conic form :

X
5.5m "} T D= l1ecm ._.)5*_-.7_ — 2.4 mand y = 3.1l m
y 5.5 16
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Calculation of big wood volume of the stem

------- RN R I N S B A A

Heights in
meters

4

AL -—=—=—=D = 7 cm---
Formula for a . ® |, 432,45 16240.07%0.16]3.T = 0.03384
truncated cone 12
4 Jr—1---—% D = 16 cm—-- 9 2
Smalian's m |0.167 + 0.31
; formula R [ 5 ] 2:7 0.12904
1.3 o =
— D= 31 cm— 2 G
B R_ Cylinder with m 2 - =
0.2 Y—————*—DS— 315 cm s P i x 0,317 % 1.3 0.09812
0.26100
==>» Big wood volume of the stem = (0.2610 - % % 0.312 % HS) m3
' '
stump height
in meters

In these two volume calculations, the D, measurement 18 not

S

used as the tree below Dy 18 assumed to be a eylinder. However, the

data Dg , Dy , length between Dp and D, , are useful to study the
form of the stem basts.
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24 STUDY OF TREE FORM

Reference diameter and total height canmot suffice to deseribe
completely the form of a tree. We shall restrict ourselves to the study
of the form of the stem because it is impossible to recommend for every
species a single method to deseribe the morphology of every constitutive
part of a tree ; moreover, such observations (for instance : number, in-
sertion angle and straightness of branches, etc...) are mainly useful for
geneticists and this is out of the scope of this manual.

241 Measure of stem form with a coefficient

241.1 Definitions

The simplest coeffieient 18 the form factor £ :

" Volume
{(Reference basal area) X total height

s

Thus, every volume which can be defined im a tree has a cor-
responding form factor. The most common i8 related to the total volume
of the stem but the form factor corresponding to the volume of the
stem until a given upper limit may however be considered.

The form factor f is not a charageteristic of stem form :

(a) : two stems with same f do not have necessarily the same form
and mainly

(b) : two stems of same form do not have the same f ; let us indeed

consider two stems of same form (simlar stems).
Stem 2

Hy, = total
height
Reference
- diameter
level




-G =

i
The similitude with 0 as center and k = ﬁz as ratio trans-

forms stem 1 into stem 2. !

The stem-volumes are V, and V, (stump volume i8 included ov

not ; this does not affect the result)and the corrvesponding form
factors are :

NETRPPS W " .
The relationships: Vo =kT ¥V, , Hy=k H and g; = k'g,

£y & 7
show that : = 2
p &3

Since gy > gé ’ f2 18 less than £

Hokenadl removed drawback (b) by defining a coeffictient,
called stem—natural form factor{as opposed to f whichk is sometimes
called artificial form factor)

£ o= stem volume

gi x H
10
where © H = total height
gy = area of stem section at height %
10

However, the difficulty of measuring a diameter at a relative
height on a standing tree limits the use of the f'coefficient.

Remark : the natural form factor corresponding to the total volume of
""" a stem s generally between 0.3 and 0.6. It 7s equal to :

—g— = 0.56 for a parabolotd
100 _

543 0.41 for a cone

250

75 = 0.34 for a nelotd,



241.2 How to calculateVf or f*

The form factor of a stem cannot be measured divectly ; the
“volibne has to be calculated first. It has been said in paragraph 23
that the principle 18 to divide the stem into logs and to add the
volumes of these logs. For instance, if the stem is divided into §
logs of equal length and if the diameter 18 measured at the middle
of each :

Stump

|

:Ec—-[-—- ]
=t
O S
-—
— IR

I
|
l
I
|

._.
o
=)
=)
=3
o

the application of Huber—fomla to each log gives :

2 2 2 2 2
D_H_ + DBH + D 9H
1 10 10 IO ]0 10
f = -'3' 2
(reference diameter)
2 2 2 =) 2
D_B_ + D3_H + DS__ + DZB + D_g_l't_
£ ~J 1o 1o | IOV 10
5 DZ
;S
10

In order to ealeulate the average form faotor of a
get of n trees, several caleulus are possible. Here are three¢ of them :
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Mean of natural form factor Mean of-artificial form factor
n 2, n , n 2 n
i 2 2 2 2
Qo |pynl 1 ovg Py Bl Lo g H| LV Dy I
i=1 =g 1=1 - i i=1 1 1=1 1,
(1) 10 - 10 2l
n 9 2 g B 2 kY n 2 2 - @ i
: -El[‘i H]__ T iEI[D—-}-{— HL iZ}[DR H]_ & izl [DR H]_
1= IO 1 ]0 1 i
n n Tt n
T 2 2
.X fl DI{ B .X va .X fl DR o .Z Vi
i=] — i=1 i=1 i i=1
(2) n = - n ol - n |
2 b 2 2] " 2
Lhpsh dby [dRd 2R,
i= 0 i T i i il i i
n n Y.
§ B 40 Tu. Vs L7 &=y L |
= Z fl == J . 1 n,
(0 e O R S L i=] i=1 n [ 2
i=1} A= D2 H z DR H
4 H . i
oy : 1 = :
DJL = diameter at height 10 Htot DR = reference diameter
10 '
H = total height H = total height
L

Each of these 3 formulas is a weighted mean_of the individual
form factors, the weight given to a tree being (028)2 in (1) and (D2H)
in (2) ; in (3), the trees are given equal weights. The formula to be
taken depends on the relationship between the variance of V and D%H ,
with the following rule : if the variance of V is proportional to

(D2H)Ot » the variance of the form factor is then proportional to (Dzl-!)m‘_2 .
2-a
the wetght to be given to a tree is (DZH)
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Bl Formula (1) is thus walid if the variance of V does not
depend on D°H (o = 0); formula (2) is valid if the variance of V is
proportional . to D24 (a = 1) and formula (3) is valid if the variance
of V is proportional to 0m? (o = 2) .

In practice, 1t is thus necessary to start by estimating
o ; the same problem occurs before fitting a volume equation by regression
as will be explained in paragraphs 353.14 and 353.2. The o coefficient is
often found to lie between 1 and 2 : formulas (2) or (3) are therefore
the most used ; in absence of no precise knowledge about the law of
vartation of the variance of V with o , it 48 recommended to take formula
{2) ; moreover, this formula is the most practical since the total

Tt
volume of the set of trees, ] V. , appears explicitly in it.
i=1

242 Description of stem form by the equation of the taper curve

242.1 The two types of curve - Problems of scaling
Having measured diameter at different heights, data
can be represented by two types of diagram :

i Diameter Sectimi

area

Diagram 1 Diagram 2

o
-l
x
|
o :
- - — - — -
s
"

e
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Section
area

Hatchured area

Diagram 1 represents &
the stem as it is seen ; dia- i
gram 2 offers the advantage of
showing the volume Vy toa
1

given height H,.

In order that two trees of same form be represented by the
same curve and that two trees with the same curve have the same form,

the seales have to be changed.

Here are two posstbilities for type 1 diagram ¢

¢

Diagram 1"
gL P = di ter at —L-H
T DaH = diameter T Taoe
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and the two corresponding possibilities for type 2 diagram :

4 5
Sy Diagram 2' Diagram 2"
e % -0 :
Htot :
I
I
|
3 y .
0 H 1 D
Mot ° Sl
g Dsac<l
Example :‘D i
: = diameter at H
1 L aby ¢ 0 “tot
9 Al 1-0 ->?
. 1
) = area of section at -
aHtOt 10 "'tot

Whatever the heights of diameter measurements are,
diagrams 1' and 2' ean be done ; diagrams 1" and 2" can be done only
when diameters have been taken at the same relative heights on each
trez. !

242.21 Principle

The interest in having a formula for the taper curve 1s
to allow an easy volume calculation of Lhe stem portion between
two hetghts H and H,.

It is natural to consider first the model :

2 3 :
= 242.221)
Sy = bg * b, H + b,H™ + bjH (see example
because we have seen in paragraph 231 that this relation 1S satisfied
by most of the simple geometrical solids to which a stem can be compa-
red.

If this formula describes the form badly, here are two
possible solutions :
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(i) try a polynomial of higher degree ; the model 18 thus written
in the general form :
2 P 4 k
w8y = by + byH + bHT + .+ b BT = kzobk H

{since this model has p+l parameters, at least (p+1) measure-
ments (H, SH) are necessary to fit 1t).

{ii) divide the stem into logs and fit a model to each of them,
with constraints on the coefficients to force the curves
to join correctly. There are numerous ways to proceed, ac-
eording to the number of measurements avatilable, the number
of loge considered, the models chosen for each log and the
conditions tmposed for the Junction of the curves.

The example of § 242.222 gives a case where 4 measurement
points are available and 2 logs are considered. The method of "cubic
spline functions" (see BONEVA et al. ref. 1) is the extreme case of
funetions of this type because the logs are defined by two successive
diameter measurements :

Sy =vy e TN log i log i+l
]'\ _——q—_\—-.—h—-__-
X - is] = o
aanl measurements

To each log a cubic is fitted :
3

log 1 =y=ai+bix+cix2+d,ix

3, o ¥ by g% ¥ ca. X+ T

log i+l
1+] 1+ i+1 i+1

)
"

The coef}icient§ of the cubie are obtained by writing
that, at each measurement point, § equals y and its first and second

derivatives equal the first and second derivati .
vative th
the adjacent log : 8 of the cubic of



&=, 59 17

A o Baes +oendE & deg, =G
1 1 i 18
2 3
By iBrme ) VSR g VA Wiy
2 2
by + 2egxg + 3dyxy = by ¥ 2oy, % ¢ 3, %y

Bg + 3dgag = g,y T3,y

knowing the coeffictents of the cubic for log i+l, this
system of 4 equations can be solved, which gives values of ag, by, ¢

dey.
i

i.i.

The solution is thus obtained step by step : the form of
the last log is imposed (conic form for instance) ; the cubtc of the
preceding log s derived and so on until the first log (the symmeiric
procedure can be followed, fixing the form of the first log and deri-
ving the cubies step by step from bottom to top of the tree).

Remarks H

= A taper curve can be fitted to the bole only ; what has been said is
still valid provided that bole height takes place of total hetight in
the models ; a simple model (cubic) s sufficient in general.

- Instead of the avea of the section, the diameter can be empressed as
a funetion of height. In genmeral, the model which 18 used 18 also a
polynomial :

P
k
D, = ) c, R
Ho 25k

- Taking account of the previous paragraph, the models are transformed
in order to get coefficients which are characteristic of the form :

) E ‘ « . ) SH H
y = bk x 5 PRE S X =
id Biot B
S H
= E b k = H =
> " S -
End Eher B
(0 csa<t)
p 7 D i
,y = z c-' xk - y = H X =
Z0 k& H H



B - . ) DH N H
y = G B 5 y ) X 5
k=0 thot aHtot
0 <o < 1)

Variants can be brought to these models (see vef. 6 - 9 =
13).

- Formula to caleculate a volume knowing a taper curve.

Let us suppose that the formula of the ecurve is :

L : p
f b0 + b]H + e ¥ bp H
area of section
at height H.
: i gP*!
The integral of S is g(H) = bH + b, 7t et bp_E:T

The volume of the section of stem between heights B and H, is
g(Hy) - g(H)).

If the taper curve is given by a function relating diameter
to height :

= p
D g + c]H & + ng

the expression of S = % p? has to be written first ; the required

volume 18 g(Hz) - g(Hl) where g(H) 8 the integral of S ; calcula-

tions are more numerous and less precise ; this is why 1t is better
to express a taper curve as S = £(H) instead of D = £(H) .

To calculate the volume until a given crosscut, the same
method 1s followed after having caleulated the height of this crosscut.
This is easy by looking at the plotted curve but, with a computer, the
calculation raises problems which connot be treated here.

- |I't is necessary to verify that the taper curve which is obtained
t8 realistic : y should not get negative and should decrease as
X inereases.
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242.22 Examples

242.221 Four measurement points - Fitting a 3d degree
polynomial

Let us take again the tree of example 233.2 and try to

2 3 Sy R
fit the model ¢ ¥ = a + bu # ex + 4x A e X =5
o tot

The solution of the following system :

23 2
0.2 0.2 0.2) _ r (0.35
g I P st Lg.s] EBE =% [9.5 ]
{ 2 r b 3
1.3 1.3 1.3) _ « {0.31
a+b §T§'+ c L9_5] + d @;ji = [Efg—l
r 2 - 2
4 4 6 )3 1« (0.16
Rt 9.5] *digs T3 [9.5 I

\a+b+tc+d=20

gives : a = 1.1035 x 10>
b = =1.7385 % 102

& & G0 % 1™

-3

d = 2.5450 x 10

This curve cannut be retained since y ig negative when
X 18 between 0.55 and 1.

242.222 Four measurement points. Division into
two logs and fitting a curve to each of
them

Let us take again the previous tree gnd suppose that the
upper half of the stem is a cone ; let us fit a 3% degree polynomial
to the lower half, with the constraint that the two curves are tangent
at the junction-point,
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o]
o
wla
53[5
| w

W
m—

1

A, B, C, D : measurement points

&=
——
Wwio
« I
T
W s
[

; ¥y = a + bx + txz + dxj
f
:
|
¥
] \
o [0.16]_ - |
4 9.5y 1 T T T o
] I | {",, y = a' (x‘l)z
r l I 4
- £ . by R e
0.2 1.3 4 0.5 l Arot
9.5 9.5 9.5

The system to be solved ig v

7 3 2 W 3 s 1 2
; 0.2 0.2 {0.2 . ,
/% + b 9.5 7 ¢ |93 & 9.5 AT : passing through A
f Y2 3 2
1.3 1.3 {1.3 _ ™ {0.31 . ] ,
a+b g * ¢ |93 +d 9.5 i 19,5 : passing through B
‘< + b o +. c f—é—Jz + d [~£—73 = 1-’9419‘2 3 passing through C
R I 5.5, 4 \9.5 ) i P g BN &
a, 5 [OL5 B E (0.5_),2 + d (0.5)3 = g' (Q.5-1}2 in the point with abs-
.K 2 cissa 0.5 the two cur-
b + 2c 0.5 # 3d(0.5)" = 2a'(0.5-1) ) ves join and are tangent
s =g - =3
one gets a= 1.0976 10 d = 7.4226 x 10
o 4006 *® 10" a'= 0.5671 x L0“3
s el A6 ¥ T

The corresponding curve is8 drawm above; the fit is correct.
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242 .223 Descrfptg’lon of the mean profile of 3 stems
with a 39 degree polynomial

Diameters at different heights have been measured on 3 trees
{ B in meters and D in centimeters) :

Tree ] Tree 2 Tree 3

ki i 8y H &, 2n S

8y2 § 44 0.3 : 57 0.3 66

12 § B8 1.3 ¢ 52 1.3 61

1.3 i 38 2.3 i 47 2.3 56

2.2 1 34 3.3 43 B 52

3.2 i 31 4.3 39 4.3 48

ag b @ 5.3 36 5.3 44

5.2 1 25 6.3 i 33 6.8 41

Bl i B 78 31 o 38

8 % B 8.3 29 8.3 36

82 ' @ 9.3 26 o B 85 |

9.2 {12 10.3 23 0.3 § 32 |

9.8 i 7 B8 19 1.3 § 29

10 0 =3 & W | 28 f 25
128 7 I g8, B 20
13 0. a3 Y |
14.8 % 7
: 5 i 0

Do these stems have the same form ?



_52_

2
DH )
The values of = x and %- 0 =y are caleulated with
heights and diameters th®tmeters. oy
Tree_ | . _Tree 2 Tree_ 3 ]
X i gH]0 X yx 105 X g yx]10%

0.02 i 15.205 0.023 i 15.099 0.020 i 15.205
0.12 § 11.946 0.100 { 12.566 0.087 i 12.989
0.13 i 11.341 0.177 i 10.266 0.153 § 10.947
0.22 { 9.079 0.254 i 8.593 0.220 | 9.439
ORA2N 7.548 0.331 i 7.069 0.287 | 8.042
0.42 i 5.726 0.408 | 6.023 0.353 i 6.758
0.52 §  4.909 0.485 i  5.061 0.420 i 5.868
0.62 i 3.80] 0.562 |  4.466 0.487 § 5.041
0.72 i  3.142 0.638 |  3.908 0.553 | 4.524
0.82 i 2.270 0.715 i 3.142 0.620 i 4.035
QF\S2y i 1.131 0.792 i 2.458 0.687 i 3.574
0.98 : 0.385 0.869 i 1.678 0.753 i 2.936
1 i 0 0.946 i  0.785 0.820 { 2.182

: 0.984 i 0.228 0.887 i 1.539

: | iog 0.953 i 0.684

: : 0.987 i 0.171

i : 1 i 0

Plotting these values shows that the relation between y and x
is practically the same in each tree. The 3 trees can thus be considered
of same form. Let us see 1f the model

= 2 3
Y Toag +ax +anxt +anx

desceribes well the common form.

The coefficients have been calculated by the methoed described
in appendix A, (§ A 1.4) : solution of the system of ¢ equations with
4 unknowns obtained by foreing the curve to pass through the four fol-
lowing points :

P AL ) 0.675 1
y i 0.0016 | 0.000766| 0.000350 0
) -4
The result is : ag = 16 x 10
2y = = 40.1434 x 107
YA
a, = 48.4310 x 10
ay ® - 24.2876 ¥ T

The graph of the corresponding curve shows that the fit is good.
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The formula of the taper curve is :

2 3
g H H H
2 - ao + al + az 2 + 33 T
H H H~
tot tot tot tot
ey 2 . ¥ o A
Y= gy e B < ik ' SHiGy BT S "
tot
The integral of S 1is
2 %) a &4
B A s
BE) = ag i e B ey B G A T g %
tot
a a a
. ) i 2 %2 3 % 4 3 : _H
‘_‘>g(H)-aox+2x+3x+4x Htotmthx
tot
The volume of the stem between heights H and H, i
g(Hz) = g(Hl) 3 for example, the total volume of the stem ig :
'Vtot - g(Htot) "8 (Hstump)
a a a
B 1 . 3 = 3
g(Htot) = [ao W s W e Htot = 6.00007 x 10 ~ x Htot
Let us suppose that SUUTP o e
100
tot
a a a y
3 -2 % 4 P2 6 %3 ) .3
g(Hstump) = [ao 0 = + =3 10~ + 5 10 + A 10 H_tot
. -6 _ .3
= 15.80089 x ]0 X Htot
Thus : V = 5.84206 x 10-£l X H3 with H in meters and V in m3
tot . tot tot tot

The total volume of the stem of a tree with total height 14 m.
is therefore :

Vtot = 5.84206 x 10"4 X (14)3 = 1.6031] m3

what is the "bigwood" volume of that stem ? The height H, where 18



located the 7 em diameter crosscut is such that :

L 2
7 SO 2 3 ¥
. =0

142

By succesgive approximations starting from the value xz = 0.987
read on the curve, we get x, = 0.987608 ; if we replace x, by this

value and T by V4 in the expression for g(H) , we get :

g(H,) = 1.64605 @,
‘ -6 3 3
Now, g(H Y = 15.80089 x 10 ° x (I4)° = 0.04336 m
stump
the "bigwood" stem volume is therefore : 1:64605 - 0.04336 = 1.6027 0.

243 Crown measurements

4 complete description of tree form includes measurements
on erown ! these measuvements are possible only tf the eroum is entirely
vigtble.

Height : distance between the end of the bole and the tip of the tree ;
T it is meqgsured with a dendrometer, as the difference between
two measurements.

Measurements on the horizontal projection : To describe correctly the pro-
......................................... Bk A L e O
horizontal plane, the number of radit should be more than one as this
projection differs from a civele : at least 4, preferably 8, radii are
measured, in directions forming equal angles :

Example :

N

A7

C = centre of the
stem

e

/%. ,_

S-E
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Procedure to measure the radius in one divection

(>

graduated tape, fired
in A with a string
which surrounds the tree

\

A
’ ] )
radius = 3 reference

diameter +AB

at 1.3 m from the ground

Rod aet in the
direction read
on the compass

Apparent ‘eontour
of the crowm

Walk forwards and backwards on AJ line and locate point B
Wwith cn instrument. Here are two examples of such instruments :

a/ A_mirror-type_instrument

Description :

The instrument 18 balanced and remains vertical.
It contains a plane mirror making an angle of 45°
with the horizontal and two panes of glass in the
middle of which are two lines : marks 1 and 2.
The observer stands so that the two marks come to
coinaide. It vemains to have the point of the

. contour of the croun in coincidence with these two

marks ; the projection of this point on the ground
8 given by the plumbed line which 18 fized on the
ingtrument.

o eern,

Marks 1\ ring to hold
and 2\ - =l - the inatrument
RN i
1 90°

-

<4

. 4] “ﬁl\ mirror

45°
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This imnstrument is difficult to use when the tree touches
a neighbour because the mirror allows to see a small part only of the
erown and it 18 difficult to differentiate the branches of a tree from
the branches of the other. Its use can be very tiring and time consu-
ming .

Description : The components of this instrument are a holding-

‘ rod, a string and a see—through plumb-bob.
Contrary to the mirror-type instrument, the crown—
meter allows to see a large part of the crown and
therefore to locate far more quickly point A. [t
is also very simple and can be constructed very
cheaply.

>

W e G m— et i mmt— —

!
]
E
!
i

Plumb-bob geen
from above

String Lt
Sea-through id1em
_ _plumb-bob

-

holding—rod

(*) WAHEED KHAN M.4. (1871) ~ Pun—Chim erowm meter — Indian Forester 96 -
n® 6 - pages 332-337
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Quantities calculated with these measurements |

---------------------------------------------

n
2 : 2 3 3 .
Z T . s radius in direction 1

4 or 8 : number of radii
¥ measured

=
o
[¢]
-
o]
£,
=]
=
=
I}

area of erown's
horizontal projection

- o,
Z g
(i) I - 2 \[1=]
crown ™ CTOWTt n
+
diameter of
the crowm
(ii1) VB =1 S x H
crowrn 3 crown crown
+ ¥
bulk volume height of
of the erown the orown
Remark | : These charccteristies of crown are tmportant in growth

studies but they are rarely taken into aecount because
of the difficulties of field measurements.

v = volume of wood contained in the crown
crown

Remark 2 : The ratio

B = bulk volume of the crown
crown
18 a number less than 1, similar to the piling coefficient,

which can be used to estimate Jcrown from VBCrown for a

standing tree. It 18 recommended, each time a tree is

felled to measure Wi to measure before felling

H and S = and to derive VB

crown crow crown’
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3 INDIRECT MEASUREMENT OF A STAND VOLUME : THE TARIFFS (= Volume tables)

31 PRINCIPLE AMD DEFINITIONS

To estimate the volume of a stand, one can measure directly
the volume of each tree and add all these figures. On large stands
this 15 wnacceptable.

A tariff ie a table, a formula or a graph whieh gives an

variables called the entries of the tariff.

The entries of the tariff are measurements of the tree

(reference - diameter, total hezght .) or of the stand (basal
area per ha, mean height,...) more easzly obtainable than the volume
ttgelf.

A tree tariff cannot estimate the volume of a single tree
with a good precision. Such a tariff is mainly used to estimate the

volume of a collection of trees as the sum of wolumes of individual
irees.

Examples of tree-tariffs :

- one entry (D) (i) V =a + bD + g = A
particular cases :+ ¥ = a ¥ sz =
=a + bD + CD2 5
=a + sz + cD3,.
(i) Vv =a Db
- two entries (D and H) (i) V = a + bH + CJ;E; + dDZH _
pariicular cases : V = a + bD’H 5
V =a + bH + CDZH,..;.r
g el i
~ three entries (D, H, D_,.) ¥ =l B H° 0o

H/2 H/2

In these tariffs,

stem volume (or volume of the stem to a diameter Timit)

re ference—diameter
= total height
diameter at height H/2

g = B S
i}

B2



Examples of stand-tariffs :

- 2 entrtes (G and H) s V = a + bG + cH + dGH + eGI-I2
particular cases : V = a + hGH
= a + bG + cGH,.:s
v =ac® B
V = stem-volume/ha (or volume/ha of stems to a diameter limit)
where { G = basal area/ha
H = mean height or dominant height.

- 3 entries (NI,NZ,N3) 1V o= a N, + a,N, + agNg

over bark fuel wood/ha

N, = number per ha of poles of total height < 2 m
Lot ( N, = number per ha of poles of total height between 2 and 6 m
Ny = number per ha of poles of total height > & m

This last model is well adapted to stands in which the measu-—
rement of diameter is more difficult that the measurement of height
(multiple stems trees, trees of bad form,...).

Remarks -

(1) . Some tariffs are of an intermediate type between tree-tariffs and
stand-tariffs : they give the volume of a tree as a function of
variables relating to the tree and variables relating to the stand
where 1t 8 located. They are tree-tariffs for which the coef-
fietents are known funetions of variables relating to the stand.

2

Example : V = (a + bHdom) + {(c + dH ) D

dom
where V 1s the volume of a tree of diameter D.
Such a tariff is called a parametrized tree-tariff because it
can be considered as a family of tree-tariffs V = a; + biD2 .
Hy o being the parameter which indicates the tariff to be used for

do
the trees of a given stand. To construct such q tariff, one can
fit directly V to the 3 variables Hdom’ D2 | DZHdom or gtart by

establishing a tariff for each class of H; _ and deduce the final

equation subsequently. On this subject, see appendix A -(§ A 1.5 and
A 1.8).



-~ &1 -

(i1) . A two entries-tariff is more precise than a one entry-tariff
but it 1s more difficult to use. Therefore, we sometimes
derive a one entry tariff from a two entries tariff. The fol-
lowing procedure can be indicated :

~ suppose a two entries tariff V = f (D, H) is available.
Measure D and H on approximatively 30 trees, )

— then, calculate their volume by V = £ (D, H) and construct
with these 30 trees a tariff with only one entry ()

or : on these 30 trees, establish a law H = g (D)
and take V = f (D, g(D)) as the one entry tariff.

(iii) . A tariff must be considered as a tool to be well maintained. For
example, it should be updated with additional data as plantations
grow and extend.

32 CHOICE OF THE ENTRIES

The entries of a tariff should be

- few and easy to measure in order that the tariff will have a wide
range of application and be easy to use,

- strongly correlated with the volume,

- weakly correlated to each other in order that the interest in kee-—
pilng g variable in the model remains when the others are in it.

In general, no more than two enirtes are used . the first
one is always reference diameter, the second one being diameter at
a fixed height (5 m for instance!) or at a relative height, or bole
height, or total height, or crown diameter ... Among these variables,
bole height and diameter at a fired height are more easy to measure,
diameter at a fixed height being often more used than height.
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33 PROCEDURE TO ESTIMATE THE VOLUME OF A STAND WITH A TARIFF

{— Take a sample of n trees in the stand (see § 34) and
measure directly the volume of each. Establish the tariff.

- Measure the variables which are the entries of the tariff
With ¢ tree < on the N-n trees which were not used to construct the tariff.

tariff.

Estimate the volume of the stand by

o _ |Sum of volumes| _ |Tariff estimate of the volume
of the n trees of the remaining trees

-~ In stands similar to the stand under study, measure V
J (volume per ha) and other characteristics (entries of
With a stand the tariff) more easily measurable. Establish the tariff.
tariff.
= In the stand under study, measure the variables which. are
the entries of the tariff and apply the formula.

In fact, this procedure has often to be changed because it iz wol
possible to establish a tariff for every stand. In practice one very
often uses a tariff which has not been establishzd with a sample coming
from the stand wnder study.

This is justified if the relation between the volume and the
entries of the tariff is approximately  the same in the stand and in
the sample used to establish the tariff, so :

. for a tree—tariff , the vartability of tree forms must be
the same in the stand and tn the sample. One should there-
fore ensure that factors which influence the form of trees
have the same vartability in the stand and in the sample
(variability of genetiecs, environmmental factors, stilvicultural
treatments, age and tree-sizel). The more the domain of vali-
dity of a tariff is intended to be large, the more the sample
used to construet it has to be diversified,

. the same occurs for a stand-tariff : ensure that the varia—
bility of envirommental factors, densities of trees, silvi-
cultural treatments are similar in the stand under study and
in the sample plots used to comstruct the tariff.
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34 SAMPLE CHOICE TO CONSTRUCT A TARIFF

341 Tree-tariff

For a single spectes homogeneous stand, one can consider
that between 50 and 100 trees (onme entry tariff) and between 80 and
150 trees (2 entries tariff) are needed. For a large heterogeneous
region a separate tariff is established for each homogeneous sub-
region. Comparison of these tariffs can lead to pooling some of them : so,
examples are given in literature of tariffs constructed with several
thousands of trees.

The number of trees is not the only criteria to consider ;
the stands where these trees will be taken and the sample trees in
these standshave to be chosen ; here are some recommendations :

. divide the region for which the tariff is to be established
into homogeneous compartments (with regard to site condi-

tions, silvicultural status,...)

. divide the compartments into age-classes and follow the

rules :

Number of sample trees Area of the age

in the age class of class of the
() the compartment _ compartment

Total number of sample Area of the

trees region

In an age class of a compartment, take the same number
2) of sample trees in each basal area class

In practice, these principles ecan be hard to apply because
the repartition In age classes can be tmpossible (planted forests
of badly known history, natural wntreated forests,...). The following
rules will then be used as substitutes.

Number of sample trees

. . of the compartment
in the compartment e P

(") -
Total number of sample Area of the region
trees
(2% In a compartment, take the same number of sample trees in

each basal area class.
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What is needed 18 the mean volume of the trees which have

a grven value of the entries (D] 3 Htot »--.): the volume variability
»

ratsing in general with tree stze, it 18 more useful to measure a big
tree than a small one. Rules (2) and (2') aim at avoiding that the
majority of trees belong to a small number of size classes. Realize
that a random sample taken according to the rule "one tree taken

at random over n " 15 not what is wanted.

For example, a tariff is wanted for high forest trees between
diameter 20 em and 1 meter. The range of basal areas is divided into
ten equal classes ; the limits of the corresponding diameter classes are
200 - 369 - 482 - 573 ~ 65! ~ 721 - 785 - 844 - 899 - 951 - 1000 (mm)

In each of these classes, a sample of about ten trees will be taken
according to a sampling design which covers the whole area.

Remark on mixed forests :

The number of species in natural forests is often such that
1t 18 tmpossible to establish a tartff for every species. Tariffs for

groups of species are thus necessary. How to group species ? The sim—
plest way is to plot data (V and D? or D?R) and decide with these

diagrams.
342 Stand-tariff
These tariffs are until now less used than tree-tariffs : the
experimental knowledge i3 not sufficitent to allow reliable recommenda-

tiong. Constder what follows as a loose gutdance :

. take at least thirty plots,

area of a plot in ares = Hdom in meters with a minimum
threshold of 10 ares. (Hdom = 20 m + plot of 20 ares (0.2 ha),
Hdom = 9 q - plot of 10 ares (0.} ha)..,)

A tariff is wanted to give the fuel wood volume of a savannakh,
the mean height of which is about 6 meters. The second model of para-
graph 31 is chosen :

Vo=alN;+aN, + a3N3 rwherelNi 18 the number/ha of trees

of height class i (observe that coefficient a; ts here interpreted

as the mean volume of a tree of height elass iJ.
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Procedure
-~ take at random 30 plots 80 m x 30 m

-~ before felling, inventory each plot by height. class.
Identification of species 1is not compulsory,

- fell and stack each plot,

fit the model on data (V, Nl, NZ’ N3) of plots.

35 DIFFERENT WAYS TO CONSTRUCT THE TARIFF WITH COLLECTED DATA

351 Direct method

This method szems the most natural at first sight : each
entry of the tariff is divided tnto classes.

For a one entry tariff, caleulate mean volume in each class.
For a two entries tariff, set a table by crossing the classes
of the two entries, allocate the trees (tree—tariff) or the plots
{stand-tariff) to the celis, calculate mean volume in each cell.
su. 2t
The series of volume corresponding to the combinations of

eaxplaining vartables constitutes the tariff. If necessary, a formula
can then be adjusted to these values (see appendix AJ.
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Advantage : Caleulation easy.

Drawbacks : . the tariff is very imprecise for the combinations of
explaining vartables where scarce data are avatilable.
The law of variation of the volume can be very irregular.

. It is impossible to estimate the precision with which
the tariff estimates the volume of a stand.

352 Graphical methods

In practice, they are easy to apply only for one entry
tariffs (see appendix A) @ trees (tree-tariff) or plots (stand-tariff)
are plotted with volume in y-axis and the explaining variable (entry
of the tariff) tn x-aris. For some x values, a point is placed at the
mean value of the volumes which correspond to that x and a continuous
eurve ts drawn by hand across these points (see appendix A).

Advantage : . Practieally no calculation,
. The tariff is "smooth" (superiority upom the direct
method) .

The graphical representation calls attention to outliers.
Anomaities lrke negative volumes are instinctively avoided.

Drawbacks : . The result depends on plotter's skilfulness and on his
intuttive knowledge of the law variation of volume with
explatning variables.

. Here also, there 15 no means to estimate with what
preetsion the taviff estimates the volume of a stand.
This is the main drawback.

353 The statistical method @ regression analysis

Thts method is mainly used, the tnconvenience of calculations
having diminished with the development of computers.

353.1 Concerning the_choice of the regression model

Somes examples of models have been given in paragraph 31 and
numerous other ones are used ; it is imposstible to recommend a unique
model (for tree-tariffs for instance, this would mean that for every
species in whatever condition, the form factor varies in the same
way with D and H). Let us indicate some important points.
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353.11 Simplicity of the model

. Alwdys try to have the most simple model as far as
poséible, that 18 the one with the fewest number of coeffiazgnts._The
more numerous the coefficients the more likely V is to vary illogieally
with the entrtes.

Example
i
) v {
'J’-
2
range of data D
The ——— ourve is the line V = a + bD? . The model :
Pl BD* a4 st + eD8 ecan be represented by a curve as strange
as the - — — —-curve : the two curves will be very close in the usable

part of the tariff but a very small extrapolation will be much more
dangerous with the complicated model.

In practice, the following models with two coefficients

V=a+ sz 5 V= an » V=a+ bD2H y Vo= a(DZH)b give often good

results and have to be tried first.

First, plot the data :

for a ome entyy tariff : V and D2 2

for a tariff with several entries : V and D'H ; if data are numerous,
plot also V and D¢ for each class of H {(or for each class of an other
entry) . These diagrams allow a first echoiee of the regresston model
and study of relationship between volume variance and entries, in 7
order to deetde with which weighting funetion the model will be fitted.
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353.12 Concerning models where a function of V and not V
itself is estimated

Let us take the following model which is very often used
{("logarithmie tariff'")

V=alb

Least squares estimation of the coeffieients comsists in
seeking a and b which minimize the quantity :

n
J @ vant
i=] * ¢

This calculation ts possible but difficult because the
model is not a linear combination of the unknoum coefficients. There-
fore one takes logarithms and comes down to a linear model :

log V= log a + b log D

and it ig this model which i estimated by least squares ; so, the
variable predicted is log V and not V. The a and b coefficients
obtained are such that log a + b log D i an estimate of the mean of
logarithms of the volumes of trees of diameter D .

The quantity a oP s therefore an estimate of the geometric
(and not arithmetic) mean of the volumes of trees of diameter D.
Now, logarithmic mean ic systematically below arithmetic mean
(example : the 4 numbers 3, 4, 7, 10 have @ logarithmiz mean

(3x&x5x1-0)1/4 = 5.38 and an arithmetic mean %—(3+A+7+10) = 6 5 selE
a logarithmic tariff syctematically underestimates the volume.

The disadvantage ¢an be partly eorrected (see appendix A -
§ 4 2.3) but there is another disadvantage :@ 1f orne estimates with
the tariff the volume of a set of N trees by :

N
a Z D?

: i

i=1]
the precision of this estimate cannot be known because regression
theory gives the precision of :

N

.Z log Vi

i=]
It seems therefore better to use logarithmic tariffs only when it is
difficult to fit a simple model where V appears untransformed.
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353.13 Piecewise fitting of a model

If 7t <8 difficult to fit a single model covering the
whole range of data (for example, ©f it ig¢ inmpossible to eliminate
bras for small trees and/or big trees!), a solution is to divide
the range of data and to fit a model in each part.

Let ue indieate two ways of acting :
{4) Method with several regression analysis

In order that the models link well, overlapping sub-ranges
are taken, with an overlap of about 20 %.

example : diameters range from 20 to 120 em
rlotting data shows that :

- 4 model V = a, + le2 18 good for trees with 20 < D < 40 cm
- a model V = a, + b2D2 18 good for trees with 40 < D < 80 em
~ a model V = ag + b3D2 ts good for trees with 80 < D <120 em.

The frrat model will be fitted on trees with 20<D<44 cm, the
second model on trees with §6<D<84em and the third model on trees
with 76<D<120cm :

|
|
|
|
|
|

- — =

2

20 362 40% 442 76% 80

the line

then represents the tariff.

This procedure offers the advantage of comng down to a series
of fittings of simple curves but it has the drawback of not ql-
lowing the exact caleulus of the residual variance : it is therefore
tmpossible to estimate with which precision the tariff estimates
the volume of a set of trees. That 18 the reason why the second
procedure, although a little more complicated as regard the calcu-
lations, 18 rather recommended :
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(i1} Method with only one regression analysis

Let us take again the above example -

The values xg = 40 and x| = B0 being chosen, the following
model with 4 parameters is fitted :

pwas be; s b'22 + b”z3w£th zp WE R s S e

1 0
1= Xq 8E ot = Xy
= if x <
22 S 0 psE X xO
= - 1 < <
X x0 1f xo_.x_ xri

IR - i > .
( KI x0 1sfd I X

= if % €
Z, @ A3fF x,

=X - x if x 2 Xy
the following relations give the a' and a" coefficients :
a' = a + (b-b") X q'Y = gme (b'=5Y) x,

Remarks =
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the value %y is chosen and the following model with 3 parameters
is fitted :

= cot . - .

y =a+bz *b'z, with {2, ’ e = %,
= X of x B Xq

o EXO

\22 @ I =
=X - X if x 2 x

a' ig given by : a" =.a + (b-b') x

0
. To fit three parabolas which are tangent at the Junction-points

!

L1}
x
a4 RFE

fiz the xg and x| values and fit the following model with 5
parameters :

e 1 1 3} 0 =
y =g = b zy & e 2, + czy + ¢z, with z, X
= 2xx -x2 if x € x
g = 0
= x2 1H Xq g x £ X,
= 2xx1—x% if x] < x
z = (% —x)2 1R 3 Sk
3 0 B
=0 if xo < x
z, \= 0 i o = Xy
= (x—xl)2 if %, < x

1
the other parameters are given by :
g 3 b=b' = 2(e-c') x5 3

0]
: T T t_ "
a"= a" - w(C"‘C")Xf i b bt + 2(c'-c )x[ "

a=a'"+ (c-c') x
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. Model to fit only two parabolas which are tangent at the junction-
point

Y'.a'+b'x+c'xz

28
x
y =4+ bzl + cz, + c'z3with z; =X
) -
22 = X 1f x = xo
= % (2% xo) ifE" 58 B2 Xg

a' and b' are given by :

2
o

a' = a - (e-c') x 5 B =b# 2e—et) %

353.14 Weighted or unweighted regression ?

The regression must be fitted with weights when the volume
variaice depends on the entries. Without entering mathematical expla-
nations, let us say that this 1is necessary in order to be able to
estimate correctly the precision with which the tariff will estimate
the volume of a stand ; if the calculation of this precision is not
Jjudged necessary and 7f only a good fit is wanted (that is to say
without bias and with small residuals), weighting is not essential.
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It 78 not easy to know the relationship between the variance
of volume and the entries ; this necessitates a large amount of data,
far greater than is usually available. However, each time very
large samples have been collected, the variance of volume has been
found to vary, often very much, with the size of the trees. This implies
recommending the systematic use of weighted regression. With few data,
it 18 impossible to estimate precisely the weighting function and the
following hypothesis are generally taken :

(aj) volume variance proportional to

' » one entry tariff

(a,) volume variance proportional to
5 prop

{bl) volume variance proportional to /
{ two entries tariff

(bz) volume variance proportional to

The model 1s fitted with each hypothesis successively and
the best fit <8 chosen (the one which realizes the best compromise
between the following requirements @ no bias , small residual standard
deviation, simplicity of model). This is done by the program described
in the bibliographic vreference n° 3 ; it fite the 4 models :

HREE sz _ " under hypothesis (a]) and (az}
V=a+ bD + cD2 )
V=a+ szH :

under hypothesis (b[) and (bz)
V=a+b\pkH + c@w)
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353.15 How to appreciate the quality of a regression
Never judge of the quality of a regression
only by the numerical value of the multiple ~orrelation coefficient R

{correlation coefficient between V and V = V adjusted ).

The fit can be bad and R high : here are three typical
situations of such a case :

’ *
. a3 : ) +‘+
: o p*:-r
/ | =t —
——— e - : =
v v v
Sh (2) (3
{1} biased model
{2) non homogeneous sample
{3) presence of "abnormal" trees (without trees A and B, R would be low)
It can also happen that the it ie good and R low ; it
ean. be so for instance when some trees are "abnormal'.
-
Vv A
i B For trees other than A and B,
! / the fit 7s good. Without A and B,
I would be high.
"L X B
| F
L
4 ‘!;/:
}%

.
Numerous quantities cther than R can be considered :@ the
most uge are the residual standard deviation :

fz(ri—;) , .

e 1
s = V i where r, = V.l Vi s @ B = B £
¢ = number of coefficients in the model
n = number of data (trees)

and the residual coeffiecient of variation :

5 phere V = 1 #V. = mean of measured volumes
- x 4
v

{ for a model with a constant term where ¥ is wntransformed, the
numerator of s takes the simple form :

zvz = zvz because then : IV = IV and LVV= zvz e
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The "aggregate deviation' !

BV, = By

~

LV

or the "average deviation" :

z|v - v
2y

are sometimes used also. What has been said about R can be repeated

for each of them : they do not allow one to appreciate completely the
quality of the fit.

To judge effectively of the quality of a regression :

(1) plot on the same graph the data and the fittzd curve. For g
one entry tariff, it will be the graph of V against D ; for
a two entries tariffs, it 18 recommended, whatever the model
s, to plot V agatnst D?H.

(ii) ealeulate and plot the residuals V - V ; three types of plot-
ting are possible :

~ ~ -~

) -V V-V V-V

/. m D
/ v v or H

or an other
entry

(1) {2) i (3)

When there is no bias , diagram (1) is well scattered .
around an upward line (the slope of the regression line of V - V in
function of Vis 1 = RZ ) ; on diagram (2), data are scattered around
V-axis. When there ts a bias, diagrams (3) provide an aid te decide
how to correct the model (see appendiz A, § A 2.6).
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The reference diameter, the total height and the big wood
stem volume have been measured on 50 trees :

Tree B DnLhﬁ447 g Vi3 Tree 1 i Dy B Vi
] i 0.095 12.90 0.037 26 0.150 17.00 0.135
2 i 0.105 12.00 0.040 27 0.150 16.90 0.108
3 d BRI 14.00 0.052 28 0.153 17.50 0.132
4 P01 15.00 0.060 29 0.156 17.00 0.138
3 4 OIS 16.50 0.067 30 0.156 17.00 0.148
6 ¢ 0.118 15.90 0.075 31 0.156 16.30 0,123
7 P0.124 15.40 0.070 32 6.162 17.16 0.135
8 P 0.124 15.30 0.080 33 0.162 17.50 0.165
9 i 0.127 16.50 0.090 34 0.162 17.50 0.150
10 vo0.127 13.00 0.075 35 0.169 18.50 0.180
11 i0.127 16.05 0.093 36 0.169 17.30 0.160
12 i 0.131 14,50 0.074 37 0.169 16.30 0.140
13 i 0.134 17.40 0.102 38 0.169 16.50 0.165
14 i 0.134 17.10 0.107 39 0.172 15.70 0.148
15 R 18.00 0.100 |} 40 0.175 18.50 0.156
16 E 0.134 15.00 0.080 41 0.175 17.70 0.184
17 I0.137 14.50 0.090 42 0.175 17.30 0.191
18 B 1060 S 17.70 0.090 43 0.175 17.40 0.162
19 iP0.140 15.50 0.103 44 0.188 18.50 0.225
20 0.143 18.20 0.127 45 0.188 18.50 0.235
21 0.143 18.50 0.120 46 0.191 17.50 0.197
22 0.143 16.50 0.117 47 0.194 18.50 0.256
23 0.146 15.80 0.100 48 0.197 16.50 0.230
24 0.146 16.00 0.105 49 0.197 16.60 0.210
25 0.150 17.00 0.122 50 0.204 18.60 0.254
A4 one entry (D) tariff and a two eniries (D and H) tariff 5

are wanted. One starts by plotting the data in funetion of V and D

and in function of V and DZH : the numbers plotted are the tree
numbers.
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The graphs show that the following simple models are valid :
V=a+bd> and V=ou+ bDH

Fitiing these models bg regression requires Knowing how
the variance of V varies with D¢ and with D2H : the variance of V
is calculated for some groups of trees chosen such that D2 (or D2H)
15 approxtmately constant tn each group.

Study of the relationship between var V and DZ

Group n° Trees n’ iﬂizmean log p? Variance of| log var V
) of p2 V = var V
A 3-4-5 §0.012652 | - 4.370 | 0.0000563 | - 9.784
B 00 = Hd
B o9 T M7 0016540 | - 4.102 | 0.0000833 | - 9.393
6 37 37157 0.018217 | - 4.005 | 0.0001162 | - 9.060
D 20 =21 = 22" 0.020886 | - 3.869 | 0.000123 | - 9.006
23— 26 - |
E 25 - 26 -~ 27~ 0.022382 | - 3.800 | 0.0001823 [ - 8.610
F 29 - 30— 31~ . 0.024327 | - 3.716 | 0.0001580 | ~ 8.75
¢ 32 - 33 — 34 - 0.026354 | - 3.636 | 0.000225 | - 8.395
H 32737 "to.02us1 | - 3.559 | 0.0002729 | - 8.206
I 47 - 48 ~ 49- | 0.038532 | - 3.257 | 0.000532 | - 7.539
3 44 ~ 45 - 46— 0.0356728 | - 3.333 | 0.000388 | - 7.855
e
K T TTTi 0030650 | - 3.485 | 0.0002849 | - 8.163




- 80-

- . 2
Study of the relationship between var V. and DH
@ o & e ! "o
Group n Trees n ! D2H=mean log D2H | Variance of |lag var V
i of D%H V = var V
= :
A 5-6-10- : 0.215987 | - 1.533 | 0.0000213 | - 10.755
B 7 -8-Tf2- i 0.240027 | - 1.427 | 0.0000253 | = 10.583
C 13 15 L =9 woeeess | = a2l 0.0000323 | =~ 10.342
D 137 14 =187 1 0.305533 | - 1.186 | ©0.0000537 | - 9.833
E 2 %P7 %71 o.339384 | - 1.081 | 0.0000643 | - 9.65
F 2 =20 == ggpene | —0.0972 | O0.0800985 | -~ 9.297
26 = 27 |
e 237230971 0408047 | - 0.896 | 0.000110 | - 9.113
P e | 3 B
i T T35 i 0.461998 0.772 | 0.000356 8.769
1 4 Al = WE= 1 possayes |- duezo | w.oooisze | o~ Bh786
= W -
1 v T aa %071 0.646497 | - 0.436 | 0.0002443 | - 8.317

are given

Diagrams (log var V, log D2) ard {(log var V, log DZH)
in next page.
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log var V ?

line of slope

log var V &

=3 line of slope 2
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These graphs show that one can assume that

a + 2 log D2

log var V

a' + 2 log D2H

log var V

Thas 1t to say -

2
the variance of V is proportional to (Dz)

2
the variance of V is proporticnal to (DZH) v

For the one entry tariff, the wveight of tree i is thus v, =-JZ 5
D,
for the 2 entries tariff,it ts w, = ] g t
i 4 2
D. H.
ay =Hl
RESULTS
One entry tarif : V= a + sz
a and b are the numbers which minimize the quantity -
n 2
2 ]
S = Z w. (V. — a - bDd7) whére w., = —
0% =y SR, 1t 1 b
1=] D.
Vi 1 - b 2
If y. =-= and x, = — , S can be written : § = J (y.-ax.-b)
5 D2 il D2 soy L
i i -

The problem is thus to fit the model y = ax + b by the
usual least squares method : one gets :

Iy — {EXL(EY)

n

= 0.02464

2
g )
n

o
i
b
|
¥
]
o
"
el
o
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2
VR (residual variance) = = Eyz g JED a [Exy = LEEliEI)} 3
n—-2 n n
=0.27501
VR
var a = —*=*———————i = 0.0000169
Efz _ (Zx)
n

var b= ¥R + ;2 var a = (.04483
cov (a,b) = - x var a = - 0.0008153

The volume of a stand of N trees on each of which D has been
measured will be estimated by :

L
Vigp =N # b izl D

The confidence interval of V at 0.95 level

+
v + 2 vYvar VTOT

tot

ToT * T8

with & war VTOT = N2 var a + a2 var b + 2No cov{a,b) + R(VR}

I~
=)
B~

| 2
where ¢ a = z Di and B =
=1 i

entries tarif : ¥ = a-+ bD%H

a gnd b are the numbers which minimize the quantity .

]

v P

S = z w, (V. = a - bD, H.) where w. = ————
’ i i 1y = 2 2
i=] (Di Hi)

Ify, = - and X, = 5 S can be uritten. :

Thus, the model y = ax + b is adjusted by the usual least
squares method ; one gets :
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.a = - 0.003609
b= 0.33677
var a = 0.000004922
var b =  0.00005549
cov {a,b)= — U.VLLUI4LY
VR = 0.000533

The volume of a stand of N trees on each of which D and H
have been mzasured is estimated by :
¥ 2
Vpgr =Na+b T D

10 i By
1=]

The confidence interval of V i3, at 0.95 level =

o1 ;
Vrop * 2 Yvar Vogp

=‘N2 var a + az var b + 2Na cov (a,b) + B(VR)

TOT

with yar VTOT

N 5 N
where : o = ) Dy Hy and B = ) D

The 3 diagramsof next page concern the 2 entries tariff ;
they show that the tariff is correct : the residuals do not tend to
vary systematteally with Vv , D and H.
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36  CONCERNING UNDERBARK VOLUMES

361 PBark thickness and diameter

The bark factor k i1s the quotient of overbark diameter
over underbark diameter :

D D = diameter over
B iR oy 2B _ ] y ov Dtk
~ D D 2B
un un | = D
DOV ‘ D = diameter under
un
\ bark

where B 1s single bark thickness.

Bark thickness tends to decrease from the bottom to the
tip of the tree but it is not possible to give a general formula
for this trend which has to be studied in each case.

k ts sometimes constant from the bottom to the tip of
the tree : bark thickness vs then proportional to Dy fand conse-
quently to Dun ) but it can also happen that, from bottom to tip,

k decreases first, then remains constant and then increases.

In general, varies between 6 and 10 % ; k varies

ov
therefore between 1.06 and 1.12.

In most cases (optical measurements on standing trees)
only one bark thickness (at reference height) is available per tree.
To see if bark thickness at the reference level varies systematically
with the referervce diameter, start by plotting data :

B = single bark thickness, at reference diameter level

|

D = reference
diameter

The cloud of points often has an S shape : bark thickness
inereases curvilinearily for small diameters and ther more slowly ;
sometimes, bark thickness is practically constant for diameters bigger
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than some value ( 8' curve), but the relationship is seldom strong.
This relationship is deseribed by formulas such as :

() B=a,+a D
B = single bark thickness

D at reference diameter

(2) B = TR, level
0 1
= D = reference diameter
1 -

3) B = a, D (ar AN o

Realize that it 18 a priori incorrvect to use such a
formula to estimate in a tree bark thickness at different heights,
knowing the diameter at these hetghts because this would give
the variables of the formula a meaning different to their definition

362 OQverbark volume - Underbark volume

over the overbark volume.

ov _
v v
P = _b _ 4 __un_ _un
v v V'
ov oV ov
v
un
(v =\, = Vi, )
4OV jun +b
Volume  Volume volume of

overbark widerbark bark

For egch volume there 18 a corresponding bark quotient. The
bark quottent related to the bole volwne is the most used.

In a given tree, the relationship between P and k depends
on the volume which s considered and on the relationship between k
and height of measurement.

To get an idea on the form of this relattonship, it seems
reasonable to suppose that the form factor iz the same underbark
and overbark, which gives :

VOV VUH
= (g = basal area)
Bov ™ 5 Bun * H
Thus :
g ¥
ST Ty WOORR . - _ 28 |
(4) A L e J
ov k ov av |
(Example : 22— =87 +k = 1.087 + P = 15.4 %)

ov
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362.2 Conversion of volume overbark into volume underbark

If overbark and underbark volumes have been measured on a
set of trees, a first method ©s to calculate two tariffs :

i
ov

f (Dov) or f (Dov’ H)

v
un

g (DO or g (DOV, HY

L)
ensuring  that Vun 78 always less than L/ because the regression

lines ean cross each other.

The following method ts more orften used :
- calculate the overbark tariff :

vov L (Dov) & Vov - (Dov' 0)

- fit a formula giving bark quotient from the tariff's entries.
In general, bark quotient is related to reference diameter
only :

| The following models
a
D

ov ov

(consequence of (1) and (4} )

-a, D

P=aoe 1 Tov

ov are often adequate.
- take the following expression for under bark tariff :

Vun:z Gl TR vov



= 2
Yoy = 8p.* 9D a a, 9
: =y =l -~a,=-=~-~| (a,+aDd).
a, a, un 2 D l)2 0 1
P=a, +—+ — .
D 1s
4 D D i (
written
v = +aD2 ! for Dov)
ov ] | i
) - D —2'
~a,D T Yy B [‘ e 3 l(ao s ol
. 4= ¢ P
32 e
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ESTIMATION OF USABLE VOLUMES

The measurements which can be done in the fileld on
standing or felled trees provide mainly gross volumes ; supple-
mentary data which ean be collected (borings to deteet hollows,
observation of apparent defects...) can only give indteations on
useful volumes. The knowledge of usablevolumes requires to carry
on observations up to the places where the wood is manufactured.

Thie ie an example of proecedure followed in tropical
high forest (ref. 17} whieh allows, provided it is carried on
completely, to convert bole gross volumes into used volumes.

41 AN EXAMPLE OF METHOD APPLIED IN TROPICAL HIGH FOREST

411 Gathering of data

The procedure 15 im two phases.

411.1 In the thventoried region, one makes qualitative
observaticns on standing trees in order to split the bole gross
volume in different fractioms corresponding each to a quality of
standing wood.

The bole of each tree is virtually divided into 3 parts
of equal length and each part receives three notes (these notes range
from 1 to & - see next page) which deseribe respectively :@ the form
of the bole, its health and the appearance of the uood. The
three notes given to each thivd of bole are pooled in one note
ranging from 1 te & aececording to the following correspondence grid -

—

Notes given to the I Notes given to the
i s | Pooled || \iird of bole BRIt
- note note
sl 8 given | E'E given
g = to the g = to the
~| B ~ | 5&~| thirdof ~ 18 @ 2~ | third of]
galh: 2 B8 sz BE A= ol ek
o] k7] [ LT =} G | PREIS
==éé===¢=EE=====£%£2============4==éé===%§§=::=x;£;%=============
I ] | i 3 1| i
1 1 2 1 3 | B
2 i | ! 2 3 0
2 1 ! 1 3 3 3
] 2 1 3 3 ]
P 2 1 2 <) ] ) |
] 2 2 2 3 ‘ 5}
2 2 - 3 3 2
I ] 3 3 3 3 ‘
1 % 3 . a 4 in the third
2 1 3 column
2 2 3 Every set with cne or
g b 1 several 4 (except omne. "
5] ] 2 4 in the third
3 2 ] column)
3 1 3 Every set with one or| ]
3 2 2 several 5 | 5
3 2 3 {




VALUE OF THE QUALIFICATIONS

cences,etc...)

Slight localised twis-—

ting

Raised bark in many
places

Qualifi- ” - 3 =0 o
cations ' £ . 4 >
1 slight bend | pronounced bend | pronounced bend fluted section
____________ +| extended buttress ribbed section
Conical shape gsziczlcfgzﬁe ¥ e . ARehTe B i {2 ribs or more)
qr + 2 or 3 flat sur-
faces
Stralght Oval section 2 or 3 flat sur- 1 extended buttress i elbow
—————— faces +] groove 2 m or —————
1 1"
1 flat surface over 3 lighe hends +2 or 3 flat surfaces i "bayonet
the whole length
FORM and _TEesetelE s i SeeReesy . I (Meeeeems [ N WeGsiSs
l slight groove | extended buttress| | groove 2 m | deep groove of
____________ +2 or 3 flat surfaces | 2 meters
) Gy 5o s e A O R S el
2 or 3 flat surfaces 2 slight grooves 2 bends (pronounced)
above the buttresses EA St =
I pronounced bend
_____________ +1 slight bend
i rib
Sound (neither | large off-shoot 2 large off-shoots | More than 2 large Visible decay at
HEALTH off~shoots nor | off-shoots foor ______
(1) covered knots). I black trace I broken branch | decayed knot
e | woodpecker hole Hollow sounding
s s stem
Irregular grain (very | Slight twisting<15°| Slight twisting <15° | Spiral grain >15°
Straight grain slight ribs in 211 | = —--=——=- + slight swelling | = —————
J Al directions) 2 or 3 swellings or Swelled surface
W PPEARANCE W RO REREE | e large healed knots .
I healed wound mark | = %7 T======TTT | ememee L e
(o thermsy, || "= L oo
Or THE ; - g : ;
Splincens, "Epinn. | 51Lgh5_fffillng various wound marks| More than 3 swellings
t " 3
Woop d'orge', wound Vg bl CRAEHE in large healed knots|
(W) marks, excres- | = o m——mee

- 16
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On an average, the bole volume is distributed amongst the
height thirds according to the fractions : 44% for the bottom third,
33% for the middle third, 23% for the upper third. With these figures,
the bole gross volume can be distributed amongst the 5 classes of
apparent quality.

411.2 Being determined from external defects visible
on standing trees, the & classes which result from the first phase
give only an approximate evaluation of wood quality. A second phase
takes place on logging companies near the inventoried region : the
qualitative observations are made on trees before felling ; after
felling, the evolution of ebleh third of log is followed :

a/ Measurement of the parts eventually left in forest before
tractor logging : stump-waste, waste due to pollarding,
waste in the central part of the bole to eliminate a big
defect, tf any.

end of buttress

15% third | 2% third | 3¢ third

/ base of

] / the crovn
1/

b/ measurement of waste left on loading area after logging.

¢/ if possible, measurement of parts left on the sawmill park
or before the embarkalion in case of export.

It ts easy to realize that these operations are difficult
and require full time employees during several months. Operation
¢/ is often impossible.
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412 Analysis of data

412.1 If only operations a/ and b/ have been done, it is
possible to estimate, for each apparent quality clase,the proportion
of volume which comes out of forest.

: SIBITI ZANAGA region (République Populaire du Congo).

Okoumé (Aucoumea klaineana) exploited for veneer in Pointe
Noire : 76 observed trees.

Apparent quality r

Total

Distribution of bole

volume of the 76 trees 42.9%

35.1%

12.92

1.7%

7.42

100%

Proportion of volume
coming out of forest

73.6%7 56.7%

10.6%

9

25.8%

Volume coming out of
forest

Standing bole gross S8

volume, all qualities
together

20

1.47

e ——

0.2%

1,92

55%

0.429£O.736

557 <8 the global merchantable coefficient @ it represents

the ratio :

volume coming out of the forest

standing volume

Suppose that qualitative observations on N trees during the
inventory of a forest give the following figures :

Apparent quality I

Total

Distribution of hole

volume of the N trees 20 %

30 %

8 7

2z

10

Z

100%

If this forest 1s to be exploited in the same purpose and in
the same way, its merchantable coefficient ean be estimated by :

(0,50 & 02860 & .0, % (0.0 X 0.258) = 5. T

412.2 If operation ¢/ is done, it is possible to share
this volume between different categories (log-export, local sawing,..
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42 ESTIMATION OF THE USABLE VOLUME BY A TARIFF

The direct procedure is : fell a sample of trees, measure
the useful volume Vu and construct a tariff Vu = f (D) or e = £ [(DH) &

This can rarely be done because the necessary sample
atze te¢ far larger than for a tariff giving the gross volume because
the variability of internal defects adds to the veriability of
tree forms.

An indirect procedure is therefore followed in practice :

(2) with a sample of trees, construect a tariff giving the
gross volume V.

{b) fell a set of trees (belonging if possible to the samplel,
measure the gross volume V and the usablg volume /8 and
caleulate for each tree the ratio @ k = 7;

(c) with these ratios, fit a model giving k in function of
tariff entries ; tn general a function of D alone is taken
ag medel,

1%__g£ggglg : k=a+ bD #+ eD? ; this parabola starts from a

point where the refevence diameter equals the minimum diameter
of a merchantable log, D = D_;,

B o dbz - 4ac - b

min 2c

For D = - %% s the pavabola reaches i1ts maximum., The des-

cending part of the curve ts not used ; it tc replaced by
the horizontal line.

dacy S B Gl e e
el

1
’
&
Vs
-
-~

N\
Ia-.q.-- —_——

o e .
D = reference diameter

=
|
X
0
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B, =B }
min
79 exgmple : k=alt-e ° )‘
“ 4
1 /’/-J,—-‘
P :
'
I
|
1
L - o
§ . 14 _ g 7 D = reference diameter
min min

{d) take for "usable volume-tariff" O H where V 13 the

function established in. {(a) and k the funetion esta-
blished in (c).



BEANBUWA Lalo= DAL -
KENDALL D.
STEFANOV I.

BOUCHON J. - 1974 -

CAILLIEZ F. - 1979 -
BLANC N.

DRAPER N.R. - 1966 -
SMITH H.

FREESE F. = 1964 =
HUSCH B. = el =
HILLER C.I.

BEERS T.W.

EANWY « P, = L9/ =
LETOUZEY R. - 1969 -

= 96/

SHORT BIBLIOGRAPHY OF PART I

Spline transformations : three new diagnostic aids
for the statistical data-analyst -
Journal of the Royal Statistieal Soctety Vol.33 pI-71.

Les Tarifs de Cubage - Ecole Nationale du Génie
Rural des Faux et Foréts -~ 18, avenue du Maine -
75732 PARIS CEDEX 15 (French text only)

Very full study of the subject with a rich biblio-
graphy -~ Few references to the tropics,

Description du programme de calcul de tarifs de
cubage d'arbres - Note n° 17 - Centre Technique
Forestier Tropical — 45Bis, avenue de la Belle
Gabrielle - 84130 NOGENT SUR MARNE France

Internal document which can be sent free of charge
on request = French text only - Detailed description
of a program used by CTFT. Mathematical account of
the subject - Listings FORTRAN and user guide -
Example.

Applied Regression Analysis - Edit. J. WILEY"
Full mathematical statement of high level.
Linear Regression Methods for Forest Research -

USDA Forest Service Research Paper — FLP17

Short and clear manual on regression technique.

Forest Mensuration - The Ronald Press Co., NEW-YORK

Textbook of dendrometry containing 4 chapters on
Forest inventory.

Manual of forest inventory = FAQO - ROME
English and French versions.

Mainly devoted to inventory of heterogeneous
tropical forests, useful book for the dendrometry
of these forests.

Manuel de Botanique Forestiére - Afrique Tropicale-
3 fascicules. Centre Technique Forestier Tropical -
45Bis, avenue de la Belle Gabrielle - 94130 NOGENT
SUR MARNE France.

Fascicule 1 contains a full deseription (in quali-
tative terms) of the morphology of trees.
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Feregt Invenitery - Woll, 1

Forest Inventory ~ Vol. 2 - BLV Varlagsgesellschaft -
Miinchen — Bern ~ Wien

Though mainly devoted to forest inventory, these
two very complete books contain very important
developments on dendrometry problems - Numerous
references to the tropics.

Dasometria - Escuela Superior de Ingeniercs de
Montes -~ Madrid (In spanish)

Numerous geometric studies, but no reference to
the tropics and no bibliography.

On the geometry of the Cross-Section of a Stem -
Meddelanden Frin - Statens Skogsforskninginstitut
Band 46 - NR 11

Paper on the mathematical study of stem secktions -
Practical comnsequences.

Dendrométrie - Fgole Nationale des Eaux et Foréts -
14, rue Girardet — 54032 WANCY - France (French
text only)

Though rather old, very useful and practical text—
book - Easy to read - Few references to the tropics.
Holzmesslehre - J.D. Sauerlinder's Verlag -
Frankfurt am Main (in german)

Very full book on dendrometry, tariff construction
and increment estimation - Numerous bibliographical
references.

Forest Biometrics - Pergamon Press (Translation of
Forstiiche Biometrie -- 1961).

Illustration on forestry problems of numerous
statistical techniques — Many numerical explanations

Statistical Methods (Sixth edition)
(English and French versions)

Reference manual -~ No special reference to forestry.
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Besides the manuals on dendrometry cited above, can be mentionned :

IUFRO, Section 25 - 1969 - Proceedings of the
Reinbek meeting by the working group "Mensurational
problems in tropical forest inventory"

Mitt. Bundesforsch. anst. f. Forst - und Holsw.
Komm, verl. Max Wiedebusch, HAMBURG.

A record of the discussions held and background
papers submitted at this meeting which focused
principally on quality appraisal and recovery studies.

Centre Technique Forestier Tropical - Revue Bois
et Foréts des Tropiques - n® 129 - 1970

"Estimation des volumes commercialisablies dans lés
inventaires forestiers tropicaux par sondages" -
LANLY J.P. - LEPITRE C. -

C.F.I. - University of Oxford - Department of
Forestry - 1977

Appendices to "A manual on species and provenances
research with particular reference to the tropics" -
Tropical Forestry Papers n® 10 A.
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