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FOREWORD

The Forestry Department (formerly Forestry and Forest Products Division) of the Food
and Agriculture Organization of the United Nations has been involved since this
Organization's inception in the definition and implementation of forest resource evalustion
programmes, at all levels, from world and regional forest appraisals to local management
inventories. It has performed a number of forest resource surveys in many countries of
the world, has carried out a series of world and regiomal studies — such as the World
Forest Imventory mnd the regional timber trends and prospects studies — and has produced
a few publications on the methodology side such as "Planning a Forest Inventory" by
Dr. B. Husch, &nd the '"Mamual for forest inventory operations executed by FAC" (1967).

To take the experience gained by FAO in the last few years into account and to fulfil
in this field FAC's role concerning dissemination of knowledge, Mr. J.P. Lanly, Forest
Resource Surveys Officer, was asked to write a new mamual of forest inventory. This mamual
is intended to be of use mainly to professionals dealing with the evaluation and management
of mixed tropical foreests, since it is restricted to inventory methods and praciices which
have been found feasible in these areas.

At the beginning of 1972 about thirty epecialists all over the world were asked to
give their comments on & draft of the outline and of the main contents. Most of their
auggestions have been taken into consideration. They must all be thanked here, with a
particular mention of Dr. P.G. de Vries from Wageningen University in the Netherlands who
made the moet substantial proposals. The sections of Chapter V devoted to memsurement
and volume estimation techniquea formed the basis of lectures delivered by Mr. J.P. Lanly
at the training course on forest inventory organized in August and September 1973 by the
Royal College of Forestry in Stockholm in cooperation with FAQO, and include information
on recevery studies and wccessibility problems, two topics which need to be given more
conpideration in future inventory work. The section on accessibility problems was reviewed
by Prof. U. Sundberg, Chief of the Forest Logging and Transport Hranch of the Forest
Resources Division, and Chapter VI on data recording mnd processing was drafted by
Dr. H.E. Marsch of the Forest Management Branch. Thanks are due also to Messra. R. Bolton,
J.W. Bastwood, J. Jackeon and D.A. Harcharik for their contribution to the editing of the
English version and to Mrs. R.S5. Borelli for her gecretarial help.

R.G. Fontaine
Director
Foreat Resources Division
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CHAPTFR 1

INTRODUCTION

1 Historical background

During the period 11=22 September 1967, a meeting of forest inventory experts
attached to U!DPVSF projecta was held at FAQO Headquarters in Rome 11). The purpose of
this pesting was the improvement of FAO's inventory operations with the following four
main objeotives in view:

1i In the light of experience, to clarify the basic forest resource information
needed for potential forest industiry investors and to use thie knowledge in
guiding present and future projects,

#}  To achieve greater uniformity and standardization in the form of inventory
results being obtained, while still leaving latitude for specialized information
that might be required to meet local conditions. This would facilitate the
comparing and combining of the rescurce data obtained on different inventories.

1) To improve the efficiency of inventory operations B¢ that better and more
reliable forest resource information can be obtained at lower cost.

4) To intensify the cooperation and collaboration betwsen forest inventory
specialistis and the users of inventory results so that more pertinent imventory
information can be obtained.

A a result of this meeting, a recommendation was made that the prement manual be
prepared to asaist inventory experts in the planning and execution of project inventory
work.

The first edition of the Manual was prepared by B. Husch, the former Chief of the
Foresat Hesourcesa Survey Section of the FAQ Forestiry Departiment, and incorporated the
racommendations of the meetinge.

In that first edition it was stated that "a manual of this type should be a working
document subject to periodic modification or revision to incorporate improvements which
will become evident in the course of ite use', A reviesion of the manual was undertaken
during 1972. A gquestionnaire wes sent to a number of inventory speoialists, together
with a general outline and the main contents of the proposed revision, asking for review
and suggestions. Most of them replied and gave us many valuable suggestions regarding
ioformation to be inoluded in the new edition. The main emphasis was on the definition of
the purposes of the inventory, the soccuracy of the measurements and date processing
procedures, We wieh to thank them here for their kind collaboration, without which this
elition would have omitted certain important items and ite preparation would have been
much more difficult.

——

(1) A report of thie meeting is given in document FO:SF/7, IM 17 dated 9 Cctober 1967
and entitled "Heport of the Headquarters Meeting of Forest Inventory Expertm on
UFDP/SF Projects.



24 Main features of this new edition

a) Thip document is & marual. Its purpose is not to be & comprehensive texthook
on forest inventory but to list and describe brisfly the main tools whioch are used in this
important fleld of forest sctivity and to give advlice cn their use. It does not eeek to
provide detsiled practical inmstructions for uwee by technicians and workers, as
sach inventcry has ite own requirementis in this respeoct and nesds its own special
instructions.

Thie manual obviously cannot suffice for all purposes and 8 number of questions
remsin unanswered. The information given should be supplemented by information taken
from other aources such as statistical and foresiry textbooks and periodicals, inveatory
reports as well as from individual research and reasoning. Esch luventory operation, with
ite own purposes and requirements, must have its own specifications. One cannot imagine
a pingle book which provides an answer for all cases.

b) The menual, in the first edition, was entitled "Manual for forest inventory
operations axecuted by FAO". It cannot be claimed, however, that inventoriee executed by
FAQ are any different from those executed by public agenocies or private firms, and this
manual takes into aocount some forest inventory techniques used by epecialista ocutside FAO.
Moreover, one has to conmider the role that FAC plays in training and dissemination of
information; this manual may be of use not only within the framework of FAC inventory
operations but elso in many developing countries where there ie & lack of relevant
expertise. For these reasonsg, reference to FAQO lnventory operations has been suppressed
in the new title.

c) Inventories carriad out by FAC or developing countries are most often in
tropical regions. Although this manual deals with foreat inventory in general, most
consideration is given to inventories of broadleaved tropical forests. Thess are of
special interest for most of the developing countries with forest areas. 4As they are cof
leega use for tropical foresta mome interesting technigques used in temperate tones, such
a8 photogrammetric measurements, photo volume tables snd point sampling methodsa, are only
briefly described. However, these techniques may assume increasing imporiance for
plantations and homogeneous natural stands in many develcping couniries.

d) Almoet all forest inventories in developing countries are carried out for the
evaluation of wood resourcea with emphasis on estimation of gross volumaes, quality
asmogexent and utilization studiee. However one must not forget that there may be other
data to collect and other parameters to estimats aoccording to the purpcses of the inventory.
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CHAPTER II

FURPOGE AND PLANNING OF A FOREST INVENTORY

The main components of a forest inveniory and the programming depend upon the aims
of the operation,. Purposa and planning are closely related; purpose must be clearly
defined and planning designed to achieve that purpose. For this reason they are put
together in this chapter. Further commente regarding these matters will be found in
"Plann%ng a Foreast Inventory", by B. Husch {FAQ Forestry and Forest Products Studies
Noe 17).

1 Purpoge of the inventory

1 Introduction

It is very important to define clearly the various objectives of the proposed
inventory. The relative importance of each must be considered, in order to design and
implement an operation which best solves the problem. Aoccount must also be teken of the
unavoidable conastrainte arnd limitatione euch as available time and funds and ability of
thﬂ B'ta-ff.

A usual criticism made to the people responsible for designing and executing
inventory operations is that they undertake such work without 2 clear ides of the
objectives to be met and thus provide forestiry officers, economiats, loggers and
industrialists with inadequate or even useless informatio:n.

Sometimes a thorough study of the problem may indicate that imventory will not
provide the correct anawer. A cost benefit analysis may alsoc conclude that a forest
inventory ie not the most efficient tool for providing the information required dus to
existing constraints and limitations. Compilation of information already available,
comparison with other similar stands already invenicried and use of research reesvlis, may
maet the required degree of precision at less expense.

There may be, at the same time and in the same country, B need for different kinds
of inventory, for instance inventory at a couniry-wide level ("national forest inventory™),
inventories of big units of forest area (for instance 100,000 ha of forest) or ioventories
of stands for the preparation of working plans. But, as an exampla, it cannot be
expected that information obiained from a national forest inventory will be adequate to
form the basis of a detailed local mansgement plane This has to be pointed out to the
decision-makers who sometimes belleve that a single type of forest inventory will provide
them with all the information they need at different levels. Generally, for lack of
resources, priority has to be given ito that type of inventory which will solve the more
urgent problemse.

Sometimes a careful study may demonstrate that the most use¥ul operation to be
carried out ia a combination of partisl inventories at the various levels. Recently a
request to UNDP/SF for a national forest inventory wes converted into & combination of the
following operations:

- reconnaissance by photointerpretation and some field plote of the forested area
of the country, for an estimation of the areas covered by each vegetation and

foreat type;



— vegetation mapping of a selection of forest reserves, with complemeniary field
plots for rough emtimation of the growing stock of each fdérest type;

~ intensive inventory, with vegetation mapping, of the most valuable forest{ arwea.
This example shows that a forest inventory programme may include different types of

inventory in order to meest different objectives.

12 Definition of the objectives

121 The objectives must be defined jointly by the people who will make use of
the inventory results (e.g. decision-makers, forest managers) and by the
inventory specialist, not by the latter alone. The inventory specieliat ahould design
an inventory which will provide the users with the information they need in a suitable
form and with the required precision. This cooperation with the potential users is
necsssary from the time that the inventory is prepared until the delivery of the final
results,

Regarding this ccoperation two difficulties may be encountered: .

a) I certain cases the inventory specialist has to prepars the inventory at a
time when the users are either not present or do not have & clear and definitive
idea of the information needed. For instance, in a forestry development
project, management, logging and economice advisers may arrive only after the
inventory has startied or has even been completed, because they cannot function
effectively until the information provided by the inventory ie available.
Usually they do not participate in the preparation of the inventory, and this may
explain why the information given by the inventory is inadeguate in some cases.
Pogsibilities of avoiding this drawback are to eeek advice from the greatest
possible number of eventual users, to compare with other similar inventories
already completed and if necessary to request consultancies from forest
management, logging, or foreslt economice specialiets at the time when the
inventory is being designed.

b) Another difficulty comes from the evolution of the purpose of the inventory.
The aims defined during the preparation of the inventory may change during the
courae of the operation. This occurs, for instance, when the unit size of the
blocks, for which the results are to be provided with a given precision, changes.
Thie is also true for long programmes of forest inventory at a national level.
There is no general course of action to overcome this difficulty; the only
observation toc be made is that the more flexible the initial design, the sasier
the iransformation thereof. Moreover, every effort should be made to foresee
some of these eventual modifications when designing the inventory.

122 Priority of objectives. Not all the objasctives have the same importance.
ome are very fundamental and can in themselves justify the whole inventory.
The correaponding information has to be given in the required form or the operation will
fail. The degree of precision of the information provided ie also a most important
requirement. On the other hand, it may be acceptable to fulfill a secondary objective
only approximately (for instance, by accepting a lower precision in the correaponding
information).

The priority of the objectives to be met has to be clearly aspessed before designing
an inventory. For instance, if the estimation of the area of a forest is more important
than the estimation of its volume, the inventory design will mirengthen the work of
interpretation of remote sensing imagery and mapping and give less importance to tree
measurementa on imagery or in the field. Likewise, priority can be asseseed among the



zones or the blocke of the region inventoried. As far as volume estimation is concerned,
species do not have the same economic value, so the inventory will be designed in order
to provide the resultas with a specific precision for the most important species:

volumes of individual seccndary species may be eatimated less precisely, especially if
they have a very low stocking density and are unevenly distributed.

123  Additional requiremsnts. Forest inventories generally include & substantial
amount of field work, which implies high expenditure and more or less

difficult logistice. In particular the ratio:cost of accessibility to the mampling
plota/cgst of data recording is sometimes very high. The additional coet incurred by
meaBuring and recording other parameters, not directly related to the purpose of the
inventory, may prove insignificant. Under such conditions it may be desirable to take
the opportunity offered by the inventory logistice to collect data of value to specialists
not concerned with the primary purpose of the inventory (soil scientists, dendrologists,
nytoo cislogiets, etcs ). This ie a&ll the mora justified as a forest inventory often
provides the most objective and exhaustive way of penetrating unknown and remote areas..

There is no general answer to this question, and each inventory operation is a
special case., Many things have to be considered, among which we can quote (&) the cost
of the collection of these additional data, mnd (b) the qualifications and training of
the field staff for this additional work and the corresponding reliability and precision
of the data ccllected.

Bren if not explicitly required for the purpose of the Inventory, some data have to
be systematically collected, because they are known to bu useful in any case. In
tropical forest inventories these data arve:

—~ logging parameters, i.e. slopes, soil bearing capacity, terrain obstacles,
undergrowth, occurrence of swampy areas, etc.;

=~ complete emumeration of trees by epecies and diameter classes above a given
minimum diameter (say 10 cm) in a sub—sample of the sampling plois, if only
certain commercial species are to be imventoried in the main sample;

~ enumeration of seedlings, saplings and poles of the most important species
in a sub—sample of the sampling plotas, for further regeneration and
management studies.

Other data, although not of direct relevance to the purpose of a forest inventory,
can easily be recorded either in the office (such as climatic data) or in the field (euch
a8 seed collection aspects for individual species, degree of dominance of the crowns, dates
and periodicity of seed crops, stc.).

In any case the attitude of the inventory officer, when he is faced with requesis
concerning additional data, should be positive. Probably the most advantageous soluiion
is to ask the respective specialiste and researchers or some ¢f their trained staff to
use the inventory infrastructure and join the inventory staff in order to collect their
own data. This solution would also be the moat efficient as the data collected would be
more relimble and the cost of the infrastructure shared between the iwo parties.

124 Most impoviant specifications for the purpose of e forest
inventory

i) FErmct limits and size of the area to be inventoried (the existence of
good recent topographic and land-use maps and/or remote sensing imagery
will facilitate decisions at this stage);




ii) Divielons t¢ be made within the ares: this question is important as the

iii)

iv)

intensity of the imventory depends on the size of the ultimate forest sub—
divieion for which results are requested with a specific precision

(these classifications exclude the stratification{s) performed to improve
the precision of the results for the above units); +these claassificatione
may ba:

~ based on bioclimatic relationships (as for instance land capability
classification);

= related to existing land-use and vegetation;
-~ related to foresrt management criteria such as:

ownership and termure

administration

physiography and accessibility

protection {watershed catchment area)

other managemsnt critera, e.g. logging compartmants

= combination of two or rseveral of the sbove classificationss

Nature of the information required: Information may be picterial (maps,
momaics, graphs and charts, etc.) descriptive (qualitative description
of the forest types, for instances, or quantitative.

Regarding pictorial information some characterietics have to be defined
puch as scale and resolution (what the dimenzions of the emallest patch
of forest type to be ghown on the map will bej. Thie last characteristic
pertains also to the precisien of the required information.

As for guantitative results one may conrider the following questions:

-~ do they correspond to a static and/or dynamic appraisal 7 {i.e. at the
time of the inventory only, or also concerning thas evolution of the forest);

~ are they means per unit area, a.g. per hectare (or, for some stands, per
tree} or totals 7

- are the final rerults areas, numbers of trees, volumes, weighte (for
instance, in forest inventories for pulp production}, prices (taking
into account the unit prices of the products) ?

Presentation of the information required: Once the type of information to
be provided is know, as well as the desired precision, the method of eventual
pregentation of the reaulta can be decided. The format of the final

tables, for inetance, will be drafted and shown to the users in order to get
their agreement. This must be considered as an important item because
clarity and reduction of the "access time" to the results are two important
qualities of an imventory reporte Horeover a dialogue between the users
and the makers of the inventory at this stage, regarding the eventual
presentation of the results, sometimes facilitates a clearer definition

of the objectives by the users.

A met of table outlines for gquaniitative results concerning aress and volumes,
considered as the basic minimum information io be presented by all FAO forest
inventories, was designed during the meeting of forest inventory experts
attached io UNDP/SF projects held in 1967 in Home. The purpcse of this
exercise was to harmonize the presentation of the results of FAQ operations
(and thus facilitate in particular the periodic assessment of forest resources
at national, regional or world-wide levels). Thewe tables are presented in
Chapter 6 of this Mamal which deals with data recording and processing
problems in forest inventory.
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Complets standardization of the tables of results given by all foreat
inventories is probably not foreseeable in the near future. However, it
would help considerably if the table cutlines in Chapter 6 could be used
as far as possible, with additional tables produced whenever nece:.._ar,,

v) Precision of the information required: the precision of the resulte
corresponding to the most important parameters must be determined prior to
the inventory. For some other parameters, the precision required may not
be determined exactly, but mumt not exceed a certain order of magnituds.
Regarding prescision, three important considerations have to be taken inic
account:

a) the total error of a sampling estimate has two componsnts:

- one is the sampling error calculated from the values measured in ihe
sampling unite, which ie related to "precigion" in its statistically
restiricted sense;

~ the second is the blias which may originate either from the sampling
procedure, from the estimation procedure or from the measurement
errors (for analysis of bias in sampling, see paragraph 24 of 1
Chapter 3). Sometimes the bias may far exceed the sampling errord/
which ig, often and wrongly, the only one taken into account. When
we speak about precision of an estimate in general, we must refer to
the total error and mot only to the sampling error. One must iry
to estimate the total error using in particular objective checking
procedures, ani must design the inventory to ensure that this total
error is no more than the admissible error. This point is cne of
the moat tricky problems and, unfortunately, one of the least studied
in textbocks and inventory reporis,

B) Reguired precision in all sampling designe must be given at a certain
probability level. The meaning and the choice of a probability level is
not alwaye well oonceived by the potential users of inventory results,
although this has a considerable impact on the intensity of the inventory
work. Whemever necessary, this point will have to be well clarified
before designing the invantory.

¢) Required precision must be referred to a_given population, which may be
the whole area inventoried or only subdivisions of it {adminigtrative
units, vegetation types, compariments, watershed catchmente, loggirg
blocks). The mean size of these divieions greatly influences the
intensity of the inventory work.

It is desirable that each figure bs given at least with its corresponding
pampling error. Precimion for many sscondary results is frequently not
estimated in order to reduce the cost of data processing. However,
precision of oertain flgures may be very low, dus to the high variability
of the corresponding parameter, It is necessary to point ocut the
expected low precision of these figures or to omit them altogsther (for
instance if the result is related to the volume of a species of very rare
occurrence, it may be combined with the corresponding figure for oiher
species s0 that ths combined figure ie Teasonaly precise).

1/ Bepecially in complete (100% sample) inventories in which, by definition,
sampling error is zero.
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P Outline for preparing inventory plans

The following outline is presented as an example of a formet which can be used in
preparing plans for a forest inventory. This example ie given with the knowledge that
there is no single outline which should be used at all times, since the outline will
necesgarily vary to fit the inventory under consideration. The important point is that
a written plan should be prepared and all the topice shown below should be considered.
Items mentioned in the previous sub-chapter are summarized under the heading "Purpose
of the inventory". 3

I. Purpose of the inventory

a) General definition of the objectives in collaboration with the potential
users of the results of the inventory.

) Priority of objectivess

c) Additional requirements (to be discussed with interested specialists:
soil scientists, ecologists, botanists, stc.).

d)  Detailed specifications of the objectives:
-~ exact limits and size of the area to be inventoried
= divisions to be made within the area

- nature of the information reguired

presentation of the information required

1

precision of the information required

II. General information

a) Authority reaponsible for the inveniory and other agencies collaborating.

b) Available information and data on the area to be inventoried from past
gurveys, reports, maps or ramote sensing imagery on:
— general demcription of forest
— variability of parameters t{o be measured
- condition of terrain, aocessibility, transport facilities

¢ Resources available for carrying out the inventory.

I11. Iaventory design

n) Qutline of inventory design t0 be used.
b) General description of the various phases.

i) aerisl surveys, interpretation of remote sensing imagery
1i) meapping and area estimation procedures
iii) complete tally or sampling methode for recording of forest characteristics
iv) relationships to be used for expressing estimated quantitative data of
stands, e.g. volume tables
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IV. Measurement procedures

Description of design for both office and field work; in particular, eize, shaps,
number and distribution of sampling units t0 meet required precision.

Procedures of interpretation of remote sensing imagery:
ii) staffing eand description of duties;

iii) instruments;
iv) forms and recording of observations

ii detailed instructione on all techniques;

Field organization:

i) crew organization and description of duties;
ii transportation procedures and directives;
iii camping instructions;

iv) provieiona for logistical support

Field procedures including detailed procedures on:

i sampling unit location;
ii) esteblishment of sampling unit;

iii) measurements on sample unit;

iv inetruments and directives for use;

vg tree and other plot measurements;

vi other field measurements such as growth, insect damage, mortality, soil
and topographic conditions, seed collection aspects and information
on non—productive roles of the forests;

vii) design of forms and recording of observations

V. Compilation procedures

Detmiled instructions on proceseing of data from imegery interpretation
and field measurements:

i; formulae for estimates of means totals and their sampling errors;

ii) relationshipe to be used for comverting imagery or field measureaments
to desired expressions of quantity; e.g. photo-volume tables,
individual tree volume tables, etc.

Calculation and compilation methods:

ig description of procedure, e.g. desk calculation, electronic computers, etc.y
ii) detailed description of all phases of calculation from raw data on

original forme to final results (for electronic computation, description

of inputs, programmes, and cutputs}.

VI. Final Report

Outline (note that the inventory plan, with some modifications, can serve
es a basia for the final reporzg.

Batimated time for preparation.

Responmibilities for preparation.

Method of reproduction.

Number of copiea

Distribution.
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CHAPTER III

BASIC SAMPLING TECENIQUES
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CHAPTER IIl

BASIC SAMPLING TECHNIQUES

. Introduction

11  Sampling in forest inventory

111 Sampling is & necessary technique used in most forest inventories for
economic reasons. Populations to be inventoried, e.g. population of
foreat plot unite, or population of trees for the asgessment of volume izbles or of defect,
or for the estimation of mensuraiion parameters in plantatione, are usually too large to
be fully enumerated.

Several sampling procedures may be used in the same forest inventory in different
parts of the operation. Their main, but pot exclusive,use is for the estimation of the
forest areas and of the mensuration parameters. In speaking about the sampling design
of a forest inventory one generally refers to the disposition of the field samples.

Although other statistical techniques may be used in a foreet inventory, an example
of which is multivariable analysis — regression -~ for assessment of volume tables, this
Manual will deal only with sampling technigques. Information on these other relevent
statistical techniques will be found in statistical textbooks, some of which are listed

in the bibliography.

112  Objectivity in sampling. Sampling must be objective in order not to
introduce a subjective bias in the sampling estimates. A forest

inventory using subjectively selected plots (for instance by selection based on the
"experience" and a knowlesdge of the forest area of the designer) cannot give valid
sgtimates as it is imposeible to know the importance and the sign of bise and to determine
the sampling error of them. Objectivity is not synonymous with unbiased estimates of
the parameters. One can deliberately use a biased estimation provided that the bias is
lower than a given limit. "Ratio estimation" i8 a biased type of estimation which proves
very useful in many cases.

Nor is objectivity synonymous with randomness. Many systematic designs are
objective and also give unbiased estimates, although in most cases a systematic layout
cannot be asgimilated to a random device. The only trouble with samples of this type is
that their non=randomness prevents the ueser from applying the etatistical sampling theory
and getting unbiased estimates of the sampling errors.

113  Selection of the sampling design, Theoretically the most efficient
sampling design is the one which provides the most precise estimates

for a given oost, or which costs the least for a given precision of the estimates. Under
the term "precision” one must consider not only sampling errore but aleo constant and
variable biases (ses paragraph 24 of this chapter), The evaluation of cost should also
be the most comprehensive onee In many cases it is very difficult to perform a complete
and precise study of efficiency and to find out the most efficient sampling design.
Approximative calculations taking into account only sampling errors and basic cost figures
point out the best sampling design according to this simplified procedure.

Put the gelection of the sampling design must not rely only on this partial
calculation based on the sampling theory and available cost figures. The incidence of
the measurement arrors, which generally cannot be entered in the efficiency calculation,
must be reduced to a minimum. This means that the tasks in which junior staff are
inmvolved - especially field work - must be easy and simple, as must be their conirel,
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These requirements are very important and muet be kept in mind when selecting the sampling
designs(s) of the inventory. All possible measures must be taken to improve the reliability
of the data, even if this leads to a slight increase of the sampling error and/or

total coats. y

114  Relative importance of the sampling technigues in forest inventory.
The last paragraph shows that the sampling methodology hae to be

coneidered together with practical matters in order to make the inventory results precise
and reliable,

Furthermore, photointerpretation and forest mensuration techniques which are not -
or only partly - related to the sampling theory are fundamental in forest inventory, for
ingtance forest classification, estimation of volumee of standing trees, defect aseesement,
etce Thus sampling technigues can be considered as only one among other tools of forest
inventory, and their importance must not be overeatimated. Forestry officers involved in
inventory work must have a basic knowledge in this field - and that is why one compleate
chapter in this Manual is devoted to sampling techniques. Reliability and validity of
the inventory results are not only a question of sampling procedure; forest inventories
using sophisticated sampling designs may give unreliable and useless results while simple
sampling designs mey be a characteristic of good and effective foresi inventory operations.

12 Outline of the chapter

The first priority ie to define the most useful siatistical concepts and describe
how they have to be used in the field of forest sampling. Then the basic mathematical
and statiatical techniques will be given which are commonly used in sampling designs, such
a8 normal distribution hypothesis, variance of compound values, ratioc astimation and
optimization of a design. Finally some of the most common classical sampling deaigns used
in forest inventory will be presented with the corresponding formulas for the estimation
of the mean value of a given parameter per unit and ite sampling error.

2 T ey

21 Population

A population ie an aggregate of units (or elements) of the same naturs, the
definition of which has to be clearly expressed. For instance, a forest is considered
as the aggregate of a finite number of contiguous plots of equal or unequal size, or ae
the aggregate of all the living trees within the forest (this definition being useful in
the inventory of planzations}; a mapped zone ie considered as the aggregate of an infinite
number of pointe, when sampling by dot counts is used for estimating its area.

It is important to consider the two following points:

~ the population may heve & finite or infinite number of units and in both cases
the definition of & unit of the population must be sufficiently precise to know
without ambiguity if a given unit belongs or not to the population;

= the unite are of the same nature but are not necessarily the same size: for
instance each unit may be a forest compartment, the whole population being =
large forested area; one unit may aleo be a variable part (or subplot) of a
plot arem, if the plot areas are dietributed in a partially forested area
{in thie latter case, the population is the forested part of the area).

(1) The term parameter will be used in the manual to indicate any variate of
a sampled population which is to be estimated by the sampling procedure.
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The following remarks can be made regarding the concept of populations

(1)

(i)

(iii)

(iv)

The term "population" has a statistical meaning which is more definite than
in the common language. For instance, there is only one population of
Itmlian people living in Italy; Dbut it is useful in demographic studies of
this population, to define various statistical populations which have the
same overall size, but the units of which have not the pame attributes: the
umt of one of these statistical populations may be the family, another
atatistical population could be made up of groups of people living in a
specific building, etc.

Sometimes the term population is referred to the aggregate of the values of
one of the parameters to be estimated by the inventory over all the units
and not to the aggregate of the unite themselves; we think that, unless
otherwise specified, population must be understood in the sense of aggregate
of the units as sampling is done among the unite themselves and not among
the values of the parameter.

It may happen that the aggregaie of all the units cannot correspond to the
whole population. For instance, if the units are circular plote, there is
ne way of aggregating them in order to form the whole population. Although
the use of circular plots is common, this problem does not seem to have been
dealt with. For small sampling intensities and a relatively small size of
the plots, this problem can be considered of minor importance and formulas
will be used as if there were a poseible aggregation of the units.

The population to be sampled muet be clearly defined, before any sampling
procedure ie designed. For instance, if it is an area, the limits of the
ares must be known. Two considerations are related to this statement:

(a) Sampling theory does not provide any way to estimate a parameter over
a population if one has obimined an estimate of the same parameter by
sampling only in a part of the population, or in a different population.

(b) A dietinction must be made beiwsen the "overall population" and the

"population of reference®, Let us take an exampla to clarify thias
pointe Being given a high fropical forest of 100 000 ha which ie the
Moverall population™ to be inventoried, one may expect a precige
estimate of the mean parameters per area unit for thia whole population
or for subdivisions of it ("blocks", "compartments", "management units",
etc,) which we will call "populations of reference”, Thus there will
be various inventory options for the same "overall population" and for
the same precision on a given parameter, according to whether this
knowledge i8 requeamted over the whole population or over sub~divisions
of it ("population of reference")s The definition of the "population
of reference" is of course the one which ie important from a siatistical
point of view. This remark points out the need fo state clearly at
which level are the results requested in a forest inveniory. Sometimes
decision makers ask for the survey of a given forest area without
defining the mize of the reference unit aress for which they need a
precise estimate of the important parsmeters. They have to define it,
because the range of the sampling intensities of the forest inventory
im wide, from light intensity inventories if they are interested in an
overall knowledge, to very high intensities if the useful sub-divieions
ars very small.




22 Distribution

221  Different kinds of values of parameters in one unit of a population

A given parameter has one value in each unit of a population. Por instance, let
ue assume that the parameter is the '"number of stems of Shorea zlbida of more than 10 cm
refsrence diameter per hectare", that the population is a forest area, the units of yhich
are 0,1 ha plots. If in one unit there are two Shorea albida with a reference diamnter
of more than 10 cm, the corresponding value of the parameter for this unit is 20. This
parameter has dimcrete values, because the corresponding items {stems) are not divisible.

If, in this population, we consider the paramefer ''gross volume of the bolea of
Shorea albida with a reference diameter more than 10 cm per hectare” - the volume of a
tree being related to its reference diameter and height through a volume tables - the
values of this parameter corresponding to the various units will be continuous, because thi
values which can be taken by the parameter are close to one another according to the many
possible combinations of numbers of trees in a plot with various possible reference
diameters and heights.

The value in a uanit of the first parameter is determined through a count while that
of the gecond is obtained from a count and meagurements of specific characteristice of the
trees which are used to estimate volumes through a regression equation (volume table).

Very often a parameter of a population is estimated by assigning each sempling unit
to a given class. Let ue suppose we want to estimate from a certain number of photo-
interpretation plots of equal size the proportion (in mrea) of a given forest type within
s foresi area (population). To each plot we will assign a variable, the value of which
for the plot ie:

0 if the plot is not, or only for a minor part, in the forest type;
1 if the plot is entirely, or for a major part, in the forest type.

The mean value of this variable over all the sampling plots (which will be a
positive valus batween O and 1) is an estimate of the proportion in area of this forest
type within the whole forested area.

If we consider all the forest types of this forest area, it is easy to verify that
the sum of the related estimated proportions ia egual to 1 {and that the variance of this
sum is equal to O, which is an expected result as, whatever the sample, the sum of these
estimated means is constant and equal to 1),

Most of the following considerations in this chapter apply egually to sampling for
estimation of parameters resulting from measurement, count or assignments The way of
ocalculating the variance is the same for continuous parameters and variates {0,1) but the
resulting formulae are different, for they can be simplified in the case of the variables
(0,1) used for estimation of propertions.

222 Distribution of the values of a parameter over & whole population

The value of the parameter to estimate in all the units of the population are
diptributed in a nertain way. Let us assune the parameter can take only discrete values
in each unit of the pepuletion, e.g. when it is the number of steme of a given species.
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If we coneider all the units of the population, we can represent the population by a chart
of points (fig. 1) the ocoordinates of which are:

= on the x~uxis the number of stems of thia species in one unit;
= on the y-axis the number of unite of the population having a given
number of stems of this mpecies (or frequency)

number £ number A

of units ) of unite
1 ]
218” == =

-
16 &—— ’
" Tﬁ'\ Bl

Bty P~ e

2 o 1
number number
of stems of atems
per unit per unit
Fig. 1
Very often such a graph is presented in the form of a histogram: for each discrete

value of the parameter there will be a rectangle based on the corresponding ordinate, the
height of which is given by the frequency related to this ordinate.

In the case of m continuous parameter, we can gather the information by olassmes of
paramster value, In this case we will aleo get a histogram; the smaller the classes, the
narrower and more numerous will be the rectangles.

We can imagine that if the width of the classes (and of the corresponding
rectanglen) decreases, the representative points will be olomer to each other and their
y-ordinates will also decrease. The distribution oan then be representied by a curve
which joins the points (distribution curve).

One distribution for continuous variables i very wseful in sampling techniques,
It is the pormal distribution with & curve symmetrical in relation to the arxis of
x-ordinate equai to0 the mean value of the parameter, We will see that if the estimates
of the values of a mean obtained from all samples of the same type are distributed
"normally" around the expsoted value of this mean, it is possible to give the sampling
error of thim estimate at a given probability level.
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223 Characteristics of central value and _‘di‘lg‘ersion of the diatribution

Two characteristics of the distribution of the waluesm of a parameter over a whole
populsation are of particular interest for its estimation. They are (assuming the
population ie finite):

a) the mean value of the parameter per unit. ISv

x is the parameter
th .
x; ite value in the 1™ unit

¥  the total number of unite in the population

the mean X of the parameter par unit will be equal to:

N
i%‘i

X =

>l

We oan also write » Zi'pi}:i. = K1)

where p; - is the probability for the parameter x to be equal to Xy 0 the

amz being extended to all the posuble values X . of the unite of the

'whole population;

X is mlso oalled the expected value of the parameter x in the population
which im written B(x);

the total of the paremster over the whole population is the sun of the values

of the parameter for all the units:

5. éﬁi S
b) the variance of the valus of the g!.rnmater in a given unit is

0.2 z(x—)?

X

This characteristic ia a messure oy thas disperuion of the valueas of the
parsmeter around the mean value of the parameter.

2 Sl 2
We can write also: Ux L] z Py - (x; s = X) -Z pi"[;i' - E(I)7
7 e

(pi-., Xy - and %. having the same meaning as above)

batween the values of the pe population and th sndinurittem
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The square root of the variance is the standard deviation  which ise

The standard devimiion is not a pure number and depends on the system of
measuring units.

The ooeffiocient of variation Cv = -é is a pure number and is very useful
X

‘to_characterize the variability of a peramster over the whole population.

If two parsmeters are to be estimated in the same population x apd y, we
oan define a oross measure of variation, oslled covariances

1%“1 - %)y, - D)
dn 2 ow(xly)’ o~ N

yy asnd Y being respectively the value of the parameter y in the i unit and the
mean velue of y over the whole population.

The oorrelation ocosfficient Q‘betweon y and x 4in the population defined

by the equationt
e - cov{x. v}
Ope Oy

will oharaoterise the oross variation of the two parametars y and x in the population
‘((ﬁJ a pure number whereas 0}, depends on the units choassn for estimating the.

parametors 1 and y)

224 Valuo of o parameter per ares unit in one unit of the populstion

As we have seen from the example in paragraph 221 there is one value of the
parsmeter ™umber of trees of a given species por hectare” in each unit of a foreat area.
This parameter has s mean value over all the uniis of the whole population, whioh is the
mean nunmber of stems per hectare of this species. In order to avold confusion we
recommend wsing the compiete expression "mean value per area unit" to demote the mean
value of the parameter per unit (of the population) referred to the area unit. If all
the units of the population have the same ares (size), the mean value Der area unit ie
equal also to the mean of the values per area unit in all the units of the population.
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23  Sampling

As in most cases the population to be studied is too large to be fully enumerated
and/or memsured, it is feasible to have this work done only on a selection of units from
the whole population. Such & sesleciion is called sampling, the selected elements are

the sampling units, and the whole set of sampling units is the sample, Provided given
proosdures of selection are followed, sampling techniques are useful:

i) to t an estimate of the true values of the mean and of the total, over the
whole populationg for & given parameter, from the values of this parameter
in the sampling units;

1i) to get an estimate of the sampling error (or of the pracieion or of the
confidence limite) at & given proEabiIIty lovel, for the estimated mean or

total given by the sample.

Entimating the sampling error im sometimes very difficult and, in certain cases,
the formulas used are only approximate. Thim calls for the use of simple sampling
designs whenever possiblae.

Some conoepts have to be stated clearly in relation to sempling,

231 Sire of sample

(liven a size unit which may be an element or an individual (such ms a tree}, or a
measurement unit (such as a hectare) the size of a given population and any of its unite
must be measurable. The unites of the population may be of different mirzet this is the
caso where a forest area has curvilinear limitas, the units of which are strips of equal
width but of unequal length, the size being expressed, as in many foerest inventories,
in terms of ares.

The sige of samplq is the sum of the mizes of the sampling unite.

The sampling intansity (or sampling fraotion) is equal to the ratioc of the size
of the sample to the total sise of the population. If the population hes N unite of
equal sige and if the sample has been made up by welection of n different sampling
units, then the smmpling fraction f is equal toi

f = %

In this case {equal unite) n ocan be said t¢ be the size of sample,

A diffioulty arises when the unit is a point and therefore has no dimensions. Thie
case ocours when one estimeates the proportion of area in a given foreat itype over the
whole inventoried area, using a dot grid laid on & forest map or when the forester is
using & point sampling method (see paragraph 422.2). The sampling fraotion in the first
oase will be said to be negligible, whilst in the ssoond case the sampling intensity will
vary scoording to the relevani characteristic of the trees (besal area, diameter, square
of height, height): if it is the horisontal point sampling method, the ssmpling
intensity of trees of 56 om diameter will be exaotly equal to four times the sampling
intensity of trees of 28 cm diameter. Generally, even for the biggest or highest tress
this sampling fraction is msmall and ocan be considered negligible in the sampling error
ocaloulation.
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232 Precision and sampling error. The estimate of the mean or the total of a

parameter given by a sample is generally differeat from the t{rue corresponding
valus over the whole population. The pampls wWill be more valuable as the estimate becomes
more accurate, which means that the estimate ie closer fo the true value. This acouracy
cannot be expressed in an absclute way as, in the following sentence, "the acouracy of the
entimats of the mean of this parameter over the whole population is + 3§, It oan,
however, be expresssd in a probable way, and is called precimsion or sampling error. In
the formsr example precision is stated as being squal to i}% at a given probability level.

If we say "at 0.95 probability level®, this will indicate that for 95% of similar ssmples
drawn from the same population the true mean will be within the +3% interval ®
estimated mean given every samples, It is mslao expressed by saying that the pros:bility
of the true mean boiﬁg Hitiin the +3% oonfidence Lnterval is 0.95, or, whioh is equivalent,
that the probabllity of the true mean being ouiside thie interval is 0.05. In this case,
the 0.05 mesasures the risk we are prepared to aooepti of being wrong when we may that the

sampling error is +3% at 0.95 probability level. Whatever the mampli the sampl
error would be meaningless and infinite (or the precision will be Eﬁiii'i? one utfa-p!od
$o_gxmress it mt e 100% probability level.

The meleotion of s probability level to whioh the sampling error of an estimate
corresponds wust be made by the user(s) of the forest inventory. It im not enough %o
request & given precision; the probability level must be speoified. A precision equal
to + 104 at 0495 probability level ("19 out of 20"} is better than the same praecision at
0,68 provability level ("2 out of 3"). We will see {paragraph 31) thst in many cases
the second preocision is squivalent to + 20% at 0,95 probability level. Any sampling

precision given without 2 refarence to a probabiiity level is seaningless.

The moet frequently used probability levels in sampling techniquea are 0.95 and
0+68 (the reason will be given in paragraph 31). ‘Thess two probability levels are
sometimen referred to respeotively as 0.05 and 0,32,

Ssxpling errors are expressed not only in percentage of the estimated result but
alwo in the corresponding messuring units. In this case it is ulso possible to express
the "gonfidence limits" at a given probebility level in thesg unite. For instance, if
the sampling estimate of a mean volume per hectare is 40.0 m- and the sampling error
+ 5.0% at 0.95 probability level, the confidence limits will be1

40.0m3 = 0,05 x 40,0m° = 38.0m> = lower confidence limit at 0.95 probability level
40,0m° + 0.05 x 40.0m> = 42.0m> = upper oonfidence limit at 0.95 probability level

the confidence interval being (3840 - 42.0).

The probability for the true value to be less than the lowsr confidence limit is
ogual to the probability for it $o be more than the upper confidenoe limit. In case of
a 095 probability level, this means that the trus value has s 0.035 probability to be
leas than the lower oonfidence limit and & 0.025 probability to bé more than the wpper
oonfidence limit,

It may be usaful to refer the estimate to only one of the confidencs limits.
Where ithe estimate im u mean expleitable volume per hectars in s forest, we ars more
interested in the lowest volume t0 be expeoted at o given prohability levels In thie
oase the lower confidence limit at the probability level is called the “pelisble 51%%!!!
eatingte” (AME). If the probability level corresponding to this confidezce t 1s
0.9% !or 0.05), the reference probability level for thim HNE will be 0.975 (or 0.025).
This soans that this BNE will have 0.975 probability to be exoeedad by the true walue,
or 0,025 probability to be highar than this true wvalue.
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In a given forest inventory, several sampling designs nay be used, one for the
Ainterpretation of the remote menaing imagery (area estimation), one for the field work
{eatimation of number of stems), a third for the calculation of volume (using a sample of
completely measured trees for elaboration of volume tables), etc., and each will have a
different sampling error which may be related to the others. The total sampling error
im a combination of these partial sampling errors and is not the mere addition of them.
In most cases, it is difficult if not impomssible to eatimate it properly. This calls,
once more, for the use of simple inventory demigms which provide the user with reliable
results with the requemsted precision.

233 Other concepts. The selection of the units of the sample (or sampling in
the narrow sense of this word) must be made at random: this is a fundamental
roquirement for the spplication of the sampling theory. For instance, there is no
completely valid method of assessing the sampling error of an estimate given by a
systematic sampling design, because the basic requirement of randomness is generally

lacking, This does not mean that the estimate itself im not valid {eses parsgraph 422 of
this chapter).

Probability of selection in sampling

i Sampling theory can be applied in prinoiple only if the composition and probability
of melection of all possible samples of a given sampling design from the whole population
is known. In practice it is sufficient to know the probability of inclusion for the
units themselves, The probability of melection of a unit is the chance that it has of
being drawn for inclusion in a sample during the conatitution of the sample. This
probability is expreamed as a figure of lems than one; one, or certainty, being tlhe sum
of the sampling probabilities of all the units of the population. The probability of
selecting a glven type of mample of n wunita can be assessed from the probabilities of
inclusion of each sampling uwnit in the sample,

Examples (msampling with replacement):

n) In a simple random mampling of a population of N wunits;, in which all
units ere selected with equal probability, the probability of selection
of the unit i is equal to

N
L & < R
P, = N with ».p = N x § " k|

b} In a sampling with probability proportional to the size M; of each
unit (called PPS sampling) we will have:

N
p; = %1 with Mg = 35111 being the sise of the
- 0 = whola population.

Replocement
When the firet unit of a sample has heen melected, two alternstives are possible:

~ to draw the seoond unit from the whole population inoluding the firet
sanpling unit (sampling with replaoement); :

= or to draw the second unit from the population whioch does not include the
first sampling unit (sempling without replscement)

{the prooedurs used being repeated after each drawing of s sampling unit, until the full
sample is oconstituted).




N 1T

In sempling with replacement the seme units may be drawn and included in the sample
more than once.

Most of the formulme used in practice mre valid only for sampling with replmcement.
However, almost all samples are drawn without replacement. This approximation im
ncceptable provided that the number of sampling units is relatively smell in proportion to
the total number of units in the population {or the stratum if it is a stratified sampling -

mas paragraph 411.4).

24 Bias and measurement errors

241 PBias. The concept of expected vmlue (mee paragraph 223 of this ohapter) can
be applied to the emtimate given by s sampls. If # is the estimate of a
paramster given by a certain type of sample, and i the estimate given by the sample j

from this type of sample, the expscted value of})} s:
- N

E - Z
P = ST

where 71 : is the probability of the sample j (®TT. = 1) and the sum z in extended
to all tge samples of the same types J J J

A

-
The estimate A. from & sample of this type is unbiased if its expscted value E(A:l
is equal to the actual value sy of the parameter over the whole population: E{([1) = X

If it is not mo, the emtimate 1s biased and the bias is equal to the difference
beatween the expected values of the estimate and the actual value of the perameter of the

whole population.
N
In this case:  E(fL) = m Fg M with the blass B = m - A+

The concept of bias relates alec to other estimates given by a sample ant in
particular to the estimate of the sampling error.

(1) Let us suppose that the charmcteristic Alis the mean basal area per hectars rs
of all trees of more than 10 cm dismeter in a given plantation, and comsider that we
estimate F from a certain type of a sample of irees. Let us assume that the seotion at
breast height of all the trees im oirocular, but that the tape used for measuring the
diameters has shrunk and seys 21 om when the diameter is actually 20 om and that there

is no other possible measurement srror.
2

Bach tree will be given s basal ares g' equal to(35)g = 71,1025 g, & being ite
actual basal aresa. The expected value E(gg of the mean™ basal area per hectare over all
the samples of that type will bet T° = 1,1025 Z.

Here the blas is equal tor

B = 2 -8 = £ (1,1025-1) = 0,025 g
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(2) Let us assume that the characteristic M is wtill the mean basal arsa per
hectare ¥ of 21l trees more than 10 om dlameter in a glven forest area. The sample im
sonstituted of n sampling units of unequal size sampled with equal probability. There
is no memsurament error.

A commonly used estimate for g ims
n

g'
2o
n

a

i
&

wherat 1 1is the refarence number of a sampling unit

: S

2 iz the zum extended to the n eampling units of the mamplas
jel :

gi 1s the total basal ares in the eampling unit i
84 is the area of the sampling unit i

It is called a ratio estimate and is sometimes used in foreamt sampling because it is not
elweye poemible to have sampling units of the seme sisze,

This estimate is biased and the bias ham an order of magnitude of %

(3) A2 has already been stated (peragraph 112 of this chapter), & bias may result
from an incorrect sampling demign. For instance this occurs when the sample im constituted
of the hko-valled "repressntative” ssapling units chosen by the forestisr on the basis of his
“exparienoce' and knowledge. Another cese of bias due to the sampling may ariae when some
parts of the population to be sampled are not taken into account in the sempling design:
thie ovours in foreat inventory when, for instance, sampling unita falling in lesws
acosasible areas are systematically replaced by more convenlent unitse.

Theme three exmmples show that bias may have three origines

- moasurement errors;

- astimation of the persmeter from the sample;

~ sampling procedurs.

Biss due to the sampling procedurs is not always recognized and praotically

impossible tc evalunta. An eatimate of the bias can be provided in some biased astimation
procedures,

242 Neasuremsnt srrors. The measurement errcrs oan be split into three
componantst

— & vonmtant bies over the whole population (as for instance in the oase of
measursnsnts by & device in whioh the zero graduation does not correspond té
the seroc medaure);

~ = variable component; in relstion o the sampling unit which may be correlated
tc the exaot »alue of the mepsured parameter in the corresronding unit (for
instance, a8 in the case dsscribed in the firat exsmple of the former
paregraphi the variable component of the bias on the diameter measurement
is in this csse equal to 5% of ths dismeter);



- & "fluctuating™ component in a given sampling.unit of mean O (its variance
could be eatimated if several measurements of the same parameter were taken
in the given wampling unit).

The measurement error affects the reliability both of the estimate of the mean (the
expected value of which is different from the true value of the mean) and of the eatimate
of the sampling error. Assuming thet the sampling demign is ocorrect and that thoe exmot
sampling error calculation i done, the resulting estimate cf the sempling error is a
biased esatimate of the true sampling error.

3 Bagic mathemetical and statistical techniques

31 Principles of sampling error estimation

317 Introduction. Let us call M the true value of a mean of a paremster over the
swhole population, /UL the estimate of this value given by e certain type of
saniple a.n;ij‘ the eatimate given by the sample j of this type. If we take all the

samples o , the oorresponding estimates will be distributed in a certain way.
ﬁ_e dittribution of the estimates /2 j will have the following charsoteristios:
F
(n} oharacteristic of central value (mean of the eatimate it 4)

m o= E(/t) ng‘“’jﬁj

wherat Tfj stands for the probability of drawing the sample j (’.TTJ = 1)
J
E  wstands for "expected value" (see paragraph 223)
and Z im extended to sll the smamples of thim type.

i¢ all the samples have the same probability of being drawn (Tr, =TT = %

where M im the total numbsr poswible of memples of & same type), we will have:

. 34
o e ) - A

A .
We have seen (persgraph 241) that if M ie unbimsed we will haver nm -/“‘

(b) Charmoterimtic of diwpsrsion (variance of the estimate )
2, A A A 2 a 2
O3 p) - LA~ SR « 2T 08 -
(with the same snnotations)

I? all the samples have the same probability of being drawn (T7; = T7 = 3)

we wlill have: z - )2
"~ (/ - "
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Attention is called to the fact that the distribution which is dealt with here is
the distribution of the estimates Mj_of the mean value of a paraméter over the whole
population given by all the samples of a certain iype, but is not the distribution of the
values of this paremeter over this population.

Example1 Let us conmider a forest stend (population) of N equal unite of 0.25
hectare. As a sample, we melect at random with equal probability and without replacemerit
n (n<N) unite ("sampling units”) where we enumerate the number y of stems of a given
apecies with a refersnce diameter more than 10 cm {this is the parameter).

The total number of possible samples of that type is equel tos
N 1 (1)

H = Ncn =
nI iN—n;-

which i® the total number of distinct combinations of n different units from the total
number N of the population units. All these samples constitute a population of NCn
elements, Bach different sample ham the same probability TTJ “ Tl = % of being
selected (they have an equal chance of being drawn, which can be

calculated from the probabilities of melection of their n successive unita).

The estimate from the sample j of the mean value (per unit) of y isr

,11. S :gnyi

J d

where the sum 1% is extended to the n units i of the sample jy

{a} There are M possible estimates Ej and the expected value of Ej isz

J M

|

m = E(y.) = .E:1f.
J j ]
the aum %? being extended to the ¥ =aamplee 7§ {all the samples of that type)e

If there is no biaas due to enumeration or measurement errors, it is easy to
prove that for this type of mampling, the expected value of ¥i,m, i equal
t0 the true value Y of the mean value per unit of the paramster vy {(see

paragraph 241).

Thue y. is an unbiamed estimate of Y and this type of sampling, which is
called gimplo {or unrestricted} random sampling, is an unbiased sampling design.

Y, = Ny, is likewise mn unbiased estimate of the total Y of the parameter
J 4 over the whole popuistion.

{11 N} means the product of the first N numbers: N{ = % X2 x 3 X4 X wee x {(N~1) X N.
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(b) The variance of the estimate Y. (i.0. the characteristic of gispersion
of the values y, for the M ‘pBssible mamples of that type) ims

- - 2 1 :E - =2
v : = E .= E : - = =X
(7, L3, )T = g & G-
the sum ZJ being extended to the M possihle samplea.

Sampling theory shows that V('y':j) for simple random sampling is equal toi

2
w) L o-2)

wherz'ea'2 stands for the varisnce of the velues of the parameter over the
whole population of N units,

The sampling error at probability lavel 0.95 on }j iz equal to:

a o

&% (y;) = 3 1,96 YVF)= 2 1,96 — LR

provided that n is large enough.

i— V 1 --gv is called the standard error and corresponds, in case the
n normal distribution hypothesis is verified, to the sampling
error at probability level 0,68 (see paragraph 312.1)

It is shown that an unbiased estimate of this eampling error from the nample i
(at probvability level 0,95} im:

whore @ = —— is an unbiased estimate of J 2 from the sampla

{the sum { being extended to the n. units i of the sample).

Similerly an unbiased estimate of the standard error (at probabiliiy lasvel
0,68) im:
+ =2y ‘/ 1 - ﬁ_
"

This example shows thai sampling theory gives, for a given sampling dexign, the

following estimatest

.« Gy) -

= oltiﬂtn of the true mean snd total of the paramster for the
vhola populatiocn;

- un%‘to of the sampling error on these estimates at a given
robebl lity level. :

Bren if there is no bias due to the sampling design or to measurement opsrations,
bissed estimates may be preferred for the sake of convenience or simplicity in the
oaloulations. In these cases care should be taken to keep the bias am low a8 posaible,




It should be kept in mi-«l;, as has already been poiuted out, that we cannot have the
true values, but only estimates, of both the mean {or totel) of the parameter and the
sampling error. Generally cpesking, good (unbiased or binsed with a very smell bias)
eatimates of means and totale are not difficult to determine. Acceptable sampling error
estimates {on these estimates) are more difficult to calculates The following paragraphs
give some basic technitjues used for the estimation of the sampling error.

A
312 Pstimation of the sampling error on _ M4 from its variance, Normal
digtribution hypothesis,. As has been seen in the case of simple random ,
sampling, sampling theory gives an unbiased estimate of the variance of the estimate .,
provided that some requirements are observed (random selection, sampling over the whole
population and not only over a part of it, etc.).

T™he problem now is to eatimate the sampling error at a given probability level from
the estimate of thie variance, which is,again the characteristic of dispersion of the
distribution of all posmible estimates M. (the characteristic of central value being m,
equal to the true valua/u-cu‘the paramater over the whole population, if there is no bies
in the estimation).

312,97 Simple random mampling

LY
In this type of sampling we will amsume that the distribution of ell posmible A
corresponding to all samples of the mame size n (which is not the distribution of thg
parameter over the population) is a normal distribution. 7This assumption im approximately
verified when the mumber n of sampling units is asge enougn: it is usuall sed that
nornal distribution of My im obtained when n& 30l1), whatever the__{_ﬂf_. distribution of the
sampled populstion. The sampling error oﬁuéﬁ at the probability level wu is proportional
to the square root of its variance:

o (R) = 2t TR

The square root of the variance Vg;%) is called the standsrd errory

{1) Tiws sgreement of courss is somewhat arbitrary. For instance, if the sampling
units are equal fixed-mize plois of forest arsa and the parameter is, the '"number
of stems of a given species more than 10 cm diameter", the entimate M. of the
mean value per unit of this perameter may have a more or less normal &iatribntiOn
whep evaluated from only fifteen 0.4 ha sampling unite, while the distribution
of M oannot be oonwidered normal whaen the sample is constituted of sixty 0.1 ha
plots, With this reservation in mind, the figure 30 may be considered as a
good order of magnitude of the minimum size of » ssmple in ssoertaining whether
the distribdution of 5 is & normal dietribution,
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avor ¢ values of t ocorresponding to different probability levels for samples
with n B 30 s given in the following table:

A
Probability "Risk" e (M) / V(A"
level of error ¥ )"‘] J |
u t
u u
0.50 1 11‘1-2 0'68
0,68 1 4in 3 1,00
0,90 1 in 10 1,64
0,95 1 in 20 2,00
0,99 1 in 100 2,68

For other 1: valuss ocorresponding to other probabllitiy levels and -pooifio vulu-n of n,
one has %0 “refer to the Btudent's table and the table of normal dietrid

The two most useful results, when n £ 30, aret
- &% a probpbility level 0,68 (“one chance in thrae of de") the sampling

STTOY in}d is equal to the sguare roct of its variance s 1,00 the
wigndeard errors

~ w$% a probability level 0,95 ("one chance in twenty of being wrong") the sampling
arvor in 4 ie approximately twics the sguare root of the variance.

When 1 € 30 (nunbcr of saapling unite in the sample less than 30), the aseumption
of norma stribution or 18 no longer acosptable. There ig generally no way of
ocbtaining the sampling errof from the varisnce of the estimate ity, due to the effeot of
the inacouracy of the estimats of ths variance from small 'Illplii However, if we can
consider that the values of the parsmeter are more or less normally distributed in the
population, then we will wtill have the following relation between o (/MJ and V(/.;J),

w hy) - £t f ()

the tu values being taken from the Btudent’ ble.

This table im & two—eniry sable, one corresponding to the probabdility levsl, the
other to the ber of " 908 of "s This lest ooncept is not dealt with in
this manuale. in @ o n the simple random sampling, and in many
cther olaseionl designs, the number of dqrno of freedon i equal %0 n=1, vhere n
is the m)mh.r of sampling units in the whole population (or in & stratum in stratified
sawpling).
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The following table is an excerpt from the table of Student's t for selected
probability levels and sizem of sample:

Prohability Number of degrees of freadom
level : .
u 1 4 g 14 13 24 29

n: =B n=»5 n=10 n =15 n =20 n = 25 n= 30

050 1.00 0.74 0.70 0469 0.69 0.69 0.68
0.68 1.80 1.14 1405 1.03 1.01 1.01 1.00
0490 6.31 2.13 1.83 176 s 1.71 1.70
0.95 12.71 2.78 2e26 2.14 2.09 2.06 2405
0.99 63.66 4.60 3425 2.98 2.86 2.80 2.76

These t-values can be used, in the case of small samples (n < 30), only if the distribution
of the parameter values over the population is roughly normal,

312.2 Other sampling designa

Simple random sampling ie only one of a very large number of possible designs. In
many forest inventories these other sampling designe have to be umed and there is mo simple
answer &8 to Whether the distribution of AA, can be considered as a normal distribution or
not. The "normal approximation” will be “more verified as the number n of sampling
units becomes larger, the desirable minimum value of n depending on the diutribut}on of
the parameter over the whole population, and of course on the type of the e:ﬂ’d.nlw.‘l:eyfa..I
itself a function of the type of sampling. The "normal approximation" is genersl xa
accepted, but one must always check if this is reascnable. The table of normal
distribution will be used as indicated in the firet part of paragraph 3121, It may be
desirable in some cages to etratify the population into several sub—populations ("mtratan},
within each of which the distribution of the oltimatonjua may be considered more 'regular"
and closer to the normal distribution.

32  Variance of compound values

321 Introductions Let us consider a random valus y, which may be the velue of
a parameter in one unit of a given poepulstion, or the estimate of the mean
value per unit of = parameter over a population from a sample J of & ocertimin type.
This random value may be estimated, not dirsctly from measurements within ths sampling unite,
but through other random velues which are themselves dirsotly measursd within the sample
-or already estimated from ithe sample,

Examplesg = An unbimsed estimate of the mean valuas per unit of a memsurable parameter
{esg« basal area per unit, taking into acocount all trees more than 10 om diameier over
bark) in a simple random sample is:
- ¥’1 Fyt¥p ¥ oos ¥ 7,
y === - - : (1)

where 1 refers %o all the n units of the gample.

The estimate ¥ is s function of the random values ¥ which are dirsctly measured
in the sample.
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=An unbiased estimate of the meen value per unit of the same parameter y for the
whols (population) of two stends (sub~populations or mtrate) sampled independently, is:

8= 52_
-~ =T + =72 {2)
vwhere 3, and Ei correspond respectively to the $otal area of the ith stand and the

estimat® of the mean per unit in this stand (i = 1 or 2), while 5 is the sum of the asreass

3 = S.l‘ + 520

The estimate ; here is a function of the two estimates ;1 and ;2.

The unbissed estimate of the veriance of the value y. of the parameter in one unit
i8s easy to obtain, So to estimate the variances of the ehtimates ¥ in (1) and (2), we

need to know the relations between:

-~ the variance of a mean of values (formula (1)) and the veriance of an
individual value;

-~ the variance of a weighted mean (formula (2}) from the variances of
the varioun means.

More generazlly the definitive estimates of a mean of ~ pzraneler, from sanplas
other than the unrestricted random ones, are functions of other partial estimates. The
variances of these definitive estimates (and thean of their sanpling errors) can be
estimated from the variances of the pertial ones through the use of the following
relationships.

322 Variances of some functions

322.1 Varience of a product of & random varizte and a constant

2 _
We have Viky) = k™V(y) where v 1io. the random variate :nd
k is the coumtant.

For instance, if ; iz an estimate of the mean value of a parameter per unit iu @
simple random sample and N the total number of units of the population (which i=n
suppomed to be known exactly), the oorresponding estimate of the total of the parameter
over the whole population is:

Y =~ Ny
and the variance of this total volume will be:

v(Y) = NV)

322,2 Veriance of 2 sum of independent, random values

a2) Independence of two random values

Two random values are independent if their covariance im zero (mee paragraph 2:3
for the definition of covnriancog
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kxamples of dependent random values

Given a line (population) of 1,000 trees (unitn; rlong m roadside we want to have

an estimate of the mean refersnce diameter (DBH

per tree by means of a sysiematic

sample of 50 irees, one trees every 20 treass. The rank number of the first sample
iree will be melected at random among the numbers from 1 to 20, for inetance 13,
and the following mample trees will be tha 33rd, the S53rd ... until the 993rd.

The estimate of the mean DBH will be squal to:

(DBH)13+ (DBH)is + eaa + {(DBH)
50

943

(DBH) . =

lore generally, if k = g (N being the total number of units of the population
and n the number of units of the samplej, the eatimate of the mean of a
parameter y from a gystematic sampling can be expected to be as follows:

Yy * Yygpe b ooee Yoy (na )i
n

e

with 0 1&gk

There are k peirs of values (yj, Yi+k), fromi = 1 to 4 = k. The values y;
and y44 will not be statistically independent if their covariance is not zero,
that is to smay if:

k
1"{('?1—;1) (yi-H( = §2)
o (¥y1 Fy) = = - % 0

£ y
N N

where yf‘ - —-k—-
2 ™,

. - 1§1 i+k

and y2 - -—r—

Likewise the values y; and yi42x may &lso not be stetistiocally independent if
oov (¥4y Yi42x) # O, which means that even the double interval (2k) between the
trees i® not enough. More generally, the same reasoning can be applied to any
pair of the random vealues y of the mmerator of ¥.

In the exsmple of the rosdside trees; this independence may not be fulfilled if,

for example, the dimtance beiween two conmecutive sample trees is too small (pomsible
interaction between treem), or if this interval is more or less the same as the "wavelength”
of certain soil characteristios.

o)

Emtimaten from samples are not tndagondnnj if the samples themselves are dependent.

Let us agein consider the two stands from the example given in paregraph 321, and
lat us suppose that sampling is not independent in theese two atrats: this means that the
number and/or the composition of sll the oontemplated semples in the seoond siratum is

dependent on the selected sample in the first stratum-(or vioe versas). 1) 14 is sany

(1)

This could be the case if, in order to avoid #oo expensive a forest inventory, it
were decided for the second stratum to salect only from those with a small proportion
of semple plote with difficult acocess when the sample from the first sirsetum slready
has a relatively large number of such plots. It is obvious in this omase that the
maber and the ocomposition of sll possible samples in the second stratum will depend
on +he sample selected in the first stratum.
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4o demonstrate that in this case ;1 and ;2 (estimates of the mean of a parameter y
respectively in the first and mecond smirats) are statistically dependent esiimates, which
means that their covariance is not zero:

2 5, - T (g - )
- 1 1 2k 2 .
oovw (ytl ya) o .]L JIH1 xuz ; 0

where Y, and Y are the true values of the means per unit in reapegtively the first and
second sirata,” yjj and ypx are respectively the astimatesm of Yq from the sample j
in the first stratum and of ¥ from the smample k in the second siratum.

My and My are the numbers of possible samples of the given typas in the strata 1 and
2, the sum jzi being extended to all the My x Mp cross products (y1i - Y1) (ka - Yz).
1

d} It can be demonstrated that the variance of the sum of independent random
values is the sum of the varisnces of these values.

If y =3 ¥4 the y, being independent,
i

v(y) = 21 v(y;)

322,3 Verisnce of the estimate of a mean from a simple random
sample for an infinite population

- y1‘+y2+'--+yn
He have y = . ] and the y; ave indepandent

By application of the two former theorems we will have:

VE) = LAV ) e+ V(5T

All the n variences between brackets are squal to the varisnce CTE(y) of the
values of the parameter over the whole population and we will have the very important
result:

2
o - v - T

-

The varianos of tha estimate of the mesn in simple random sampling is egual to the
variance of the value of the parameter over the whole population divided by the number of
sampling units in the sample.

Consequently the sampling error on the smtimaie of the mean (which is proportional
to the mquare root of the variance when n/N is small), will be inversely proportional
to _the mquere root of the number of the sampling units. :
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Case of finite populations

The former resulte are valid for infinite populations or for finite populstions when
the mampling fraction (cr sampling intensity) f = 7 is relatively small (say 5%

In the case of finite populations, the sampling theory shows that in fact we have:

2 2
025y - T 13y o Tl (g

st gy - LDy
T

The terms 1-f and 1-f are called the “finite population correcticne” and may te
neglected if { is small.

The :.troduction of these terms can be justified a posteriori: if the sampling
becomes & complete censue, standard error {or sampling error; must be equal to O, This
resuit can be obtained from the above formula as, in this case, f = 1,

322.4 Variance of a weighted linear expression of random values

If we have: y = t1y1 + a5y, LIS T apyp Sl =) aiyi

fa1. By ess ap being poeitive or negative constants)

the application oi theorems from 322,1 and 322.,2 gives:

2 2 E 2 2
V(y) = A, V(y1) +a, V(yz) Filsow B " V(yp) = f§1 & V(yi)
In the case of the smecond example of paragraph 324we will have:
s,° e
- 1 - 2 - -
v(y) = S—Q-V(aq} + =5 V(y,)
]

This thecrem is sometimes called “theorem of progagat1on of errore’ and is used for
stratified random sampling.

322.5 Variance of products and retics of iwo independent random values

Let x and y. be two independent random values, the variances of which are small
in comparison with the squares of their reepective values, We will have tha approximate
formulae:

Vxy) = ¥° ¥(x) + x° ¥(3)

(I) - .Y.) [_Ll _(..‘Lﬂ
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322.6 Veriance of functions of dependent random values

If Y13 Yor s ¥y are dependent random values and Ry By ese ap poeitive or negative

2
Lonstants, the variance of y:

P
= . = z : .
¥ B¥p F Bp¥p e oAy, = 5 MY

. p 5
will be: V(y) = i’='1 a, V(yi) + 2 53. 23, V(yi, yji

where the sum i%j is extended to all the different possible combinatious of i and jy

j being different rrom i, and V(yi, yj) is the covariance between y, and ¥y

If a; =8y = sew = R, = % and the y, are the values of the same parameter in the

p consecutive equal size sampling units of a systematic sample, ¥ is, in this case, the

estimate of the mean per unit from this aample and can be written ;, Its variance
= v{y) £ & . :
V(y) o p = 1£=1 a, V(yi), for the covariances V(yi, yj)

which meke up the additional term will, in most cases, not be equal to O.

More generally, it can be said that the application of the formula of random
gampling for the estimate of the variance of the estimated mean is not valid in many
systematic sampling designs for many parameterc. In a systematic forest inventory, the
equidistance between neighbouring sampling units will have to be sufficiently long in
order to avoid any poeitive [or negative] covariance {or "correlatior"} between the

reapactive values of a given paremeter, if one wants to apply the relation VG’) . vh:)

Product and ratio of two dependent random values

In this case, provided that the variances aré small in comparison with the squares
of the respective random values, the formulae of paragraph 322.5 become:

Vi) = ¥ V(x) + x°V{y) + 25V (x, y)

v () - @)F [ﬂgl NG e"_i%iﬂ
X ¥ _j

T'(x_, y) being the covariance between x and ye

33 Hatio estimates

The precimion of the estimate of the mean of a parameter y is increased if we can
relate it to mnother parameter x, which is known exactly for the population, or ie known
more precimely from & large mample. On the other hand, one may be interested in knowing
not the single parameter y but rather & combination of it with one or more other
paramesters. In foremt inventory if we have mampling unite of different size, we will
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have to know two reandom values irn each sampling units:
= the value ¥y found in the unit for the parsmeter y itself;

= +the ‘areas X, of this unit.
The I?equuted entimate will be essentially an estimate of the mean value of the parameter.
¥ per area unit (not per sampling unit), which in fact corresponds to the ratio
Y of the two parameters.
x i

Bacause in many forest inventories, sampling units will not have the same size, the
use of an suxilimry variste x related in geieral to the size of the sampling unit appears
to _be necessary in meny cases. The model of the relationship between ¥y and = used is,
essentinlly, a linedr one:

¥ = a+bx ("linear regression estimates')

and often y = bx (“"ratio estimates")

The firbt model is acceptable if the relationship between the two parameters is
strong and may be satisfactorily represented by a straight line. It is equivalent te
say that the correlation coefficient must Le as close to 1 as nossible. For efficient
use of the second model it is necessary, in addition, for the line to go through the
origin; in other words whéen x and y tend to O +together. This is particularly the
cese of the variates "area of a sampling unit" and "any usual forest parameter'": when
the srea’ tends to be O, the forest parameters tend also to be U,

That is why ratic esatimates are used in forest sampling.

Two types of ratio ewtimates are commonly used in simple random sampling and they are:

n
- 7Y
e iwl -
R = E - 1n Npatio of the means®
- 2
x
{171
n
= 1 75 .
and r W= g = 1t "mean of the ratios"
n i= Ii. ‘ |

Paragraph 322.6 indicates how to obtain an pcceptable estimate of the veariance of R,
provided that the varimoces are small in comperison with the squares of the respective
estimates x and y.

M Optirniza.timp) in design

T OEt’imiza'tion of a sampling design. The most efficient sampling design ig the
one that for a specific cost gives the smallest error for the parameter {o be
estimated or for an acoepted error is the least expensive.

(1) Optimization is used in the sense of Betting out and selection
of the most efficient or optimum design.
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341+1 Problems related to optimization.

Definition of efficiency is easy, however to find the most efficient design im much
more complicated because of a number of problems, some of which are:

a) TFor practical reasons all the possible sampling designs are not considered when
selecting the design to be used. Some characteristics of the contemplated design are
taken for granted. In the case of field aampling the area of the units at each stage,
the number of stages and the gtratification are fixed prior to optimization. This i=»
usually based on previocus experience. It must be emphasized that this leads to partiasl
rather than sbasolute optimization. There is such an "optimum' design for each set of
yredetermined characteristics. In many textbocks and manuals the calculation of
optimization is restricted to the estimation of the optimum number of sampling units at
each steage based on a simple cost formulation.

b) A complete estimation of the error should take into consideration not only ths
sampling error but aleso bisses and measurement errors (see paragraph 24)s These latter
are generally difficult if not impossible to determine, In moast cases efficiency studies
deal only with sampling errors and they are valid insofar as the messurement errors are
reduced to & minimum. Flimination or reduction of measurement errors is often more
important than the exact optimization of the sampling design.

c¢) A third problem occurring in the determination of the optimal sampling design
is related to parameters. A sampling design is optimal for the estimation of a given
parameter ésay, gross volume over 60 cm diameter of a commercial species) but not .for any
other one (say, gross volume over 60 cm diameter of a group of commercial Epecien). When
designing the inventory it im therefore esmential to select the most important parameter
and to look for the most efficient deaign for the estimation of this parameters Very
often it is difficult to single out the most important parameter from thume it is
necessary to estimate. Even when one species only is very important, aes in the case of
Okoum€ in Gabon or Pine in tropical pine forests, there may be various other useful
parameters, In addition to the volume of the exploitable trees of the particular species,
i1t ie important to know precimely, for mansgement purposes, the rumber of stems in the
lower diameter classes. In any case the inventory officer must avoid a sampling demign
baned on irrelevant parameters. One such case im where the sgelection of "the gross
volume of all species over 10 cm dimmeter" has been used 28 a bamic parameter for
designing an inventory in s tropical forest where few species are utilized. This i=
generally not valid but it ham been done fraguently. '

d) In a sampling design, the mampling error on a given parameter depends on,
among other thingw, the variability of this parameter in the units of the sampled
population. For optimizing the design, one must have a prior estimate of this variability.
Thim knowledge can be obtsined from former inventories, however in many cases there is
no possible mource of information and a small preliminary sampling is needed to have an
estimate of the variances and coefficients of variation which are included in the
sampling error formulm. This small pilot inventory is also neceasary for estimating (
cost figures which will be used for the optimization of the mampling design.




-~ 18 -

341.2 HMathematical formulation of an ontimization

Let us express the precieion of a glven sampling by the standard error of the
estimate, SE, of the perameter which has been selescted as the most important, and the cost
of it by Co SE and C are functions of various characteristics of the design, auch
as the size of a sampling unit and the number of sampling unite or the sampling intenmity
in the case of a simple random samplinge Let us call these characteristics Xqy Xy see Xpe

We have: SE = SE ﬁx1, Xop een xp)
B = ¢ (11, I2, sue Ip)
ay Let us suppose that the total cost of the inventory is slready fixed and equal to Co.
Ve will have in this case to minimize the standard error SE. S50 we must have:
SE (Xyy Xy eee xp) = minimum
with G (x1, Xop oo xp) = G,

It is demonstrated that the suitable values (x1)0, (xE)O sse (xp)o of the
characteristics Tgs Xyy eee X will be determined by resolving the following

A

system of p + 1 equations with the p + 1 unknowns Xqs X1 ves Xy
£
dsE A 8¢
+ « 0
3 x ¥
I
2 2
2 A w8
d *p P
C(X_]w, xz' vaw xp) = Co =) 0

Qs
%
b

= and -g—g standing for the partial derivatives of' 3E and C with respect to the
i

characteristic xi.

[

b) Let us esuppoee that a given precision of the estimate of the parameter at a given
probability level is wanted. In this case the standard errcr will be fixed and
equal to a given value (SE)O. In this ocrse we have to minimize the cost C and
this is expressed by:

c (x1, Xsp een xp) =  minimum
with  SE (xyy X eee Xp) = (SE), (1)

The suitable values (1'1)0 (x'2)0 O0C (x'p)o will be detsrmined by resolving the mame

system of equations, the last equation of the mystem being replaced by the equation {(1).
It can be noted that the first p equations are the same and that the solutions
(x1)0, (x2)0 DoC (xp)o are lirked by the mame (p-1) equations,
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Numerical application.

Let us consider all the posasible mimple random field sampling deeigns (usin- area
elements as sampling unita) for the emtimation of a given parameter over a forested
area to be inventoried. Let ue amsume that we have found empirically from & pilot
inventory and/or former inventories that the standard error SE of the estimate
of this parameter can be expressed approximately by the following relationt

sg - 2 lop e + b
i
8  being the area of the sampling unit of a sample
log 83 being the napierian logarithm of s
n being the number of the sampling units of the sample
a and b being coefficients

Let us assume that the total cost C of this sampling is satisfactorily exprecwsed
by the following formula:

¢ = o 4rf9 n + 2{ ns

o being the fixed cost independent of the size of the sampling
/3 being the cost of access to one sampling unit
¥ being the cost of emumeration per area unit
If the total cost of the inventory is known and egual to C,, the optimal area of a

sampling unit s, and the optimal number of sampling units ng will be the molution
of the following system of equations:

dsE )\ B¢ |
3. %

058 Lo B8 o %
;n n

\?( +/3:1 4'25;5. = Lo

Eliminating from the two first equations we have

s | Q¢ _ dsE 2
ds dn s

If we replace these derivations by their right expressions in formula (2) and simplify,
we find out that the solution s, {optimal value of the size of the sampling unitl is
such that it fills the following equaticn:

log 8, - (2%50 + 2-%) = 0

#_ can be determined by a grephical way: it im the s—ordinate of the point where
tﬁe respresentative curve of the function y = log s crosses the siraight line
representative of the function g b

y-2—"'l+2-.-:

V]

n 0 (2)




The corresponding optimal value of n, n,, is easily calculated froM the relation

d,+ﬂno+an =" #o or n =Co_—o{_
. 2 /3 +2fso

342 Optimization of an inventory desism. The definition of the optimum inventory

; deaign 1s identical to that of a sampling design given in parapraph 341. The
problems of optimization of an inventory design are asimilar to those quoted for a samnling
design but are more difficult to solve because an inventory design often consiats of »
saries of several mampling deaigns, e.g. one for the esitimation of the areas, another for
the field estimation of the mean number of stems per diameter clame and & third for the
assopament of the volumes of trees through voluma tables. The most efficient inventory
design might not be a combination of various optimeal sampling demigne. It can be
imagined that it misht be betier to calculate the appropriate volumes from measurements
taken on standing trees within the sampling units rather than build up volume tables from
a selection of sample trees. This would eliminate the need for the third sampling design.
In the same example it might be more efficient tc estimate arsas from the field sample
rather than estimate them through the interpretation of aericl photographss In most
cages 1t is too difficult to make an exhaustive efficiency study prior to selecting an
outline for the inventory design. This ia often done on the basis of a rough estination
of the general cost and precigior involved but alsv considering such factors as
documentation available — aerial photographs, naps, volume tables, etc.~ the skill of the
workers, the transportation facilities and others. Once the general structure of the
inventory design has been decided, efficiency studies are made for each of the sampling
designs, Though this methed is not theoretically the best, it cannot be aveided in
most casesa

4 Clapsical sampling designs

41 - Classificltion of sampling demigns

411  Characteristics of sampling demigns, A sampling design ie defined by a
combination of characteristics which correspond to the following items:

411,17  Nature of the units of the population

The same forested aren can be considered as a population ot' either trees, plots (of
the same or different aress), points or lines, It is very important to specify from the
beginning what i to be considered as a unit of the population, since the ultimate sampling
units are selected from these units. In particular, if the forested area is cons dered
as s population of uniis of ~7ial size, the unit area is to be specifieds When one
wants o characterize th~ wa iability of s given parameter, one should alwaye give the
coefficient of varistion {sen paragraph 223 of this chapter) with the mention of the area of’
the unit to which this cc~ff.cient refers. The veriability of two parameters cannot
be ocompared if their coe!ficients of variation refer to two different areas of the units.

411.2 Use of an suxiliary parameter

Under oertain circumstances, as in the case of unita of different size, and to
improve the precision of the emtimates, the parameters are combined with another one,
called auxiliary variate. The e=timation of this auxiliary variate may not be en
objective of the imventory but ite use as an intermediate parameter is necessary znd
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generally advantageous. Two main cases can be considered:

— an additional sampling is performed in order to obtain an estimate of the
auxiliary variate: this is the case of the sampling design called double sampling
(or two-phase sampling);

- there is no special (or additional)sampling: in the framewerk of the normal
sampling design the auxiliary variate is recorded together with the parameters to
be emtimated. This is the case of sampling degigne for ratio {or regregsion)
estimates, the total of the auxiliery parameter over the whole parameter being
knowne.

411.3  Number of siages

If the sampling is done directly among the units of the population, the sampling is
called 2 one-stage sampling.

It may happen that for the sake of convenience, the population is considered at the
firet stage as a population of groups of unite; a sampling is then dore among theee groups
(called primary units). At the second stage, a sampling of unite (secondary units) is
done within emch group selected during the first etages The whole mampling operation is
called a two-stage sampling. This demign must not be confused with cluster sampling (mee

paragraph 412).

Other intermadiste stmagee may be included, and more generally these samplings are
oanlled multi-stage wampling designs. The size of an intermediate unit will be defined by
the number of units of the next stage it contains.

In forestry, there are many examples of two-stege sampling designs, soms of three—
stage and probably very few with a larger number of stages.

4114  Other characieristice

The following characteristics are relmtive to any stage of a sampling design.

-  Stratification

In order to reduce the veriability of a parameter within the whole population and
consequently the sampling error of the estimate, it is generally moet appropriate to divide
the population into more homogeneous (with respeot to thim parametsr) sub-populations or
strata and tc make a separate sampling within each stratus. 1In thls case the corresponding
stege of the design is sald to be stratified. Stretification is sometimes effected by
taking into conslderation an existing and useful sub—division of the population: this is
the cana when the population ie a forested areas already subdivided in geographical natural
units {(catchment arens, basins), :

The stratification mey be done prior to selection of the sample (this is the true
stratification or "stratification a priorin") or after selection of the sample (in this
cese it is called "ptratification a posierieri®).

In a two-stage sampling, stratification may ocour in the firet stage, where groups
of unite called "primary units" are distributed among different strats, or in the second
stage, or in both stages.

— Random or syntematic selection

Sampling theory is applicable in principle, only when sampling ie made st random by
using one of the numercus poasible devices, For instence, in a plantation with a conetant
apacing of trees, a simple random sampling design may be obtained through the selection of
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numbers from a table of random numbers after having numbered all the trees of the
plantation.(1)

Sometimes, for practical ressons or for reasons directly related to the estimation
of the parameters (for the mapping of forest types in the case of some forest inventories)
it is more convenient to use symtematic mampling at one or ell the atages of the sampling
design. If we have to inventory a line of trses {units), a systematio sampling will
conaist of the selection of one tree esvery p trees (the pampling intensiiy being f = 1/ )i
if we have 1o inventory a forested area we may distribute the sample according to a ¢
grid laid on the map, each point of the grid being the centre of a sampling unit.

Although sampling theory does not- provide users with a completely satimfactory
eatimate of the sampling error in systematic mampling designs, it is pomsible to get
acceptable ones by using certain devices, some of which are listed in parmgraph 423 of
this chapter.

~ Selection with or without replacement

As alrendy said in paragraph 233, most of the sampling designs ere considered "with
replacement” although they are in fact "without replacement! ms the same unit is not
conpidered twice as a sampling unit (or in other words, as the sampling units in a given
sample are all different units). All sampling designa listed in paragraph 42 are
considered as if they wers with replacement. This approximation is more acceptable as
the sampling fraction (number of sampling units with reepect to total number of unite)
gets smaller.

~ Selection with equal or unequal probabilities

At 8 given stage of a sampling design, units may be selected with equal or unecual
probabilities (see paragraph 233). In pome sampling designs unites are mselected with
probabilities proportional to their mize (PPS). This mometimes proves tov be very
efficient. Thie is the case of two-stage forest sampling designs in which the units at
the first stage S“primary unite") are selscted with probabilities proportional to their
aren .of forest.(<)

= Brual or unequal size of the unite

Let us assume that a rectangular forested area to be inventoried is divided
arbitrarily in equal square blocks of, say, 1 km2, Let us oonsider that the population
ie the whole area, including the non-forested parts. In this case the units can be the
entire blocks and will be of equal sizes However, if we consider that the population is
restricted to the forested parts of the area, the units will be the foresied part of
eech block and will not be the same slze

In both cases these blocks can be selsoted with sither squal or unequel probabilities
(for instance in the oase of unequal mized blooks probabilities might ba proportionsl to
the sizes). Blooks may be the ultimate units (in which case the sampling design will be

(1) If there are less than 1,000 rows and 1,000 columna in the whole population, each
' tree might be numbered by a 6~digit number, 3 digite for the number of its row and
3 digits for tpe mmber of its line. 5

(2) ‘The use of the expression "PPS sampling" for "point sampling” in which trees are
selacted at each point by the priem or the Bitterlich Relaskop (i.e. proportionally
t0 their basal area) is not correct as the sampling units are the points
themselves (or eventually clusters of points) and nct the trees.
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a one-stage sampling design) or they may be the primary units of a two-stage sampling
design with secondary units being for example plotes of equal area.

- Eguael or unegual number of sampling units per unit of the pricr stage
{multi-stage sampling designs])

There may he a different number of secondary units selected per primary unit in &
two-stage sampling design., When the primary units are of equal size, the sampling
intensity in the mecond etage (i.e. the ratio of the number of secondary unite selected
in a primery unit to the total number of secondary units per primary unit) may vary from
unit to unit. When the primary units are of unequal size, the number of secondary units
pelacted may be proportional to the size of the primery units (and in this cese the
sampling intensity at the second stage remains constant).

412  Clusters and record units. Generally the term cluster is used ito define a
sampling unit which is in fact a group of amaller units. The cluster is

the statistical unit whereas the smaller ones are only record units. Information is
collected separately in each record unit and is then merged with informetion from the
other record units to constitute the information relsted to the sampling unit {cluster).
The record units are not the statisticel unite. In no came should cluster sampling be
understood as being synonymous with two—stage sampling. More gensrally stages of a
sampling design and cluestering are two different concepis which can co—exist as it ia
easy to build up a multi-stage sampling design wherein the sampling unite at different
etages ars clusters.

42 Classical sampling designs used in forestry

4217 Introduction. Below are listed some classiczl spampling desigms used in foresiry.
They are not inventory designs. These will be dealt with in Chapter 7. As
we have already seen, m foreat inventory design ie generally a combination of sampling

deBiE!E 'Y

All the nampling designs listed below, like any sampling design, may or may not use
cluster sampling. As we have smen in the last paragraph, clustering is a8 sub-divisien
of the sampling unit into smaller units. It oan be applied =t any atage of the sampling
and it does not influence the respective formulas.

For each sampling design, two formulae will be given:

- +the expremsion of the best estimate of the megy value of n parameter over the |
whole population per eempling unit of the last stage (™ultimate mampling unit")
in case of equal msizes of thesa units or per size unit in oase of unsqual aizey |

-~ the expression of the bhest estimate of the variance of this estimate of the mean:
a8 we have seen in parsgraph 112 the corresponding wampling errcr at a given
probability level is proportional to the square root of the variance provided
thet the assumption of normal distribution is amcceptable.

fetimation of 8 proporticen: The proportion of units of & population having a given
characteristic (for inmtance proportion of units of a forested area bslonging to a given
forest type) oan be coneidered as the mean velue per unit of a partiocular psrameter, the
only values of which are 1 4f the unit has the chareoterisiioc and O if it has not.
The general formulas apply for this parameter but can be expressed mors simply. The
corresponding simplified formulas will be given for the most usual designs. For the
other designs they will be easiiy established by keeping in mind that the corresponding
parameter can have only the two values 0 or 1.
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42?  Random sampling designs (not systematic), The following i=ble includer the
rendom sampling designs considered in this paragranh, The fipures refer to
the relevant sub~paragraphs.

Type of {1 Number of Size of the Size of Stratification] Siratification
sampling stages units at the the units [ of the units of the units
first stege at the of the first at the second
second stage stoge
rtare
unstratifried
o117, 1
stratified
orior to
sampling
‘v 1 1 1 » 21
equal size
{equal stratified
probabilities) after
»111 sanpling
22 ‘
one stage _ | nk 3l n/a
b unstratilied
ey
area elements gl
or trees e, j
(or points iziztligea
or lines for ;am‘i-mp
egtimation of p1as
: ; .112.21
proportions ) unequal size
422,1 (e stratiried
. probabilities e
112 -
senpling

112,22

unstratified
unstratified ARG
5 el
?Eziilslze — 121,11 stretified
. . . 2
probabilities) gize Laeas,
«121 plertied stratified unstratified
12112 121121
?zztitigzz stratified
ST « 121,122
se:::dazz unequsl unstratified unstratified
‘;’;mar;‘ size w12152
unit) fled +5 £
, .12 unsqual size equal unstratifie unstratified
{ probability | sige
proportional
; ) to size) 2122
point or {no special demign studied; only indication of some important

line sampling characteriastics of this type of sampling)

o2
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Units = area elements or trees (or points or lines for eatimation
of proportions)

Sampling using angle gauges, wedge prisme or Spiegel Relaskops 18 exoluded from
this class of design (for these designs see paragraph 423,2 "Point or line sampling

designs").

422411

One stage sampling designe

We will consider only the designs in which unite are selected with emual probability.
The symbols used are listed below!

klar W7t 4 4 <

=Bl

>4

sampling intensity (or sampling fraction): (f = 3) n
=)
h Nh

sampling intensity (or sampling fraction) in the siratum h (f
index of a etratum

index of a unit

index of a unit (1) in a stratum (h))

total number of strata (h = 1 to L)

mmber of units in the sample

number of units in the sample of stratum h

total number of units in the population

total number of units in the stratum h

estimate of a proportion P from the sample

estimate of the mean velue per pize unit of the parameter ¥ ("ratio of
the means" estimate) with a messure of size x op an auxiliary peremster .

estimated variance of the parameter y in the etratum h
2

:F(Ehi )2
B_h = nh_1

exact value of a variance of a given estimate

estinated value from a sample of a variance of a given estimate
auxiliary psrameter (measure of size) in sampling with ratio estimate
valus of x 4in the 4™ unit

value of x In the ith unit of the stratum h

estimate of the mean valune per unit of x g X = %'i-1xi

I 1
estimate of the mean value per unit of x 4in the pitratum hi -!h - ;; 551 Xni
total value of x over the whole populations X = 1=1%i
total value of x over the whole stratum hg ‘xh = fe1™hi

exact mean per unit of x over ‘the whole pomulation: X« ﬁ !2111 ol
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N parameter to be emtimated
y; value of -y in the 1th unit
Thy value of y 1in the :l-!:h wnit of the stratum h
n
} estimate of the mean value par unit of ¥y 4in the populationt } - ;11- iz_.,yi
- R
I estimate of the mean of y in the stratum hi Iy, = 'ﬁ&i-ﬂ’d

4224111  Units of equal size

422,111.1 Unstratifisd random sampling (or '"unrestricted random sampling" or
"simple random sampling")

This sampling design has already been explained in paragraph 311. Let us recall
the corresponding formulaetg

- im¥1 ‘
estimate of the mean per unit: Y » e (1)

estimate of the variance of ¥:

(7,-7)° (7,7)°
R TR <1 s

-1

v(F) - L &

I

Tvo remarkssy

¥, 2
£ (y1_§)2 - £1y12 o "6".2 1 1E1312 - £é1 1)

iwi b - n

If f 4= small (for instence leme than 0,01 = 1 percent) 1-f is approximately
squal to 1 and we havet

) L (ry-7)?
v3) - -‘g—;r;f-n— (21)
Eatimgtion of » proportjon P (of units having a given charsoteristis).

In this ocase we have y; = 1 or 0 acoording ¥o whether the unit i has the given
characteristio or not.

MBetimute of the proportion Pi

p=2 (3)

vwhere a 4is the number of units in the sample which have the given charsoterieiic..
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Tetimate of the variance of p:

v(p) = (1) B2l o (.7 20cp) (4)

If fet s small we get: v(p) = E—£§§El | (a')

Remerk: In the came of the estimation o7 = proportion ralated to a characteriztic vhieh can
be attributed to a point itself (and not to a plot arcund the point) the unite may be the
points. Thie is the case where the estimation of the area of a given forest type is
cerried out on photographs or maps. In this cmse N im infinite and f 48 practically
equal to zero and formula (4') is the right one.

A22.,111,2 Stratified random Bg@p}lﬂg

422,111,221 Stratification prior to sampling

The sizer Nh of the various ztrata are exactly known and the sampling is mode
independently in eanch etratum.

Bstimate of the meen per unit é Ny
= _ h=tn'n (5)
Iat Y :
Estimate of the yariance of Eat g8 s

B g ® (6)

Thie formula can R; written in different forms and may be simplified ir the sampling |
froction . = in constant whatever the stratum.
I 9
422,111,22 Stratificetion after sampling

The sizes N, of the various strata can be determined exmotly or fairly scocurately,
but there is only one sampling for the whole pomulation (and not an independent ssmpling
in sach stratum) and the sampling units are classified into strmta after they have been
sampled: Thias is the case of = forest inventory in whicht

straium sizes are known by photointerpretationy

only one sampling is done for the whols areas to be inventoried;

the faot that a unit belongs to & given stratum is not known or not
investigated before data recording in the field.



- 48 =

: -t J .
Brtimate of the mean per unit yst - EL1Nh h CTX

=)
Fatimate of the variance of v %

L N L N
-1 1=f n, i 1 h 2 y
sl = T gl o 2 2 FIAGE A Y
L n_'h
{where n a ™ is the total number of sempling unite and f = T° T whatever h is,

h
a8 in this case there is only one sampling and thus only one sampling fraction}.

if the estimated variances sha within the different strata are not too different

and if the sample is large the second term of V(sgt) is small. Thic estimate is then
not very different from the one for etratification prior to sampling given by fermula (6).

Formula (3) =2ssumes that there is no systematic error in the estimation of Ny .

422.112 Unite of unequal mize (ratio estimate)

If the statistical unite of a forested area to be inventoried are strips or line
plote, they will be in most ceses of different size for one or saveral of the following
ressonat

1

irregular shape of the forested area;

irregular contour of fhe different strata within the area;

= different sizes of the horizontal projections of the units (these
projections being in fact the units) due to different terrain features from
one unit to another.,

In such cases a judicious approach is to consider the size {area) of cach unit as an
auxiliary garamoter and to estimate the mean value of the pgrameter per size unit as the
Tatic of the parameter itself over this auxiliary paremster (eee paragraphs 322.0 and 33 ).

42211261 Without stratificatiq&

- EA
Batimate of the mean value per size unit:| R, = Eﬁl—l - E* {9)
{"ratio of the means") . " %
{!% Al

Fmtimate of the variance of R1!

2 = n 2 o N
v(R ) = m)(£1yi + Rf E1 =2 B (10)
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n

;:

If the sample estimate per sampling uni‘t is T =

follows+s
2 5 '
o) - B2 (1{:171 5‘ " 5Ty )
i [ 1 n(':-1) - =

, then (10)may be written as

(101)

Important remark: The ratio estimate R‘l ie a blased estlmate but the bias will bhé
the moTe negligible as: 1 '

~ the number n of sampling units ie larger;

= the regression between y and x is better represented by a straight line
through the oriiin (this ie generally well verified %i‘ ¥ is a volume or
number of stems and if x 18 the area of the unit).(!

422,112.2 With stratifioatlon

422.112,21  Stratification grior to sampling

If the numbers n, of sampling unite in the strates are large enough and if the
ratios B.h in the various strate are different enough, it ie demonstrated that the best
eatimates of the ratic and of the verlance of the estimats are the following:

Emtimate of the mean per size unit - I.h a3 L X.h
("separate ratio estimate”): - - hEI e

(1)

Sl P

Betimate of the variance of R.IBI
' ey

. L N e . " |
v(R,,) = ;3 hfi ;1-2‘— m:}l—_ﬁ (E1yhi + R1h2 ig:x‘hi - R, g’m’hi.) (12)

422.112,22  Stretification afier mampling

If the varlances of the R1h are approximately the same in all strata, afid 1f the
sample is large enough, formula (12) may be applied; if not, formula (8) has to be
adapted to the case of thie ratic estimate.

(1) In any camse we have: ﬂ bias Rd (&(ly x ‘K_I@_
wheret V(ﬁ } 4m the exmet varisnoe of R, - (estimated by v(Ri)

V(_) - &5)- i® the exact stendard error of x (etandard deviation of x
yn . divided by yn ).
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422412  Two-stape sampling deslgns

We will consider only the designs in which the same number of secondary units are
selected per primary unit. '

All the estimated means in the following formulae are means per sedondary unit,

The aymbols used are listed belows

sampling intensity-at the first stage: f, = % {equsl primary units)
f2 sampling intenmlity at the mecond stage: =
fo =g (equal primary unite and same
sampling intenmsity at the
second stage in all primary
sampling units)
f?ki sampling intensity at the second stege in the stratum ki of the primary
unit 1
h index of a stratum (stratification .of primary units)
i index of a primary unit
j index of a secondary unit
(i3 index of e secondary unit in a primary unit)
ki index of a atratum (etratification of secondary units) within the primary

uwnit i
totzl number of strata for primary units (h = 1 to L)
The [ total number of strata for secondary urlts within the primary unit i
(ki = 1 to Li')
m number of sacondary unite in the sampla of each primary unit
™ number of secondary units in the semple of stratum ki in the primary unit %

¥ total number of secondary units in one primary unit
Mki total number of secondary units in stratum ki in the primary unit i

numher of primary units in the sample

n
n, number of primary units in the sample of the stratum h
N total number of primary unite in the pomulation
Nh total number of primary units in the mtratum h
D estimate of a proportion P from the whola sample
Py estimate of a proportion P from the sample of primary unit 1
Bkia estimate of the variance of the parameter y 4n the atratum ki in tha
primary unit i
e gy~ Ty’

% 2 o A=tvkid ki

ki ™y = i
x auxiliary parameter (measurs of size) in sampling with ratioc estimation

jij' value of x in the jth secondary unit of the 1th primary unit
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;i satimate of the mean value per secondary unit ¢f x 4in the primary unit i1
= 1%
B % @ el
X exact mean value per secondary unit of x over the whole population
hj parameter to be estimated
yij value of y in the jth seoondary unit of the ith primary unit
yhij value of ¥y 1in the jth secondary unit of the ith primary unit of the stratum h
Yieq s value of y 1in the jth secondary unit of the stratum ki in the ith
J primary unit
}l estimate of the mean value per mecondary unit of ¥y 4in the primary unit 4:
= - ok
" m =1
}ki estimate of the mean value psr smecondary unit ¢f ¥ in stratum ki
(primary unit 4):
Tos = = =7k
ki My 1
;Nsi estimate of the mean value per sscondary unit of ¥y 1n primary unit {
(with stratification within primary units):
L.!
= f Mk —
Yusi ® kist W ki
¥ sstimate of the mean value per secondary unit of y in stratum hs
I 3
Yh nm i=1 j= Yhij
¥ estimate of the mean value per sscondary unit of Yy ovar the rrimary unite

¥
¥5h ¢ wtratum h (with stratifioation within the primary unite):

- -
Yysp " {=17NS4

o1
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422,121 Primary units of ecual Bize

In the deslgns listed below, the primary units are selected with equal probabilities.

422,121.1 Secondary units of equal eize

422,121,171 No stratification of primary units
422,121,111  No stratification of secondary units within primary units.

Estimate of the mean value per secondary unit:

e : 3
= i=1¥4 fu1 =174
5 n - mg . (13)
Entimate of the veriance of i:
L =42 7 - ‘ -2
T £ LN U U B Tl U
n n~1 nm i=1 7=1 n(m=1 ;

Eatimation of a proportion

In this case the values of the parameter y in the secondar: units are equnl to
Q or 1 (y13 = 1 or O)s The above formulae may be simplified.

Ertimate of the proportion P E:p
(mean value of y per secondary unit): _i= ¢134)
=S 2
. 8y
(vhere p. is the estimate of the proportion for the primary unit i: D= & heing
the number of unite in the sample of the primary unit i for which yij = 1) B
Fatimate of the variance of p _
§ 2
(o] = 1-£, ;& (py-p) £,0-£,) g »,0-py) (141
B n n-1 t nm i= nim=1)

- If the secondary units are points, then the number M of secondary units per primary
unit is infinite end f2 - 0

422.121,112  Stratification of secondary units within primary units (prior to mampling)

Istimate of the mean value per secondary unit

. 1 & # My — ] s ‘
Vs " B aEt O Tk T ow Svmst (15)

Tt
n
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Estimate of the wvariance of §ks

. = — == :
(Gos) = 1= i%(yNSi-yNS) 18 2 Ma? T 2 (16)
Ns/ T Tn S ok 121 ki=1 T2 mey ki i

Formula (16) is similar to (14) and reduces to this latter when there is no stratification
within the primary units. The - nature and the number of the strata may not be the same in’

the various primary units,.
422,121,112 Stratification of primary units (prior to Bampling).
A22,121.121 o stratification of mecondary unite within primary units.

Eetimate of the mean value psr secondary unit:

m
L N N,
= h 121 {1 nis k h <
B= — . —-d]———-df - —_—
5= @ w ot nom o1 ¥p (17)
Estimate of the variance of §S
L N
= h2 - g F
i) - E @G (18)

v(§h) being obtained by formula (14) wherein the primary unite taken into consideration
are those which belong to mtratum h.

422,121,122  Stratification of secondary unite within primary units
{prior to sampling)

Let us refer the index h 1o the stiratification of the primary units and the index k
to the stratification of the secondary units within the primary units. These two
stratifications must not overlap, In a forestry sampling design the siratification of
primary units may be a geographical stratification (by catchment area) or a broad
vegetation classificaticn, while the siratification of the secondary units within each

primary unit may be a stratification by density and height of the dominant trees
("conditicn classes™), :

Entimate of the mean valus per secondary uniti

) ot B
Ssg = v T NS, . {19)

;Nsh being calculated by formula (15) applied to the unite of the stratum h.
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Batimate of the variance of ;SS

- L Hh 2 ;
¥ (?css) = h§1(N_-) v(yNSh)

v(ﬁNs )} baing caleulated by formuia {16) applied to the units of siratum h.

422,121.2  Secondary unite of unecual size

(20)

Ir this case, retio estimation is used as in one-stage sampling designs, the cize
of a secondary unit being the auxilisry parameter, We will consider only the case where

there 18 no stratification either of primary units or of secondary units.

Latimate of the mean value per size unit
("ratioc of the means')

23 -
oo A= im getTa
2 n _ n m
Z3 Z ZEx
I e i=1 J=171j
Etimate of the variance of R,
S ¢ I $-2  c2g-2_ o Po =
YR,) = P Alo-1) L&y + R/ =17 N By % - oy
L = - -
B q f1(1_f2) £ E [(yij-ﬁ) + H2 (xj_i"xi) kil 2R2(111-’1)(x!:l_-xi)'7
¥ m il jmt nim=1)

422,122 Primary uniis of upgqunl eize

(21)

(22)

We will consider only the case of the primary units bei selected with a
rrobability proportional to their sizee, without any orior stratificetion of tha primary

uiits or of the secondary units and with secondary unite of equel size, Lat us recall
that wa amsume that there je the same number of secondery sampling uniis per primary unit.

rRtimate of the mean value per secondary unit:

S
Yees = m it T W o1 f=Viy

(23)

The formula is the seme as {13) which givea the ostimate ; for a two-stage mampling with

equal primary units selected with equal probabilities (unweighted sample mean per

ascondary unit).
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Pmtimate of the variance of AE“TS
X

re

"Grs) =Ty 5 Gy - Tl (24

The simplicity of formulae (23) and (24) and the usual efficiency of this design
make it porticularly interesting.

422.2 Point (or line) sampling designs

This type of sampli is used in the field work of 2 forest inventory. The ultimate
units are pointa {or 1ine:§ and are not characterized by a given area or by a tree. At
each point the trees (trees are not the cempling units) are selected with a probebility
proportional to one characteristic which is:

— its basal ares in "horizontal point sampling"
- its diameter in "horizontal line sampling"
— the square of its height in "vertical point samplling”

- its height in "weriical line sampling”.

In other words for each tree there is a corresponding area of plot proportional to this
characteristic and the bigger this characteristic, the larger the plote It is for this
reason that this type of design is sometimes called "polyareal plot sampling”,

These designes — in particular the "horizontal point sampling” - have developed very
fast in the last twenty years in forestry, first in North America (using angle gauges or
prisms), and then in other temperate zones (especially in Furope with the Spiegel
Relaskop). Their use in tropical foresie is hampered by limiting practical factors, euch
as the opacity of the undergrowth and the various heighte of butiresses. In additionm,
these desigms do not give directly a representative picture of the forest at each point bacaune
the trees are not selected with the mame probability:s this Bhortcoming is more serious in
mixed tropical forests where it may be interesting to know the distribution of the species
and diameter classes at each sampling location. However, it hzs been successfully used
in some cases and may be recommended in the tropics in homogeneous stands {pine forests
or plantations).

Except for thic difference in the nature of the sampling units, all the designs
described above are applicable. In particular, if the lines have different lengths, it
is worthwhile using & ratio estimate with the length of the line as an auxiliary paramster.
Ae in the came of area elements cr trees, clustering may be used with any type of design,

Therafore it is not necessary to resume the designs listed above, and we will only
mention what is to be changed in the formulase.

- Value of the parameter in one point (or in one line)

Let us take the came of a horizontal point sampling design., The point 4§ Dbeing the
ultimate sampling unft, the value ¥{ of the perameter y per area unit in this unit is
equal totg

F F F F
Yyedy G vy D) e vy (@) e g (@)
A 1,2 1,k : 1,p1
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where: i 1is the total number of trees selected in point 1

¥ 1 if the value of the parameter y ror the kth selected tree of the point i
' {if ¥ is a number of stems, Yy Will be equal to 1 vhotever k is).
?

BAi i is the basal area of the kth sclected tree of the point 1
ok

F is the basal area factor (equal to ¥ = 10,000 sin2 g, in scuare metres

(basal area) per hectare, wherein @ is the gouge angle).

Similar formulae are applicable to the three other designs in which the basal aress of the
trees are replaced by the relevant charscteristics, diameter, acuare of height or heizht,
and corresponding veluc oi the froctor R,

~ HNumber of units ~ sampline intensities

Strictly cpeaking, as the ropulation (and/or the strata, and/or the intermediate
unita) is a forested ares, the sizes of the units are to be measured in areas. But as a
unit has no defined area (there are es many areas as values of the characteristic) the
total number of ultimate units in the population (or in any division of it) cannot be
defined precisely. Provided that the total number of trees pelected in all the units is
relatively small compared to the totzl number of trees of the population (or of the
related subdivision of it),

- the sampling intenslity at the ultimate stage will be considered
sufficiently low to be made equal to O

~ the mumber of ultimate units at the last stage per intermediate unit
of the former stage is so large that ite inverse can be made equal to 0.

A very thorough analysis of the point and line sampling principles is given in "Forest
Mensuration” by B, Husch, Ch. I, Miller and Th. Y. Beers (page 254-231).

423  Systematic sampling desipns

423,1  General considerations

By systematic sampling designs we mean all sampling designs at one, several or all
steges at which a selection of sampling units 1s made 2ccording to a systematic pattern,
i.e. by selecting only a firet unit ot random, the locztion of the other sampling units
baing sutomatically deduced from this first selection,

Any design which includes a systematic selection of the units is wot striectly
according to sempling theory for the following reasonn:

= Only one unit is selected at random, the other units are not independently
selected (in terms of statistics it is said that each one does not correspond
to a "degree of fraedom™); 4in this case the variance cannot be estimated.
This can be undersicod also if we compare the whola systematic sample as a
cluster. Ve have seen that the cluster can only be considered as a sampling
unit (not the constitutive units) and no varlarce can be calculated from the
value of the parameter in only one unit.
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~ Once the first unit is selected the other unite, which do not belong ic the
future sample, have a zZero-probability of being selected and the other units
of the sample have a probability of being selected equal to 1. In other
viords most of the units of the population are definitely excluded from the
selection because of the prearranged pattern of this aystematic design.
This i3 contrary to a basic principle of the sampling theory.

In addition to these considerations, it must be pointed out that any calculation of
the variance of the mesn is complicated by the fact that there may be dependence of the
values of the parameter in couples of neighbouring units. 1In thie case the estimate of
the variance of the estimated mean is not simply related to the variance of the value of
the parameter in one unit (see paragraph 322.3) and the calculation of an estimated
variance of the mean becomes practic»lly impossible.

A1l random designs listed in paragraph 422, with the exception of the two-stage
sampling design with unequal probabilities, have one or more corresponding systematic onesg
in particular, several possibilities of systematic designs exist, corresponding to each
two~stage random design, whether the systematic selection is made at the firet mtage, at
the second stage or at both stages.

423.2  Amendments to tha formulae for random designs

423,21 Eptimation of the means

The estimate of the mean value of a parameter per unit (or per size unit) in a
syotematic design is, in most cases, given by the same expression sa for the corresponding
random design. So the formulae given in paragraph 422 are generally applicable.

Hovever, caution is necessary in the estimation of the mean value of some parameters,
If there is a periodic trend in the values of a parameter and if the systematic design has
the seme "wavelength', the estimate of the mean might have a rather important biass This
may happen, for instance, if the topography is roughly a succession of pardllel ridges and
valleys and if the systematic layout of the sampling units is such that unita appear mainly
on the ridges {or in the valleym}, the mean value of the parameter will be overestimated (or
underestimated).

In order o avoid such troublesome coincidences, one would have to check very
carefully that the distances between sampling units are not equal (or a multiple) of the
"wavelength" of any periocdic trend in the population.

423.22 HEetimation of the variances of the estimated means

423.221 "Random parameiers!

The distribution of the walues of a given parameter in the units of a population may
be "at random", which meane that there is a very little or zero correlation between the
values of a parameter in twe different units whatever the distance between these two units
{the corresponding covariances are equal to O — see paragraph 322.2)., This is the case
of some parameters related to species with & very little occurrence in some mixed tropical
forests (the distribution of which is comparable to Poisson'e dimtribution).

For such parameters the variances of the estimated means can be determined by the
formula for the ocorresponding random design.
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423222  All other parameters

lMany statisticians have studied the problem and, although there is no completely
aatisfactory estimation of the variances given by the sampling theory, some calculations
give reasonably reliable estimetes. Ue will give below some of the more usual ones.
For the sake of simplicity we will 1limit ourselves to the one-stage simple eystematic
designe Extension of this case can be made easily for the stratified and/or two-siage
‘systematic designs.

A23.222¢1 Units of egual size

First method: Stratification with overlepping strata with two sampling units

a) Let us suppose we have only one line of sampling units (plots or trees along a line)
or that the sample consists of equal parallel and equidistant sampling units
(strips or linesof plot-record units)s An estimation of the variance iZ:

n-1

s 2T - y,)°
7= 5 = 2%:1-1)_1 (24)

where } is the sample mean {estimate of the mean value per unit of the parameter

n  is the number of sampling units
Yy4q1 ¥; eT€ the values of the parameter respectively in the (i+1),th

and i¥" sampling units

f= ﬁ is the sampling intensity (N total number of units in the nopulation)

Thie formuln is established by considering that the whole population is divided in
(n~1) mtrata, each containing two neighbouring sampling wnits and each sampling unit
belonging to two overlapping sirata, with the exception of the first and last
sanpling units.

b) If ve have several parallel and equidistant lines of sampling units it is worth
nonsidering another ztratification of the lines: each line will belong to a strata
the gize of which is proportional to the number of sampling units along the line,

The formulae will be:
™
B T Ei@é‘_’_i_@,_._,h‘%iﬁhh &
Y2 bt ¥ T e T da TR o \23)

where m is the number of lines
Nh is the total number of units in the stratum h (corresponding to line h)
N is the total number of units in the population (area inventoried)

- h%“h



n
Nh may be estimated by ;E (where n, and n are respectively the number of sampling

¥ units aleng the 1J.r1e h and the totzl number of sampling units: o 2 )

® m=1"n
in and §h ore recpectively the valuc of y  in the ith sampling unit of
line 1 and the estimated meon value of y per unit in line h:

IRt

¥ B B i
h n i=1Yih

In each stratun the variance v(}h) can be estimated by the formula (24) vhere T,u
2nd the differences (yi+1 - yi) are restricted to the stratum and the estimated variance
of ¥ will bes

2
m N
v(y) = Z, Egb ) = £ nh = v(¥,) e

Second method - stratification with non-overlapping strata with 4 sampling units
(for two-dimensional samples of areas only with a equare or
rectangular pattern).

Instead of censidering estrata containing two sampling units, we consider strata
containing four sampling units (two units on & given lina mnd the two corresponding ones
on the next parallel line). If we take no overlapping strata we will have:

Tl 1 o'
VY = f 1515' —4213 e,

=
s

=

~—

where }d is the mean value of the parameter in the stratum j
n' ie the number of etrata: n' # %

the othsr symbols having the same meaning as above.

423,222.2 Units of unequal size

We will limit ourmelves to the case of one line of une 1 sampli units or of
equidistant parellel sampling units of unegual size {for instance strips of eame width
but of unequal length). We will apply the first method of stratification with
overlapping strata of two unite, and will consider the area x of 2 unit as the

suriliary parameter.
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Hstimate of the mean value of the parameter per size (area) unit:

Iy

1
12174

3
1=1%4

R1.BJ‘B -

Ertimate of the variance of this estimat,e:

(28)

(name as (9))

1,975 121 Fiag

- 5. GE et g % g
& (R1,3ys) > ? 2n{n-1) [51(3'1+1 - yi) * R‘l,‘sys i=1 (xi+1
-~ -1 .
- 2R - xi)' (yi+1 = yl) -.7

= .

h]

2

/

(where the symbols are similar to the one used in paragraph 472.117;,

(29)
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CHAPTER IV

REMOTE SENSING AND NAPPING FOR AREA
ESTIMATION IN FOREST INVENTORY
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CHAPTER 1V

REMCTE SENSINCG AND MAPPING FOR ARFA ESTIMATICN
IN FOREST RNTORY

1 Introduction

Host foreest inventories aim at providing satisfactory estimates of total values of
parameters of the forests (mainly volumes of wood) over the whole inventoried area and/or
over paris of it. These total values are obtained through estimaticn of the ocorresponding
area and estimation of the mean values per area unit of these parameters.

Both areas and mean values of the parameters per area unit may be estimated through
use of aerial photographs (and maps) nnd/or field measurements and observations, these
eotimations being made by complete census or by sampling.

We will not consider in this edition the case of the estimation of the mean values
per area unit of the parameters made completely or partially through use of aerial
photographs (or any other remote sensing data), since such technigues are mostly resiricted
to some fairly uniform temperate foresis and plantations and are for the time being of
little relevance for tropical countries. Difficulty of species identification from
aerial photographs in the tropices, loose correlation between crown characterietics and bole
dimensions, and the impossibility of defect assemsment from aerisl photographs severely
limite the applicability of photogrammeiric measurements in surveys of tropical forests.
However, some literature is quoted in Appendix IIwhich should be consulted in case such
methods appear feasible in the tropics (for instance in plantations).

As ‘indicated by the title, this chapter is limited to the use of remote sensing
and map data for the estimation of area, although not all area information is obtained
from these data. It is sBometimes partially or even entirely provided by field
measurements and obeervations,

Conventional aerial photographs have in the past heen the only remote sensing tool
used in forest inmventory, and will certainly remeain the most important one for a long time.
The first part of this chapter will restrict the study of remote sensing in foreet inventory
to that of conventional aerial photographs, but sub-chapter é will be devoted to a
description and present applications to forest inyentory of the new remote sensing toolm.

We will sssume in this chapter tha od to aphic (or only planimetric) mapping
over the whole area exists at @ suiltablel 1/ scale, permitiing the reductlon o &
negligible value of the error on the estimate of the total area to be inventoried. If
this is not the case, and if the inventory to be made is not & broad reconnaissance
survey or does not apply to a relatively small area which can bs topographically surveyed
on the ground, the first objective of the inventory should be to have thim mapping done
from the existing remote sensing imagery by a cartographic institute using plotters of the
firast order. We will not etudy this technigue nor the topographical survey methcds which
are well described in relevant manuals and textbocks.

In case this topographic mapping is not poseible for finanoial or other reasons it
must be pointed out that the resulting error over the total area will increase the errors
on the estimates of the total volumes (or totals of other parameters).

F—

(1) nmSuitable" in relation to the size of the ares to be inventoried and
the intensity of the inventory work.
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2 Forest and land-use clasgifications

oy

Various kinds of classifications

Given a forested area to be inventoried, results of the inventory ususlly have to
be given not only for the whole area, but also for parts of it. When dividing the
inventoried area several simultanecus criterisa may be used. Broadly speaking they are
the following:

Criteria of vegetation/environment relationships taking into account
environmental factore such as climate, altitude and soils. The corresponding
claseification does not generally indicate the existing land—use, but is
useful for land and forest management: decisions on whether to maintain the
forest or clear it for agriculture, on location and species for reforestation,
on silvicultural treatments, etc. can be made with greater confidence from
information gathered through this claseification.

Criterion of present land use: this criterion defines the mosi important
classification as it separates the forests from other land uses and vegetation
types. In this classification the forest areas are broken down into very
broad end universally accepted ciaszes,.

Oriteria of forest management: under this heading we include all the facicrs
which are of direct relevance for forest management such as:

- ownership and temure; for instance, if there are publicly and privately
owned Torests in the irventoried area it ie almost certain that it will
be necessary to give separate results for each type of forest. The same
occurs if there are forests under concessions which need to be separated
from the other forests;

- adminisiration: resulie may have to be givan by administrative units
(districts, counties, regions, departments, provinces and statea)} if the
inventoried area is spread over several puch units;

~ phyeiography and accessibility: results will have to be given by isolated
foreet unit, by watershed, by type of relief, etc.... the corresponding
units having to be managed separately}

~ management units: in addition to the foregoing there may be another
management and/or logging classification (sustained yield unit, logging
compartment, etc.). For instance, the classification into unexploited
forests and logged-over forests is of primary importance in many tropical
zones for the preparation of harvesting regulations. Resulis have to be
glven separately for each class.

Criteris for statistical stratification: if in the same management and/br
vpresent land use" and/or "potential land oapability" uniti forests are
glgnificantly different with regard to the parameters to be sstimated, it

is useful to siratify the forests aocordingly in order to decresse the
sampling error on the estimates and make the inventory more efficient.
Stratifioation will be more efficient if it is done prior to sampling

(wee paragraph 411.4 of Chapter III). This stratificetion it generally done
through photointerpretation and is based on criteria which can he appraised
from aerial photographs, such as dominant species or height and density of
the dowminant trees, Classes based on the latter criteris sre often called
“oondition classes". Hesults by condition class may not be umeful since
condition classes are in principle only atrats used for sampling. But they
ars useful if this mtratification is then used se a basis for management purposes.




-649

22 Classifications based on vegetation/environment relationships

In most cases this type of classification is not used for assessing the present
land use pattern as this pattern differs generally from the one of the potential or
climax vegetation types which are considered in these classifications. However, they
may be used in forest inventory for a primary broad stratification of the forests to be
inventoried, especially when original vegetation has been more or less untouched.

Many systems of classification and mapping based on vegetation/emvirommental
relationshipe have been evolved, some on a world basis, others on a more restricted
regional basim, e.g. for Africa, Southeast Asia, and South America. They generally use
various methods of anslysis of the complex of factors making up the environment, with
emphasls chiefly on one or more climatic factors, e.g. rainfall, temperature, evapo-
tranapiration, etc. For the purpose of the forest inveniory, it ie necessary for the
expert firat to familiarize himself with a national classification system adopted for
local usage, and relate this as far as possible to a suitable (1) regional and (2) world
type classification.

It is not intended in this manual to consider the merite or limitations of the
various world and regional classifications. It is sdvisable first to find out for each
inventory project what Vegetation/blimatic maps already exist on a country and regional
basis. Several maps have been published on world and regional classification systems,
end some of the more recent may be mentioned:

1e¢ Vegetation map of Africa, published under the auspices of the '"Association
pour 1'6tude taxonomique de la flore d'Afrique tropicale" with the
aspistance of UNESCO, by the Oxford Umiveraity Press, 1958,

2. Atlas of maps of the "Crop Ecologic Survey in West Africa'", by J. Papadakis.
under the auspices of FAQO in 1966 (which includes also a classification of
olimatic zones correlated with vegetation types).

3+ A series of maps for individiusl countries in Southeast Asia, Africa and
Burope, published by Gaussen and his co—workers, e.g. publications of the
Institut Frangais de Pondiohéry covering India, Ceylon and Madagascar
among others,

4. World climatic mape on the systems of Thornthwaite, Swain and Kippen.
5¢ Climatic vegetation maps for Latin America by Holdridge.
6. World vegetation map by Schmithilsen at 1/25,000,000.

UNESCO, the World Meteorological Organization (WMO) and FAO have been specially
finterested in, and have sponsored, the preparation of world or regional mape on
speoialized socological aspects (inocluding soile)}, e.g. the Crop Ecological Map of
FPapadakis referred to above, a study of the "Agroclimatology of the Semi-Arid Areas
South of the Sahara in West Africa”, by J, Cochem& and P. Franquin, jointly published
in 1967 by FAO, UNESCO and WMO, and a World Soils Map by FAQ to be completed in 1974.
Though FAO has not yet mpecifically reoccmmended any one system for a classification of
vegetation on a world or regional basis, the Holdridge Syetem appears to be of special
interest both for its simplicity and easy adoption for forest inventory purposes. A
desocription of this system is given by Boldridge (1967). This sytem has been applied
to the compllation of ecclogical mape in several countries of Latin America.
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23 "Existing land use” olmamification used by FAO inventory operntionu.

231  An aren classifioceation scheme was devised at FAQ Headquarters at a meeting of
forest imventory experts in September 1967 and FACQ inventory projects have been
asked to ume it (with eventual introduction of sub—divisions to satisfy individual project

In the preparation of this olassification efforts were made to oonform to

the categories and definitions used by FAQ in its World Forost Inventory compilation.
Ths elaboration of world, regional and nationsl atatistios on forest resouroces will be more
easily obtained as more egencles scoept thim classification,

The mteps in the classifioation and the definitions and explanations required are
as follows:

Classification steps

Clansify the area into:
I. Land area
i, Wator area

Clgmsaify "Land Area" into:
A. Forest irea

e Uther Woodsad Area

2« Non—Forest Area

Dafinition or explanation, if required

The basie for thie division should be defined and
the date given, e.g. aoccordlng to existing carto-
graphy, eserial photography, eto. Mangrove and

coastal palm foresis ars to be asmigned tc "land™.

Consider as foresta; all lands with & "forest
cover” (inoluding natural bamdoc and palm); i.e.,
with trees whowo orowns oover mcre than 20% of

the aree, and not used primarily for purposes

other than forestry. For the definition.of a

tree use the following one glven by the
"Perminology of foresti scienos, technology,

practice and produots™ (edited by F.C. Ford
Roberteon snd authorized by the joint FAQ/IUFRO
Committes on Foreastry Bibliography and Terminology }:

tree: "a woody perennisl plant typically large
and with a singls well-defined stem
carrying & more or less definite crown"

Includes fn) Public and private foresis;
b) All plaatations, including one-
rotation plantation, primarily

usad for foreatry purposes;

{o) Areas temporarily unsiocked as well
a2 young natursl siands and all
plantations established for forestry
purposea, whioch have not yet reached
s orown density of more than 20%;

(d) Forest roads and streame and other
small open areas, as well as forest
murseries, that ocnstitute an
integral part of the forest and
whick cannot be readily exoluded
by the survey symtea used,

Exoludes {a) Isolated tree groups smaller than

0.5 ha; .

(b) City psrkse, privets gardens and
pastures;

(o) Areas of windbreak and shelterbelt
tress with an ares exceeding 0.5 ha,
but tov narrow 3o he nansged as
forestis.
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Class;fication steaps

(contd.)

Claspify the "Foreat Areal
indo:

1. Hatural Forests

2. Man-¥Nade Forests

Classify "Natural Forests”
into:
{a) Broadleaved epecies ex~
cluding mangrove forestis
Ebg Coniferous species
o} Mixed broadleaved and
conifarous spocies

gdi Pure bamboc sreas

a) Mangrove

f) Coastal and riverine
palm forest

{(g) Temporarily unetocked
areas

Clessify '"Man-Made Forestse'

into those applicable divisions

ehown under Step 4.

Clageify "Other Wocded Area”

iutos

1. Savannah, open wocdlands

2. Heath, stunted and scrub
forest

3. Trees in lines, wind-
breaks and shelterbelts

4. Other aress

Classify the "Won-Forest Area”

into:
1. Agricultural land
a, Crops and improved
pasturass
b~ Plantationa

- 066 —~

Definition of explenation, 'if required

Consider as other woodad areas land with trees
whose crowns oover iess than 20% of the arsa or
with shrubs or stunted trees covering mors than

204 of the area, not primarily used for agri-
ocultural or other non=forestry purposzes (such as
grazing of domestio lni-alaz. Also include areas
oocupled by trees in linas (mlong roads, canals and
streams, otc., converied to area by 0.8 ha per
1,000 us a8 woll &8 windbreaks and shelterbelts
which are not inoluded in "Foresis",

The differentiation between natural and man—made
foresta should be made on the bamis of the
classification given in paragraph 233,

Categories (a) and (b) will be defined by a
composition of BO% or more of the species groupe,
Hixed forests with less than 80% of (a) or (b)
will be claseified as (o). Where bamboo occurs
in the above types a8 understorey, this should be
recorded to eastimate mixsd bamboo area. It may
be useful to mubdivide (a) into mixed broadleaved
forests and pure (or almost pure) broadleaved
forests in certain tropiocal areas where pure or
almoat pure stands of a broadleaved species cocur
(cnse of Gilbertiodendron dewevral in Congo basin}.

Shifting oultivation sreas already re-stocked
with forest vegetation should be classified as
sub—divieions of oategories (a}, (b) or (c).

Savannahs should be ocnsidered as areas of
scattared trees or acrub over graminacecus or
herbacsous layer. Crown ocover of the woody
vegetation can sxceed 206, Categories (2} and
(3) are defined under Step 2.

(a) inoludes shifting cultivation areas wnere
land 1s under prepsration for agricultural
oropping, or is planted with agrioultural crop
or is not re—stocked yet with forest vegetation.

Plantations inolude orchards, rubber, palas, eto.
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Claseification stepe Definition or explanation, if recuired
(contd. )
2 Other lands
8. PBarren laend E.g« rock, mand, ice, etc.
be Natural range lands F.g. prairiee, pampas, eteppes, { e scattered
and graselands layer of woody vegetation exists, the area should
be clasasified in "other wooded areas',
C., Swamps This includes swampy areas without a tree cover.
d. Heath without trees E.g. tundra in northern zones.
e. Urban, industrial Includes rights of way for roads, railroads,

f.

and communicatlion aress power lines, etc.
Other areas

232 FAO's proposed claseification ie, thus, the following:

Existing lLand—Use and Forest Classes

Total Land Area

M Forest area

1,

2-

Natural forests

a.
b.
Ca
d.
L1
f.

gc

Broadleaved excluding mangroves
Conifercus

Mixed broadleaved and coniferous
Pure bamboo

Mangrove

Coastal and riverine palms

Temporarily unstocked

Manmade fdrests

(those above divieions of a. to g. which are applicable)

B. Other wooded area

1s
2
le
4.

Sevannah, open woodlands

Heath, stunted and scrub fcrest

Trees in lineu, windbreaxs and shelterbelts
Other areas

C. Nop-foreat area

1.

Agricultursl land

a. Crops and improvsed pastures

b. Plactaticns

Other lands

a. DBarren

b. HNatural range and grasslands

Ce Swamp

d. Heeth, tundre

s, Urban, industrial and comsunicaticn
f. Tther mreas



233 Definition and interpretation of man-made foresis

The following text is issued from the note "Actusl and potential role of man-made
foregts in the changing world pattern of wood consumption' which was delivered by the
Secretariat of the "World Symposium on man-made forests and their industrial importance
(Canberra, 14-25 April 1967).

. "The phrase sounds simple enough but has caused difficulty in definition and
differences in interpretation. In fact, certain of the natural distinctions
between types are blurred and some degree of arbitrary definition is needed. Any
final, authoritative definition must await the findinges of the current Multilingual
Foreatry Terminclogy Project, which is working under the guidance of the joint
FAO/IUFRO Committee on Bibliogrephy and Terminology and with the comprehensive
support of the U.S. Forest Service, the Department of Forestry in Canada, and the
Society of American Foresters. Meanwhile, some guidance is available from the
definitions adopted by the second session of the Buropean Forestry Commigsion's
Working Pariy on Afforestation and Reforestation (1953), as amended by its third
session (1954), as well as exieting terminclogies such as "British Commonwealth
Foreat Terminology, Part I" and the Society of American Foresters' "Forestry
Terminology".

It meams simplest to equate the definlition of & man-made forest with that
given for a plantation in the BC Forest Terminology, i.e.: "A forest crop raised
artificially, either by sowing or planting". This could be interpreted io include
all forms of artificial regeneration but no natural regeneration. "To regenerate™
in English is normally defined as "to cause to be born again, to re-create", which
implies the renewnl of something pre—existing rather than jits replacement by
something different. In this sense, a forest formed by artificial regeneration can
be. aaid to be re-made by man rather than made by man.

The different types of forest, according to their means of origin, are:

Ve Thoss eatablished artifically by afforestation on land which previocusly did
not carry forest. This is the most clear-cut example of a man-made foreat
and invariably involves the extension of the mrea of the forest. A clear
definition of the periocd of time for which the land previously carried no
forest is needed. "Within living memcry" is suitable for areas where ihere
ares no records, but "within 50 yeare" is puggested as en alternative for
areas wvhere records exist.

2. Those established artificially by reforestation on land which carried forest
within the previous 50 years or within living memory, and involving the
replacensnt of the previous crop by a new and essentially different crop.

The change most frequently imvolved is species conversion, but the use of

sead known to be geneticelly different from the previous crop, e.#. from seed
orcharis conpisting of superior genctypes demonsirated by progeny trials,
would also qualify. Inaemuch an tha forest #stablished artifically by man

is esssntially different from its predecessor, this too is a clear—cut example
of & man-made forest, though it does not involve any change in forest areas.
The term "reforestation", it is auggested, should be confined io this iype,

to distinguleh it from the following.

3. Thome =statilished by sriifical regeneration on land which carried forest
within the previoue 50 years or within living memory, and involving the
renewai of what is sssentislly the mame crop as befere. Inasmuch as the
‘new orop is emsentially the same as its predecessor, this 15 a forest re-made,
rather than made, by man.
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4 Those established by natural regeneration, with deliberate silviculiural
assistance from man. In the past, such assistance has sometimes cost more
in time, effort and money than certain of the cheaper forms of artifical
regeneration. Nevertheless, inasmuch as the source of seed or vegetative
reproduction is natural, it seems logical to consider this as natural (but
man~agsisted) forest.

Be Those established by natural regeneration without deliberate assistance
from man. They would include so—called "Virgin Foresis", as well as theaee
regenerated by wholly natural means. They are the most clear—cut examples
of a Natural Forest.

The definition included in the questionnaire distributed to countries
attempted to draw the line between number (2) and (3) of the above typee, in order
to include as man—made forests all those which involved the creation of something
espentially new but to exclude those which are formed by renewal of the same type
of ferest as beforae. This seemed & logical distinction and was in line with that
made by ithe Puaropean Forestry Commission's Working Party on Afforestation and
Reforestation, when it defined artificial regeneration as: '"Reatoration of forest
cover by planting or sowing in the normal course ¢f management”, and reforestation
as: "Restoration of forest cover by planting or sowing, when it has not been
poesible to effect thls restoration in the normal course of management". Scme
difficulties, however, have arisen in interpretatiomn. Borderline casss may arise
in which it is difficult to determine whether the specific composition of the new
forest is or is not essentially the same as that of the previous crop, or whether
the management methode in use are normal or not. It seems preferable, therefore,
to draw the line between 3 and 4 and to include within the term "man-made" all
forms of artificial regeneration. Thie agrees exactly with the existing simple
definition of a "Plantation" in the British Commonwealth Forestry Terminology -

"A forest creop raised artificially either by sowing or planting."

Mixed regeneration systems, — Difficulty arises when both natural and
artifical regeneration are carried out in the same area. In such caases it is
proposed that the deciding factor should be the intended composition of the final
CTOPD. If over 50% of the intended final crop has been regenerated artificially,
the foreat should be considered as man—made.

Shape. — "Forest implies width as well as length and can scarcely be applied
to row plantationse. Likewige "forsst crops" implies that a high proportion of the
trees are growing in competition with each other in the "crop" rather than with
other forms of vegetation outside it and are thus capable of forming a true foresti
enviromment. Row plantations, avenues, etc., in which a high proportion of the
trees are subject to edge effect, do not conform to this description.  Though
unquestionably man—-made, they are not strictly forests. Wide shelterbelis of a
kilometre or so wide, like the "green belt" at Khartoum, on the other hand, equally
detfinitely are. It i® thought that a 100 m width should be the minimum to
vonatitute a forest. In practice, the importance of row plantations and shelter—
belts in many countries often makes it essential that they be considered together
with more orthodox shapes of man-made foreste, as will be done in *the present
rymposium, bul they should be mentioned explicitly. It should be noted that the
Buropean Forsstry Commission's Working Party on Afforestation and Reforestation
defined “Plantations outside the Forest" as "Row plantations (road-side planting,
windbreaks, etc.) and plantations in stands associated with a permanent
agricultural revenue on the same site",

Stocking. = "*orsst" implies a closed canopy, at lemst when the trees are
old enough to form one, and hence a certain minimum stocking. This needs to be
apecified etrictly in order to avoid the fallacicus inflation of figures for areas
“atfcrested" by the inclusion of "plantations" only 10% stocked and largely
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incapable of making full use of the productive ocapacity of the site. It is
proposed that for young crops not yet thinned, full stocking dhould mean & minimum
of 1,000 stem/ha or 75% of the trees planted, whiohever iw the lees, with a
reasonably uniform distribution. Plantations with 25-75% survival or 300 to 1,000
stums/ha should be considered as partially stocked and those with less than 25%
survival or less than 300 stems/ha as poorly stocked. The latter should, in many
caBes, be considered for writing off and complete replanting.

Naturalization. -~ Flantations of exotics are, ipao facto, man-made during the
first rotation. If subseeguent rotations are regenerated naturally, it is debatable
whether the forests so formed should be called natural on acocount ©f their method
of regeneration or man—made because they could never exist had it not been for man's
active intervention through the initisl introduotion. 1In such cases it im necessary
to have recourse to a purely arbltrary definition; it i{s suggested that naturally
regenerated crope of exotics should be considered ae "marn~made foreste™ up to 250
yoars from the date of their original iniroduction into that area, tmt that sfier
250 years the species should be conmidered as naturalirzed, when only artifically
raimed crops could be considered as man—made.

Agricultural v. foresiry crops. — The logic of the distinotion between
agricultural tree crops and forestry iree orops is often obscure. There sesms no
good reason, for example, why plantations of rubber trees are thought of as an
agricultiural crop, while plantations of tan-bark mscesoia trees are clasmed as a forest
crops It is pointless to try to change distinctions whioh are now generally
accepted by tradition, but it is important to ensure either conformity between
countries in the epecies included in mam-made forests for which ares figures are
cited, and those excluded as being "agricultural crops", or at least a knowledge
of the differences. As &n example, Ivory Coast has inoluded over 5,000 heotares
of Anbcardium in ite man-made foresis, whereas in other countries this may be
congidered an agricultural crop.”

3 Interpretation of comnventional merial pholographs in forest inventory

EA) Introduotion

311 Area estimation with or without forest mapping. The use of all the
claseifications limied in paragraph 21 leads to & distribution of the total
area in sub—divieiona or etrata. One objestive of a forest inventory is to gei
satisfuctory estimates of thess arsss {or of the proportions of these areas with respect
0 the totel area). In many cases an additional objeotive of a forest inventory is to
know the exact location of these areas by s delinestlon on a map.

312 "Compulmory” classifications and olassifications developed within the inventory.
The classifications iiated above are of two sorts:

(a8} Some existing classifications are already given and cennot be avoided or
smended by the imventory expert. Thim is the omse, for instance, of the ownership and
adninistrative classifications. Estimation and mapping of the areas of the corresponding
classes do not generally requirs interpretation of serisl photographs: they consist
mainly in transferring onto the available topographic (or planimetric) maps information
obtained from existing doocumentation (much as laws creating forest Teserves, ooncessjon
agreenents, etc.), and in measuring areas on these maps. Aerial photographs may be used
coccasionally to add to the mape some missing dstaills referred to in the relevant
documentation (planimetric or topographic fsatures such as & small river, the ridge of a
range of hille, etc.).
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(b} Gome other classifications are set up partly or entirely by the inventory
officer, e.g. clamsifications of present land-use, of accessibllity, of “comdition
claases". But the inventory officer must try as far as possible to fit his olassificationa
with exieting and well-accepted ones, so a2 to allow for comparison and addition of
recults given by different inventories designed by different foremters. Unfortunately
this is not very often the case and too many inventory operations develop their own
classifications, disregarding the existing ones. If former claseification= are not
deemed satisfactory one should first try %o refine or to condense them in order that
classes (or groups of classes) of hie own classification are compatible with classes (or
groups of classes) of an existing one. Only if this attempt proves unsuccessful will a
new classification be made.

Htimation and delineation of the areas corresponding to these classifications are
made generally through interpretation of aerisl photographs.

32 Some information on serial photographs and aerial coverages

(Many textbooks and manuals exist on aerial photography and photolnterpretation.
Some of them are listed in the bibliography, and it is not intended to review or even to
sunmarize in the following paregraphs all relevant information, but more simply to point
out the most important elements for inventory officers using conventional aeriasl

photography. )

321 Characteristice of aerial photographs

3211 Scale
321.11 Definition

The scale (or representative fraction) is the Telationship between a distance on
the photographs and the corresponding distance on ihe ground expressed ss a fraction
(1/25,000) or as a ratio (1:25,000): 1 cm on aerial photograph is equivalent %o
250,000 em = 250 m on ground.

. . . focal length of the camera .
It is equal to the ratio: THEEOTA "0F the oamara above the ground R

H is exactly the distance between the lens of the camera and its vertical
projection on the ground.

If the terrain is not completely flat the scale im not uniform all over & given
photographe. Thie is particularly important when the scale is Telatively large
(relatively low average altitude) and the terrain is mountainous (significant differences
batween altitudes of various points of the terrain).

321.12 Suitable scales for forest inventory (acale requirements for forest
inventory )

A clesgification of scales of aerial photographs can be the following:

1/200 to 1/3,000 very large—scale merial photographs
1/3,000 to 1/10,000 large—scale aerial photographs
1/10,000 to 1/25,000 medium—sacals aerjal photographs

1/25,000 and smsller small-ecale merial photographs



The large or very large aerial photographs are used in forest inventories in which
estimation of the stand parameters is carried out mainly through measurements on the
photographe {photogrammetry). This is the case in some temperate forests with a limited
number of recognizable specles, parameters measured being the height of dominant and
co~dominant irees, the density of the crown cover, the diameters of the individual crowns,
etc. One of the problems to be solved is the precime estimation of the elevation of the
camera above the ground (useful in its turn for cbtaining a precise estimate of the scale

of the photographs).

The medium and small scales are generally used only for stratifying, mapping and
egtimating the foreast areas in forest inventories where all or most of the paramcters are
estimgted through field work. The most suitable ascale in each forest inventery depends
much on the refinement of the stratification to be made and on the criteria used for this
stratification. For instance, if individual specles must be recognized, a medium scale
may be necessaly. But if the stratification doee not imply the recognition of individual
epecies, a smaller scale may suffice. This happens very often in mixed tropical forests
in which identification of individual species is generally not feasible at present, at
least at scales smaller than 1/10,000 and therefore is not used as a criterion for
gtratification.

In many tropicel countries the only photographs available have a emall scale since
aerial surveys sre primarily designed for topographic mapping at a scale generally not
larger than 1/50,000.

The following table roughly summarizes the use of the various scales of aerial
photographs for forest inventory:

Type Scale Uges

Very large scale 1/200 - 1/3,000 Photogrammetric measurements (stand
. _ parameters estimation) or refined
Uiz staly 1/3,000 - 1/10,000 stratification based on mquantitatively

measured criteria

Medium scale 1/10,000 - 1/25,000  Broader stratification based on
gqualitative oriteria including species
occurrence or on estimated quantitative
criteria (such as crown density or
height of dominant trees)

—— e, A

Small scale < 1/25,000 Broad siratification based on qualitative
criteria excluding in most cases specles
occurrence and on broad claeses of

quantitative criteria

321.,2 Type of emulsion

Conventional asrial photographs are images of the reflexion by the objecis of the
electromagnetic radiations of the visible spectrum (0.4 M = 0.8 A~ ) with the possible
addition of those of the near infra~red (up to 1/LL). In the latter case the photogrepns
are called infra-red photographs.



321.21 (onventional photographs without the near infra-red

Panchromatic black and white photographs are the most common and moet used up to now.
In fact most of the extensive aerial surveys for topographic mapping use panchromatic
filme. They are also the ones which most peosple are more accustomed to. The epactral
sensitivity of most of the aerisl panchromatic films ranges between 0.36 AL and .72 M,
In many cases they are used with a minus blue filter to cut off blue light below G.5 Ar
Resolution (in terms of lines per millimetre recorded by the film), apeed and grain vary
considerably from one film to another.

Colour serial photographs sre much lese common and are generally used for special
purposes on limited areama. They are now only & little more expensive than the corresponding
panchromatic photographe. It ie suaid that "the human eye can separate more than 100 times
more colour combinations (hues, values and chromas) than gray scale values (ratioc of 20,000
to 200)". Species ldentifioation as well as deteotion of diseased stands is easier on
colour aerial photographe than on panchromatic ones so that a more refined stratification
is genermlly feamibla.

321,22 "Infra~red' photographe

The sensitivity of infra-red black and white films extends to 0.9/U—0r TOM
Filters generally cui out the blue and blue—green wavelangths, s¢ that the range of
sensitivity is approximetely from Q.6 M to 0«94t « The main differences for forestry
interpretation between the black and white film and the infra-red one are the following:

- easler distinction on infra~red photographs between anglosperms (broadleaved
species) and gymnosperms (coniferous);

- possible distinction between healthy and diseased broadleaved itrees on
infra-red photographs;

~ easy differenciation on infra~red photographs between water aress and land
areas, and hotwean wet and dry soile: +this ie particularly useful for the
delineation between forest on dry ecils and swamp forests;

- better individualization of the trees on the infra-red photographs than on the
panchromatic ones; consequently it is easier to delineate the stands on
panchromatic photographue 'This ie especially iTue on large scales.

The colour infra~red filme ("false-colour" film or Russian "spectrozonal" £ilm)
allow for the reproducticn in colour of the same spectiral range as the infra-red black
and white filme It combines the advantages of the colour reproduction (large number
of combination of hues, values and chromaa) and thcse of sensing the near infra-red
(detection of humidity and of stress of vegetation). Identification of species, and
more generally refined stratifications based on soil moisture, stand composition and
vegetation health is eesier on thie type of film than on the three former ones.

Colour additive viewing mmkes poesible a large number of different falsecolour
plctures from the same vet of one—band photographe {see paragraph 613 of this chapter).

321,3 Printing

Printe (on opaque or transparent mediums) sre made from negatives by contact
printing or sutomatic dodging printers, The latter is more economic and "haa the (1)
advantage of accommodsting on one print the range of densitles oceurring on the negativem™.

(1) from J.A. Howard, "feriml photowecology", pages 36~3T.



- T4 =

"(}lossy prints with a high contrast have the advantsge of a greaiasr density rangs but matt
prints can easily e written on and the reflactad glare from the surface is not so trying
to the eyea. Howsdays a pemi-matt or semi-glossy or glossy-mati surface is generally
praferred as a compromise betwasn the two types®, (1) The poseible defscts of seriml
prints are pumercus and provision muet be made in the contracts of aerisl survering in
order to avoid them as much ae possible. Thoy are lipted in the book referred to in (1):
blurred areas, fingerprints, abrasion streake and scratches, air helte, fog, atresks,
irregular white spote, irregular dark spote, flat prints, excessive contrast (see below),
. density too high or too low; blisters, brown spots, bellow estaln, *sding, doible imsgs,

drying marke, pressure-bar marks, fork=like or finger patterns, dark stresks, small over—
exposed circular zone.

321.4 Basic image quality factors

The interpretetion of the aerial photographs depends on the ability of the
interpreter, on the equipment used and alec of course on the qualities of the photographs.
These gqualities can be estimated from the following three main factors:

— tone contrast {or colour contrast for colour photography) which can be defined as
"the actual difference in photographic tone or brightness between a particular
femture that is to be interpreted and the background againat which it is imaged";

= "sharpnesg" which corresponds to '“the abruptness with which a change sppears to
occur on the photograph": the sharpsr the photograph, the easier the inter—
pretation;

= T"gtersoscoplc porallax" which means "the diffsrence in tha apperent position of
one festure = such ma the top of a tree — with respect to another feature - such
ae the base of that tree — caused by a shift in the point of obeervation". It
18 measured by the parallax difference Dp, and im related to the difference in
elevation h of these two features by the following formula:

H = Ex Dp
P

vwhere H ia the height of the camera above the ground and P is the "air base”,
vizs ths horigontal disiance betwesn the two points of cbheervation; Dp being
exprenssd &8 the sum of the projections parallsl to the flight line on sach
photograph of the distances between the two features. This formula is used
in photogrammetry for measursment on the photographs of such things ae ires
height. A measuring instrument based on this formula is the parallax bar; e

oimpler device ie the parallax wedge.

322 Characteristios of aerial coverages

322.1  Overlape

Along the same flight line, the areas covered by two succemslvs photograpas are
overlapping. This overlap can be axpressed as a percentage of the area covered by one
piotograph and ie called "forward lap" (oF endlap). The "eide lap' corresponde to the
ovarlep betwean photographs in adjascent parallel flights.

Forward lap is usually betwsen 55% to 65%, and sids lap is more varinble, from 10%
to 40% or more. Both overlaps ars necessary for gocd ateréoscopio interpretstion and

pletting for mapping of the surveyed area.

{1) from J.i. Howard, "Aerial photo-soclogy”, peges 36-17.



..754-

The number N of photographs corresponding to the merisl coverage of a given apes 5
iw approximately equal to:

3 x 32

N =
2(1-8,))(1-R,)

1

where e is the average soale cf the aerial survey

1 is the side of an aerial photograph

R, is the forward lap {usually 0455 R, < 0.65)
R, is the side lap {usually Ry> 0.10)

(if 8 in expressed in ha, 1 must ba expressed in hm}
For instance, let us suppose that:

S = 1,000,000 ha

1
20,000

1 = 23 em = 0,0023 hm (2 inchea)
0.60
0420

8w

> o]
L]

1
2

We will have:

1 42 i) :
# = 1,000,000 x (55575)" X 75756231 3 0.40 = 0.50

Graphe oan be construoted on which it ie poesible to rewd N for & given soals,
assuming given overlaps and size of ths photographs.

Due to significant variations of scales in mountazinous areas it is advisable to
requeat larger endlaps (up to 80%) and midelaps (up to 40%).

32z.2 Eli@t linen

Flight linee should be thaoretically parallel end equidistant. Dus to many faotors
such as crabbing and drifi of the flight, tilt and tip of the alroraft, the overlaps are
not constant.

Flight indices on siable transparent medium, whars the flight lines are drawn with
the indication of the centre of the Buccessive photographs, ars very uss?ful and must be
requesied in any aerial survay conirsot.

327.3% Tilt and reotification

Tilt end tip of the siroraft result in the camera tilt whioh is egual to the
inolination of ocamera sxis with respeot to the verticel. Tua the plane of the phoiograph
is not sxmotly horisontal. The tilted photogrephs can be rtgtif!gg, i.9. projeoted onto
a horisontal reference plans, the angle betwaen the photograpas plane and the horisental
bolng detarmined by ground reconnaissaiios or from flighi dotas
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322.4 Other specifications

Amnex 1 refers to other specifications of aerial surveys such as junction of strips
{important when the merial coverage if obtained from several flights or when it is to be
veed in combination with other surveys covering neighbouring areas), cloud cover (which
must be less than a glven percentage), time of day — shadows must not reduce the value of
the photographs for interpretation.

323 Some problems related to aerial surveying. In many forest inventories it ism
desirable to get new nmerial phoiographs because they are missing on a part or
on the whole area to be inventoried, or because they are too old {in case there have been
rapid changes in land use since the date of the formar coverage) or because they do not have
the puitable scale or characteristics., If money is available and if the inventory design
includes the use of merial photographs, serial surveying will have to be contemplated.

In addition to the technical specifications whioh are listed in AnnexI , some other
points have 10 be considered when preparing a contract of aerial eurveying.

(a) Covernment resirictions:

Many govermments exercise varying degrees of restriction over the execution of
aerial photography. It is necessBary to investigate whether the serial surveying is
permitted over the inventoried ares (in particular by foreign contractors), if the
processing is permitted outside the country (when the local processing facilities do not
meet with the technical specifications}), etc.

{b) Preliminary information to be collected:

In order to enable an invitation to bid to be issued, investigmation has to be made
on puch iterms as;

- flylng season, number of likely photographic days and generasl meteorological
information;

-  topography, terrain and altitudes in area to be photographed;

- existing documentzation (maps} and ground control;

= location of airports with servicing facilitles

~ permits required, etc...

(¢} Coet and payment:

The cost of an aerial survey is not only determined by the size of the aree to pe
inventorisd for given ecale and characteristies of the photographs. Positioning
{mobilization and demobilization) and etand~by may have an important bearing, especially
in tropical countries where the clouwd cover ie often a serious inconvenience. The besis
for payment may be photography only; photography plus positioning; photography, poaitioning
and standby; photography, positioning, standby and flying hours, or various combinations.
It ip a matter of welghing the various components, when bide are Treceived; in an attempt
to ensure thai photography will be obtained at & reasonshble price.
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The example below shows the range of costs per item according to the relative
importance given to them by the tenderers. It 1a related to a survey made in 1972 at
various scales within an area of 5,000 km? in a tropical country.

Bids (in US §)

1s  Mobilizetion 1,200 to 6,150
2¢ Demobilization 1,200 to 6,150
Sub-total (positioning) 2,400 to 12,300

3. Rate per km2 for 1/15,000 panchromatic photography 4.73 to T.98
4. Rate per km“ for 1/30,000 infrared photography 3442 to 6477
Be Rate per km2 for 1/5,000 panchromatic photography 24.47 to 37.31
6. FRate per km2 for semi-matt contect printe from 3 above

a) firet set 0.17 t0 0.75

b second set 013 to 0435

c) Bubsequent sets up to 6 0.13 to 0.30
7« THRate per km2 for semi-matt contact prints from 4 above

& first set 0-09 to 0.26

b) Becond set 0.07 to 0.15

¢) wsubsequent sets up to 6 0.05 to Q.15
8. Rate per km2 for semi-matt contact printe from 5 above

a) first set 3.00 to 5.T1

b) second set 1,60 to 3,00

c¢) subsequent sets up to § 153 to 3.00

9 Rate for mep photo indicee of the photography in 3
above (indicetion of the indices on eximting

1/50,000 topographic maps) 0.10 to 26.64.
10+ BRate for map photo indiceas of the photogrephy in

4 sbove 0.10 to 1.21
1. Rate for map photo indices in the photography in

5 above 1450 to 61.35

12. Rate per km2 for the production of an uncontrolled
mosaic at a scale of 1/15,000 from the photography
in 3 above including a screen positive of each aet 141 to 3.66

124 HMosaloss. It iB sometimes useful to use an asasemblage of the aerial

photographs in order to get a clear pioture of the inventoried area or of

parts of it. This assemblage may be "oomposed of uncorrected prints, the detail of which

belng matched from print to print without ground control or other orientation" and the

mosaic 18 smid to be uncontroiled. A controlled mosalc is made up of prints whioh have

been rectified and ratloed (in order that 811 the photographs have the same averages scale).

Semi~gontrolled mosaics are made up of ocorrected or wncorrected photographe arranged

through ™a common baailes of orientation other than ground control®,

Controlled momaics are not yet comparable to a map as variations for lens aberrations
and displacement due to topography are not corrected. The completely corrected mosaics
are the orthophoto-mosaics called also "orthophotomapa" (see paragraph 614 of thie chapter).
However, in flat or gently undulating terrain controlled mosaica can be used as planimetric

mAape «
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33 Fhotointerprataticn

Fhotcinterpretation in forest lnventory cornlste in the ifdentificetion on the asrial
prhotographes and eventually in tha delineation of tha differsut clasmes corresponding to
the classifications adopted.

Some olamses within the inventorisd area ars relatively easy to identify and
delineate, as they are defined by geographical limits, such as closmser corvesponding to
ownsrship, tenure, adminisiration or phyeiography. The most imporient and mowut
interesiing part of the photointerprastation work in forest inventory is related to the
identification (and eventually delineation) of the warious clssses of jand use, vogetation,
forest itype mand accessibility.

331 Qualities of good photointerpretation. A good photointerpretation must be as
objectivs as possible. Although the analyeis of the aerial photographs is
made through direot observation and interpretation by a humen being, it should always be
based on A set of precise criteria and definitions or keys. This requirement is necessary
for tha following two main resmsons:

- photointerpretation must be as uniform as poemlble over itime from the baginning
to the end of the work; the keye thus serva sas a permansnt reference to the
photointerpreter;

— photeinterpratation must be as conmlstent as poesible regardlees of the photo-
interpreters and the keys will eserve to reduce the discrepancies betwean them.
Theae keyn alec serve as an atd for the fleld teame in on—the—spot recognition of
the different photointerpretation classes and thus make it esamier to match the
photointerpretation and field classifications,

The criterir for the olassifiocstions used in photointerpretation must be easily
tdentifiable on the ground in order that they oan 8iso be used in the field laventoery.
In other words, clasmificutions designed on tie bawis of photography parameters such as
crown cover, height of dominant trees, soil moisture, topographio featurss, should be
meaningful and moceptable for a person on the ground; otherwise they are useless for the
irnventory. In many inventories the photolnterpretation work and the field inventory have
been done independently, with the result that the photointerpretation work used for forest
mapping has not served to reduce the sampling error of the inventory results snd conversaly
these results could not be applied to the individual forest classes delineated on the maps.
1t may harpen that changes in the forest cover mince the taking of the merial photographs,
or arrors in the photointerpretation work, introduce soms dimcrepancies betwesn the results
of the photointerpretation work and the field work. These disorepancies can be taken into
sooount in the inventory design (msee chapter 7) provided the oclassifications of the forest
aress used in the photointerpretstion work and in the fleld are basiocally the sama.

As 3 consequence of the above requirements (objeotivity and. feasibility for use in
the field), the photointerpretation olassifications must net be too refined. If they are,
the risks of arrore, of inoonsistanoies over time and between interpreters, and >f
discrepancies with the field observations, are inoreased and consequently result iz s poor
perforuance.

132 Siereomocpis iut.gpggtaiionm Interpretation of ccnveniicnal merial photographs
) always mads sterecsoopioally in order to prefit from the perception
<! helght wvhioh, scoording to many IPOOInIiltO, woonld bd com@idared one «f the mont
effective cosponents eof the interpretation. Observation of singls photographs and of

nosalos eay, of course, provide useful information, but 4o a lasser degres,
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Sterececores cen be classified in thres categoriest lane stersosocopss, mirror
steraoscopes, and spscial aspplicetion sterecscopes.

Lens stersosccpes are generally amall instruments with megmifying (2 to 4) leness
separated by & distance equal tc the speoing of the eyes. They ocan he used sasily in the
fisld, but have drawbecks such as limited magnifying power, tie impossibility of viewing
the entire stereoscoplc ares in the line of flight without raieing the edge of one of the
photographs, and the imposeibility of viewinug the entire sterscsoopic ares aorcss the line
of flight without shifting the sterecscope or photogrephs. :

Mirror stersoscopes use a combination of prisms, mirrors and leanses to avoid tae
abocve-mentioned defecis of the lans etereoscopes. They are the basic instruments of
photointerpretation in the office. Different types of frame make it pomsible {0 scan the
whole areap with high magnification, aither by moving the plate on which the photogrophs are
put, or by moving the whole optical set, or only the mirrors ("0ld Dalift” scanning
atersoscope ).

Of the opecial application setereoscopes, cns has besn designed to ellow for the
stereoscopic viewing of several successive photographs of the same flight strip; another
has been designed for training purposes and permiis simultaneous viewing of the same
photographe by two interpreters.

333  Assessment of photointerpretation keys, The jweparstion of phrotcinterpretation
keys should alwaye be considered an important part of the photointerpretetion

work, &and sufficient time should bhe spent on it. Ae 1t ip easentlal that the photo-
interpretation clessification be ewsily utilizebls in the field, many ground ohecks have ia
be carried out on the different vegetstion and forest types. A key mhould slways be
supported by & set of test stersogrammen, sach oless being illustreted by one or wore
atereogramme. If density of the crown cover is used as a coriterion for siratificailon,
"density scales' reproducing crown covers with different percentages of crown ologure van
bhe used,

334 Photointerpretation cf plote end photointerpreimtion with dslineation

13441 Introduction

in a large-scale forest inventory, forest mapping may noct be an objeotive of the
operation snd it mey be sufficient {o eatimate the areas of the different classes of forest
by & sampling of plote on the serisl photographs without dslineating the Clamses on the
photographs and without traueferring the limite ontc topographic or planimetric maps.

Photointerpretation of plots is generally mcrs satisfaotory than photointerpretation
withk delineation. Af a matter of fact 1t ie often diffiocult to draw an exaot limit
between clasmes; some subjectivity is unavoidable and there are tramsition soues bstwsen
vegatation types or forest types. FPhotointerpretation by plots is less liable to
suhjectivity, BEatimetes of iths area of the same forest typs by the same photointerpreter
may be significantly different under each of the two methods, and this difference will not
be entirely due to the sampling design used for the photointerpretation by plots. It is
praferable in many casen %0 mooept s known saxpling srror on valid basio data (photo-
interpretation by plots) than to obtaip ares values not subject to ssmpling errors but
subject tc unknown subjactive bisses (photointerpretation with dulinaattu:’.

33,2 Pnotointerprstation of plote

-~ ln photolnterpretation withou% délirastion, plots of equal sise should always be
uwsad rather than pointe, eo thet the aesesemant of the vegutation or forszt yps is elways
done on the seEs referencs area. (In protuinterpretation with delinsation the snecomment
of the sreaz of the different olesnes osn be made by dot ocounta on the photographs, or on
the maps once information from the phoiographe has bosan *razifaryed). The ploke are
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generally oircular with a radius of two or more millimeires on a photograph. These
circular plote are generally printed on & stable transparent material laid on each photo-—
graph. If the aerial coverage in an inventory is based on more than one scale, it is
better to retain the plots at a constant size; thus, the circles printed on the
traneparent overlay will have to vary in size in aocordance with the mcale.

A plot is assigned to & given class if more than 50% of its area belongs to this
clasa.,. The corresponding parameter for this class has the value 1 in thie plot; O in
a plot not mssigned to this clase. The proportion of the total -area covered by a given
photointerpretation class and the standard error are estimated by formulas given in
paragraph 53 of this chapter.

- Sampling design.

In principle, the sampling of the plots to be interpreted should be made on & base
map or on a mosaic, and the plots thus selected traneferred onto the photographs. The
layout may be random or systematic over the whole area to be inventoried, or over each
stratum already delineated on the map (such as administrative or physiographic units).

For the sake of convenience the layout of the sampling plots is often made direcily
on the photographs. The effective area of one photograph is assumed to be a rectangle in
the middle part, the sides of which are determined from the average endlap and sidelap of
the photographic coverage. Plots are selscted in each rectengle acoording to a systematic
or random pattern. If the topography is even mnd the overlaps nearly constant, then a
aystematic distribution of the plote on each photograph will result spproximately in s
systematio distribution over the inventoried area.

Due to variations in scale and in overlapa, the sampling intensity — which is the same
in each rectangle - veries from one photograph to the next. A correction factor has to be
applied to all the plots of a given photograph (or group of photographas of approrimately
the same scale and having the same overlaps) to teke into account these variations in
sampling intensity when they are significant. {1)

A systematic or random sample of aerial phctographe may be selected for interpreiaticn
instead of having all photographs interpreted. In this case the layont corresponds to a
two—gtage sampling design, the rectangular effective areas of the photographe being the
primary units, and the plots the secondary units (estimation procedurs may bs the one
described in paragraph 422.121.,111 "estimation of a proportion®, if the plotz are not
systematically distributed on each selected photograph).

334.3 Fhotointerpretation with delineaticn

When forest mapping ie required, the various claswes musi be delineated on ihe
photographs. The effective area of sach photogrsph has firet to be delineated and the
delineation on this photograph restricted toc the effective area., Detailasd instructions
have to specify the dimensions of the minimum patch to be delineated (in relation to the
scales of both the photography and the final map), the precision of the delineation, and
other ifitems such as degree of illumination of the photographs under the ster=oscops, type
of pen or pencil to be used, rubbing out of the wrong lines, eic.

{1) Other more sophisticated methods of correcticn exist: one of them consiete of
determining the effective ares of each photograph and using a correoticn factor
related to the scale of the photograph.
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4 Porest mapping from conventional asrial photogravhs

41 Introduction

Mapping is generally done onos the interpretation of the aerial photogrsphs and
delinestion on the photographs of the different forest and vegetation claasee have hean
completed. This is necessarily the case when the mapping is done using non-stereoacopic
plotters {see paragraph 42). When stersoplotiers are used, it may be possible to do the
photointerpretation and the transfer simultaneously since the opsrator has a stereoscopic
view of the area to be mapped. - Sterecplotiers of the third order can be bought and used
within the framework of an inventory operation, whereams stereoplcttera of the first and
second order are generzlly the property of photogrammetric companies and institutesn.

As already etated in sub-chapter 1, we will assume that an acceptable planimetric or
*opographic mapping exists at & suitable scale over the whole inventoried area.

42  Transfer from single photographs

In this case the cperator does not have a sterecscopic view of the area to be mepped
during the transfer, since only one photograph ie used at a given time. The ptersoscopic
interpretation is assumed t0 have been done before the mapping operation snd cannoi be
checked and eventuzlly corrected during the mapping; thie is e serious shortcoming but on
the other hand the equipment used is esimpler and less expensive. The instruments muet
allow for edaptation of the scale of the photograph to that of the map to be drawn.
Adjustment of the photograph muet be possible around its centre in order ‘o rectify the
photograph, if necessary, to take into account the relief displacements and thus t¢ put in
optical coincidence the same terrain features on the photograph and on the map. To avoid
toc much manipulation of the photographs the transfer of the interpretation lines should
ba restricted to the central effective arem of each photograph (see paragraph 334.3).

The usual inetruments sre based on the principle of the camera lucida and moat of them
are called sketchmasters (Zeiss Asrosketchmaster, Aerc Service Universal and Vertical
Sketchmasters, Abrams Oblique Sketchmastier}. The following description of thiam type of
ingtrument is extracted from the "Manual of Photographic Interpretation® of the Ameriocan
Society of Photogrammetry: "The observer perceives two superimposed images, one from the
photograph and the other from the maruscript (map). Thies result is attained by means of
a semi-transparsnt mirror which both reflecta and tranemits light. The eye receives the
image of the mwmuscript by transmitted light. The operator can adjust the instrument so
that selected immgee on the photograph coincide with their true positions on the manusoript.
Most of the ocamera lucida instruments can be raised or lowered to change the scale and
tilted to compenmsate for tilte in the photographs". The ratioc of the scales of the
photogreph and of the map can generally be down to 133 or 1:4.

This type of inetrument is particularly recommended for transfer from mingle
photographs 1f the relief im not too broken and the atrata not too small and not too
intricate. If this i not the case it may be more efflcient to make a visuml tranafer
without the use of any instrument.

43} Transfer from stereoscoplc psira

The main advantage of this type of transfer over the uee of single photographs im
that it allowse for a simultansous photointerpretation, or for checks and possible corrections
of the photointerpretation work if this hae already been performed.

The mimplest and moet upuml instruments belong to two groups.

- The Radial Line Stereoscopic Plotiers (third order), such as the Kail Plotter or
the Hilger and Watte Plotter, whoee prinoiple is the followingt each point of +he
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terrgin corresponds to the interseotion of two -lines, esmoh one passing through the
centre of one of the two photographs ("radial linea"}s the two lines are moved in
order to intersect at the points along & limit beiween forest classes; and a
mechanism linke their interseotion, possibly through a pantograph, to a drawing
pencil marking the reference map or mamuscript. These ingtruments 0 not correct
for 111t and are difficult to use for iransfer ¢f deteil near thea flight line.

= The Multiscope and the Hilger and Watts Stereosketch oconsiet baerically of a mirror
stereoscope combined with a camera lucida. The photograph tebles of the first
instrument (or the drawing table of the second) can be tilted to rectify the
photographic image and take into sctount the relief displacement. TIn addition,
scalea can be adjusted by inserting different lsnses or moving up and down the
drawing table (Stereceketch).

=~ Mcre sophigticated eterecplotiers using the principle of the fused floating dots
(for instance & parallax bar} can bs used, such as the Zelss Stereopret or some
atereoplotters of third order (Zeiss Stereotope or 5.0.M. Sterecflex).

& Ares estimation from serial photogrephs and mape
51 Introductory remarke

As already mentioned in paragraph 334, estimation of the areas of the different forest
or vegetation classes does not require mapping of theme areas; an objective estimation
can be performed by allocating, through photointerpretation, every photoplot of e sample to
its forest or vegetation class, provided the sampling design is sound and that correction
factors are applied to take into adoount the possible variations in scale and in overlapplng

of the photographs.

Acouracy of the area resulis should be of the same order of magnitude as the total
error (sampling and mesasurement errors) of these estimates: there is no point providing
area resulis to the nearest hectare if the total error is expscted f{o be arcund 100 hectsresy

Area resulis should be given in the metric system whenever possible. If the Britieh
syatem is ueed, both British and metric units should be given, as is required in all
inventories carried out by FAC.

Whatever method is used for estimeting areas on maps, the precision of the estimeticn
will be higher with larger scales. This shows the importance of transferring detailes of
photographs onto maps at a soale which is not too much smaller than that of the photogrephs.

On a forest map, patches with dimensions smaller than a certain minimum are not shown.
This provision ie generally necesmary to avoid difficulties in reading the map, but it may
lead to bimsed estimations of mome forest cleesee. The most obvious case of such bims ie
vhen a claseification of forests is made aoccording to the individual sige of forest patches,
the ares of the forest clasa corresponding to the smallest patohes being underestimated.
This problem must be kept in mind, pertiocularly when estimating foreet areas on small-scale

Meps.

A fundamental prerequisite for estimeting areas on maps is thet the maps must be
drawn on a papsr with a high dimensional stability coeffioient. Thim is particulerly true
for maps drawn on tracing papsr; ordinary commerolal trecing peper can expard up to 15%.
Many stable~based materials are readily available {with polyeater bame or esiar base, the

letter being less stable), and it is highly recommended that the2o be used for mapping in
order to avold considerable and unknown biases in the =rea satimetion.
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Theres are several ways of measuring areas on mape. The indications given below refer
only to planimetering and to methods based on sampling techniques, since the other ones are
deemed less praotical in most cases (such am the one using geometric formulas and
coordinates or the one based on weighting). '

5¢ Direct measuremenis by planimetering on maps

Hand planimeters have been used for some time and now there exist the much more
accurate and rapld electronic planimeters such ma the Stanley Cintel Electronic Planimeter .
or the Kimoto Electronic Scanning Planimeter. 1In addition to the need for dimensionally
stable paper, mentioned above, other precautions have to be taken, among which can be
quoted the following:

{a) correct the scale setting given with the inmtrument against & master area
generally provided with the instrument;

(b) oheck that the measuring wheel ie parallel to the tracer arm;
(c) =void any elipping of ths measuring wheel during the messursment operation;

(d) perform a sufficient mumber of measurements in order to reduce the messurement
srror.

Unlese an electronic planimeter is available, it is advisable to use siatistiocal
methods (especially the dot-grid system) as they are leas liable to measurement errcrs and
allow for a computation of the sampling error.

53 FEstimetion methods besed on sampling technigues

531 Area estimation from mape. Within an exactly known total area (oversll area
of the map, for instance}, the principle c¢f these methods is to determine the
proportion of the total ares occupisd by & given forest clses. The esiimate of this
propoTtion is given through a mystematis lsyout cf elther:

~ dotg, to each of which is ettached the value 1 if it is inside the forest clase

or 0 if i1t ie outeide (dot grid mymtem);

- or parellel lines (or "iransects") to each of which is attached the part of ite
length within the foreet oclassj the transect eystem is less used than the dot
grid eyetem since the lengths hmve 10 be messured.

The areas of the forest clesa have to be estimated by multiplying the mumber of dote
within the clsss (dot grid oystem), or the sum of the lengths of the parts of {ransectis
within the class, by an ares sxtension factor {area of the unit square of the dot grid or
unit length multiplied by distance between two neighbouring transects).

The error formula given in paragraph 422 of Chapter 3 for esiimation of & proportion
is not applicable in the cems of the dot grid method as the dots {sampling units) are
systemptically dimtributed. Seversl suthors have worked on the problem of error
eptinatior in dot grid messurements, and error forwmules have besn developed. An
acceptabla approrimation of the standard error is given by the following formuls (after
Chevrow - 1971):

@ - 565 17,

wherae: o(#) is the error in pesrcentage on the sstimated area of a focrest Olass;
n is tha mmber of dots found withip this forest class;
k is & factor depending an the shape of this area, and incresses as the
eren bLaoomaw more irregnler; for mors regular shapes the value of thias
oontficlent is neid to be betwsen 5 to 7.
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Taking a conservative value for k equal to 7 we will have aprroximately

150 : .
e(%) = —;§7Z corresponding to the following valuas for n:

% 10 5 2 1 0.5

n 37 94 310 780 1970

Each dot count must be carefully performed and repeated, preferably by another operator.

If the two counts differ significantly, at least one other count must be carried out. Use
of small hand counters is recommended in order to avoid mistakes in enumeration. Ceounting
can be restricted to marginel parts of the srea, the central part being divided into
rectanglea or squares of known area. If & slight discrepancy is found between the sum of
the areas of the foreat classes estimated by dot count and the exact known value of this
total, each individual srea has to be correctied by the ratio of this exact value to the
eetimated total.

Fstimation by dot counts and by planimetering can be combined in certain cases. For .
instance the areas of the inventory units can be sstimated by planimetering, the estimates
being corrected by the ratio of the exact value of the total inventoried area to the sum
of the estimated areas of the inventory units, and the areas of the sirata within the
inventory units can be calculated from dot counts and corrected according to the same
principle.

532 Area estimation from photographs

Sampling designs in which the dots are replaced by "photoplote" are generally used.
The delineation of tha forest classea on the photographs is not necessary unless the number
of plote per photograph is large. Examples of one- or itwo-stage sampling designes have
already been described in paragraph 334.2. Other designs are possible: for instance one
can imagine a three—stage sampling design wherein the primary units are parallel, but non-
adjacent strips, the secondary units are photographs within these strips and the tertiary
units are the photo-plots on the effective area of each selected photograph. Multi-stage
sampling designn can alsc be foreseen using different photographic coverage, for instance
one space satellite coverage plus two aerial coverages, one of the latter st emall-scale
and the other at a larger scale (see paragraph 622),

54 Contimuous area estimation

By "contimous area estimation" is meant the estimation of aress at different times
using successive photographic coverages. Repeated estimations of forest aress are of
utmost importance in the tropics as the foreast oover ie endangered in many places and it
is necessary 10 monitor these changes in order to mschieve better conirol and to develop
eppropriate land—use policye The statistioal basis for such etudies 1is regression amalysia
end some methods used are identioal to those used for contimious forest imventory in the
fleld (see Chapter 7). The different coverages can be either complete or partial. If
the first one ip complete, the estimation of change can be aseessed through s new partial
coverage using simple regression estimation (such a study was performed in the Ivory Coast

using o complete coverage of 1956 at a scale of 1/50,000 and & partial coverage of 1966 at
s scale of 1/40,000).

If only one old oomplete or partial coverage is avallsbis, and if no eignificant
interpretation error is foreseen, the estimetion of change can be cbtained by regression
snalyzis from a ground check of photo plots precisely lcosted in the field and interpreted
previously on the photographs.
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A part of the photoplote previounsly interpreted on the 0ld coverage can be
interpreted again on the eubsequent coverage, as in contimious foreét inventory, afier
carefully iransferring them from the 0lé photographs onto the now ones, end on each further
covarage a partial sample of new photoplots can bs inierprasted.

It is thought that with the rapid development of remote semning tachnigques and the
increasing concern for the maintenance of the forest covasr thess studies on forest
monitoring will develop congiderably in the nesr futurs at the locel snd netional lavals
a8 well va st the regional end world levels., Sempling thaory offars a lot of very useful
and efficient technigues provided they are utilized carefully and on = sound ossis.

6 Recant develorments in remote sensingz and mepping technigues

61 Brief presentation of recent teschniquas

611 New forms of remote sensing. The principle of conventional panchrometic aerial
photographs can be stated ag followsi

By means of a film coversd with = silver selt emulsion they reproduce the relative
intensities of the natural electromegnetic radiations of all the bands of the visible
ppectrum (the bands may be limited hy a filter), the osmera being situsted sboard an
sircraft. Innovations in remote esensing with respect to normal panchromatic aerial
photography relate simultanecusly t0 one or mora of the characteristice mentioned in this
definition.

6111 New platforma

a) The orbiting of manned or unmanned artificiaml satsllites has now bsocoms a commonplace
operation, When such satellites are fitted with remote sensors (cameras or scanners) and
with devices for storing or transmitting the images or signals collected (televieion aystem,
reproduction of eignals on magnetic tape), one can obimin actual or televised photographic
images, or data recordsd on magnetic taps or disc, corresponding to the radiations received
from the cverflown areas. The images cbtained have the followlng sdvantagass

-~ they oan cover a Very large area in s single exposure (mpproximetely 3 willion he.
for 70 x 70 mm negatives at a scals of 1/2,500,000);

=~ distortions due to relief are negligible and the picture has the planimatric
value of = maps

The images suffer from one major drawbeck, nemely their poor ground resolutiocn 1/
which corresponds to a dimension generally exceeding 80 ms Ground resclution is limited
rrimarily by the height of the apaoceoraft, but it also depends on the nature of the image
obtaineds If the photograph ia teken directly on a sensltive film, ground resclution
will alsc depengd on the finensss of the emulmion grain. When the ploture is televised,
{e0. from an wmanned sstellite, ground resolution will depend on the moanning intansity
of tha tzlevision aystem.

b) Experiments have besn conduoted in Canads with very large—sosle photographs

(1/1,500 end over) taken from helicopters or light airoraft. Such coverege is dseigned to
identify certain speoles (e.g. Picea glaucs and Abies balsames), %o quantify the damegs
osusied by epidemios and inseot attacks and to aseemn the oharscterimtiom of forest
potential by means of rhotogrammetrio measurements snd "aerial® volume tables. Fxpariments
on species ldentification from very large-scale merial photographs have aleo heen perforwed
in %roploal American forests.

1/ .0, the size of the smmllest objeot detectable on the image for a specified sontrsmt.
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The wost diffioult problam has been to develop a precise heighi-finding syetem, an
eoourate messurement cf the ocamera's height from the ground being wssentisl for & proper
entimate of soale and, commequently, suffioiently precice photogramuetric data;  the
firset altimeters used worked on radar whioh did not penetrate all plant cover.

611.2 Other electromagnstic raddmtion

The following table taken from the book "Remote Sensing, with spacial refersnces ta
Agriculturs and Forestry” (U.S. National Academy of Science} indicates the wavelength and
frequenoy intervals of the different electromagnetic radiations am well as the
corresponding sensors used to study natural reeouroces.

Panchromatic photographs employ the reflection by objesta of elsctromagnetlo
radintions of the visible speotrum with & wavelength renging from 0.36/¢ to 0.78u +» The
real innovation in the field of remote sensing, admittedly less spsctacular than the use
of space platformm, has heen the use of radiation intervals other than those of the

vielble spectrum.

The use of part of the nsar infra-red (from 0,78 M to 0.90M ) in essociation with
visible radiations of 0.5 (cr 0.3/»- J to 0.78)&11“ already been dealt with in paragreph
321.22,

Speciral region Wavelength i Currently used imaging
' BENBOrs
Microwave (radar) Dacimetre 10-100 cm Scanning antennes
Centimetre 1=10 om
Millimetre 0.1-1 om
Fax IR 8—1,0’00)'- Sosenners with IR
Intermediats detectors
IR . 38 m

1Infra-red radistion :
Near IR 0.'{80-3/‘- Photographic film to
approximately 1L

Socanners with IR detectors

Ultra~violet Near UV 0.315-0.380M | Photographic film (quarts
radiation lenn ).
Middle UV 04280-0.3154 [ Soannersz with photo-

sleotrio senmorm.

Ths uxe of "m"-ral" infro-red (3—14,11.) - the radiaticona emitted in gresisr quantity
by hiotser bedies - im especisliliy zuiieble for the detaction cf latent fires and of dissases

and inssot attacks affecting the forest {thece raeult in m nlight hemting of the vegetmtion).

Re ation (betwsen 0.5 om and 1 m and espaoially betwsen 0.86 cm and 3.3 om)
possasseds the great advaniage of baing mbla to penetrate oloud formailons and of being
relatively iittle attemuatad by rain, Ite use is proving very interesting in tropical
regioms where conventioral photographio ocoverage is a time-conmuming procedure because
of the nearly permsnent presence cof a rather low cloud base.
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611.3 Scapners

The use of new radiations and requirements for contimucus automstic re-transmission
(especially from unmanned satellites) have led to the inorsased use of mcanners. 4 siaple
somnner oonsiets of an optical device (generally a rotating mirror coupled to a parabolie
mirror) and a sensor whioh converts into electric signais the variaiions in the intemeity
of radiation in a certain band of the spectrum (like & photo—slsotric csll), Through the
movement of its optical system and of the sircraft, the scanner examines the mcene to be
observed in parallel contiguous strips. The electric signale are then received in a
cathode ray tube for display on a television mcresn or for printing on a sensitive film.
They can also be transcribed onio magnetic tape and then prooessed by ocomputer.

611.4 Artificisl radiation

The rediations used in conventional photography are naturel redistions reflected by
the object photographed gnd which come mainly from tha sun, either direotly or indireotly
via other objects that have relayed these radiations Ly refldcticn or transmission.
Certain remote sensing systems (active radar devices) employ specially emitied (artifiocial)
radistions which are reflscted back by the objects photographed. 3Such systems can also
parform sensing at night without diffioculty. )

611.5 Band selection

Anothsr important element in the field of ramote sensing is the separate reception of
the radiation received on each wavebarnd. The advantage of imolating certain speatrm
bands is obvious. For sxample, itwo objects o be differentisted may reoflect with the
same overall intensity the total rediation of the visible speotrum whilst refleocting with
vary different inteneitiss s specified band of the visible mpsotrums In other words, their
"gignature", or response with respsct to that band, will be different end distinotion
betwsen them will be clearsr.

Application of the rrinoipla of band seleotion ia not new in faot} the yellow filter
intended to stop radiation with a wavelength of under 0.50 A is an example.of selection in
that it amourts to melecting the 0,50 At $o 0.78 M band of the visible spectrum.

Comventional colour photography also involvem such meleotion, as in thesa emulsions a

yellow layer roceives 0.38 s to 0.48 4 radiation, a magenta layer 0.5Q4 to 0.58) radiation,
a cyan leyer 0.60 A~ to 0.78 AL, the thres images being supsrimposed {unlike bleck-and-white
panchromatic film on which a single image im formed). An interesting example of ocolour

film is the apeotrozonal film used in the U.8.5.H.j} its esulwion posssswes only two layere
and it hae proved very useful in forestry.

Separate racording of the images in the different bands is sffeoted essentially in
two new wayes

-~ by combinations of several cameras (up to 27 in one oass) or by cameras with
several lenses whars each oumera (or esoh lens) corresponds to s specific
smulwion/filter combinstion; thus different simultansous images of the seme
scene ars produced, each corresponding to a partiocular band of the spesotrTumi

-~ by an equivalent system in which the camera,or cemsrss, are redleced by wensorsi
for exampls, the "sultispesirai line scauner”™ system, in which seversl scanners
opsrats together, each one reproducing the radiation emittsd by ths object in e
speoific band of the speotrum; it has a single optical device beaming the total
radiation onto a prism which scatiers it scoording to wavelangth; +tde sosttered
radistion pesser through a mimbar of senmors, sach of whioh iz senmaitive %o a
glven band of the specirum, and the resul¥ing eignals are ther converted either
into a televised imege or into a photographic image (in both cases through »
asthode ray tube), or yet again into dats stored on s megnetic base.
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612 New media for information storsge and reproduction. The information collescted
hes so far been assembled in the form of black-and-white or colour photographs
on an opsgue or transparent base, in negative or positive form, produced directly by simple
chemicel reaction development on the senmitized film. For & long time to come the foraster
will contimie to uee this type of information base for much of his work.

The mgjor innovation in the field of reproduction is the use of the cathode ray tube.
The electrical date transmitted by = sensor are converted by the tube into visible
informations It is the principle of television applied to the recording of radiations
which are not limited to the visible spectrum. The picture obtained may therefore be a
black-and-white or celour image on a television screen, or it may be obiained directly by
sensitizing & film at the output of the tubes In this way hlack—and-white cliches are
obtained from radiation in the thermal infra-red or redar readiation. These same c¢liches
can be converted into pictures in standard coded colours where each shade of grey is
represented by a colour and a shade in that colour, thus permitting naked-eye differentiations
which would be impossible on the corresponding black-end-white cliché. Electric impulses
at the scanner output can also be stored on magnetic tapes or diace.

613 New procedursas for information analysis. Analysis of conventional merial
photographa - photo-interpretation — employe the human eye and brain aided by
optical devices (magnifying equipment, stereoscopes). Despite the great wesknesses of
human interpretation, this type of anslyeie will contimue to be done both on conventional
pictures and on black-and-white and colour pictures corresponding to radiations outside
the visible apectrum.

A simple device which can improve the human interpretation of the cliches obtained is
additive viewing. This consists of the projection onto a single screen, through particular
colour filters and with varying intensities, of positive black-and-white transparencles -
each corresponding to s given waveband. The result obtained is a "false colour" picture.
The value of this device liem in the fact thet the different shades of grey are converted
1nte @ much greater number of colours and colour shedes (chromas, hues, and values). By
altering the filters one can obtain the false colour image that best dieplseys the difference.
petween two objects thet would otherwise be undetectable on black—and~white cliches.

Micrcdensitometric analysis is & technique whereby a light spoi scans a photographic trans-
parency and the variations in luminous intenmity transmitted through the photograph are
transcribed onto s graph. The system operates by means of s sensor which converts the
variaztions in luminous intensity into electric impulsem, the impulses being amplified and
transmitiec through a acribing erm to the graphs A type of crown can thue be reproduced
a8 & cerfuin curve shape. One can imagine the possibilities of this method. For
ezample, 1f the type of curve corresponding to a glven species is fed into a computer
together with the tolerated fluctuations, it becomes poseible, with the microdensitomeiric
device linked to the computer, to ocount {end perform calculations on) the mumber of
rorresponding crowns encountsred.

Mcre generally, the introduction into & computer of the magnetic media storing all
the datas relating to the electriec signals produced by scanners sensing the radiation from
the obeerved scene (or from a photographic image of it) permits automatic {and objective)
proceasing of the data. I it ie likewine given the dets on the aircraft's path the
computer can thus make i+ pcesible for instance to locete the hot points observed by the
thermel iufra-red sensor. The advantages in many cases of such sutomatic processing
over Luman interpretation are clear, espescially for radiation outside the visible spectrum
where {be cliches obiained have a poor resemblance %o the visual images to which we are
accumtcmed,
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614 Orthophotozraphy: A new technique has been developed for plotting from

asrial photographs, It consists of reproducing photographically and without
geographical distortion the portion of lend common to the two photographs of a atereogram.
Orthophotography ie therefore photographio plotting es opposed to the comventional
oartographio plotting which results in topographic maps. All the orthophotographs for
& particular region can thersfors be brought together to form what is called en
orthophotoplan whioh has the same planimetric value es & mape The lines traaed on the
atersograms — such as boundaries of forest typee and, of course, contour lines - can be
automatically reproduced on the orthophotoplens Plotting of forest boundaries can also
b= done under a stersoscope from the sterecgram composed of the worked up photograph and
the corresponding orthephotograph.

The chief intereat of this device im that it allows more thorough and conorete
mapping than normel meppings. I+% ie aleo mbout ten times quicker. Its prioe remains
high; for example, plotting by orthophotography of the useful part of a 23 x 23 om
negetive costs between US$ 80 mnd 140, the price depsnding on the scale and on the quantity
of sdditional information to be plotted {e.gs boundaries of forest types)s If contour
plotting is added to this, the cost ranges between sbout US $ 160 and 250.

62 Current operational applications for forest inventory

The poesible combinations of these different innovations are, of course; extremely
mumerous and an immense field of application lies open in the field of natural resources
evaluations Applications in foresiry and in vegetation studies are at the present time.
Inrgaly in the research and experiment phase. In general, their use; even when no
spatial observations are involved; wssumes & technologioal infrastructure and finanoial
resources which are not svailable to all institutes or even to all govermments. The
following paragraphs eimply indicate the accessible :nd/or operational proceduress in the
field of forest resources evaluation.

621 Upe of radiation outside the visible spsotrum

621.1 Use of radistion in the thermal infra-red

Systems for the early deteotion of forest fires are worth mentioning although they
are not direotly relevant to forest inventory. One employs en siroraft flying at a
height of 7,000 m deploying @ soanner recording IR radistions of 3 to 6Mand 8 to 14M ,
Eleotric signals corresponding to radiations of 8 to 14 Mare transmitted fo s osathode ray
tube and oontimuously mot on a film which is developed very rapidly. The 3 to 6u
radiation band ip used to indicate hot points at the moment when they are sensed. A
computer whioch integrates the data on the aircraft's path {ground speed, altiiude, bearing,
drift) determines the film speed and makes a mark on the border of the film corresponding
to unit dimtences covereds If & hot spot is overflown its coordinate along the line of
flight is aleo indioated on the border of the film, thue making it easy to plnpoint and
analyse it, Action oan then be taken hefore the fire develops.

6212 Use of radar radistion

An "sotive® radar devios (i.e, one recording the beam reflectsd by ground objects
of the radiations emitted by itmelf) has been successfully used in one of the dense tropical
forest zones of Latin America {Nicaragus, southeast Panama and northwest Colombia) and has
permitted mapping of sones permanently coverad by & fairly low oloud bass. Another very
important "active” radar mapping operation wam ocarried out in the northwestern part of
Brasilian imazonia.

The basio principle is still the same; namely, » sosnner {in this case an antenna)
covering the observed terrain in strips transverse ito the direction of flight, electric
signals being introduced into & osthode ray tube which contimiously sensitizes a film.
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One feature of these devices which should be noted im thet the photographed sitrip is not
situated vertically undernesth the aircraft but to one side (side-looking radar); this
&llows better determination of the distance to the ground from chronometric messurements.

The original scale of the pictures obtained in Panams was around 1/200,000. In the
goutheast region (southern part of the province of Darien) they have allowed satisfactory
planimetric mapping &t a scale of 1/250,000 and mapping of vegetation by major classes.
The control pointsused were small metal pyramide cleared of all vegetation, poeseseing
known coordinates and easily located on the radar pictures,

622 Use of apece platforms

622.1 Earth Resource Technology Satellite (ERTS) Programme

Several thousands of satellites have already been launched for various purposes
(weather observation, intercontinental brosdcaste, radiation studies, etc.). In the
field of natural resources evaluation, data obiained from flighis such as Qemini and
Apollo have opened the way to special studies. A great step forward was teken in July
1972 with the launching in the United Statee of the first Earth Resources Teohnology
Setellite (ERTS-A).

The characteristice of this flight were thea following!

lifetime: 1 year;
- @ltitude: 920 km on a sun—synchronous orbit;
- repented coverage of the same zone every 18 days;

- earth distance between two passes: 160 km;

~ satellite-borne sensors: - w television system (RBV) reocording images in three
bands of the visible speotrum and of the near
infra-red;

-~ & multipls soanner (MSS) recording images in four
bande of the visible speotrum and infra-red; the
electrioc mignals are coded and recorded on tape.

The scale of the original pictures obtained (70 mm) - for emch band and aleo for
the ocompoasite colour pictures - is about 1/2,500,000- Each negative corresponds to a
180 km square, i.e. 33,000 kn®. Ground resolution of the negatives varies between 60
and 150 m depending on the contrast of the scene examined and the sensor concerned.
Longitudinal end lateral overlap is low, around 15%. At the time this memual is written
it is too esrly to indicate what is the real value of this imagery for forest inventory
in the tropice, but it can be predicted that it may be very uwseful for broad vegetstion
and forest typing in large-scale forest surveys, sspaclally if dombined with othar
photographic coverages as indicated in the followlng paragraph.

622.2 Multi-etage designs using space photographe

A statistical design, simple in ite principle though more complex in i
mathematical formulation, hme heen conoeived for inventories of veast aress 1/, It uaen
apatial photographic ocoverage on which & square grid is superimposed. A mumber of
squares are selected proportionally to the forest area they contain, the latter bei
determined by interpretation of the epace photographs. Small-sosle (1/30,000 to 17?0,000)
aerial photographic coverage is then oarried out on thess melected aquares. This

l/ See "The benefits of multi-etage variable probability sampling using spaoe and
aircraft i~agery" by Philip G. Langley in “Applioation cf remote sensors in forestryh,
joint report by working group on Remote Sensing of formey Beation 25 of IUFRO.



ooverage ls, in turn, divided into a grid from whioh mguares gre selected on the same
basis as previously, and these squares ars photographed on a larger scale (1/5,000 to
1/25,000)a Finally, field sempling plots are seleoted within the latter squares; and
the results of the field work are applied to the whole zone. Thie method will probably
prove profitable when spatial coverege ie readily available, but it is limited by its
nature to nationml or regional inventory operations.
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CHAPTER ¥V

MEASURFMENT CORSIDERATIONS

1 Introduction

In addition to the areas, thers are many characteristiocs of the forest stands whioch
it is useful to know for their management and that inventory is aimed at estimating. The
most common and generally the most important charaoteristios are related to the volume of
wood: gross or net or extractable volumes, by Bpscies, groups of species, by dimmeter
olasses or groups of diameter olasses, by quantity oclasmes, down to 2 minimum diameter,
estimated at the time of the imventory or subsequently (through the estimation of volume
increment), etc. But often other characterimtics are just as, if not more, important.
Numbem of stems by area unit, by species and diamster classes are basic parameters whioh
are generally easy to determine from the basic inventory dats snd are necessary in forest
sezhagemont, Other parameters related to the volume of wood may be more lnteresting to
know than the volume itself: for instance in many forest inventories it would be more
important io estimate the wood potential in terms of value, taking intc consideration the
different speocies and types of the standing volume. Asxsessmont of quantities of other
forest products, such ss cork, is sometimes the main objective of a forest imventory. In
aimost all forest inventories additional parameters have to bo estimated, such as those
related to site mand accessibility. The contents of this chapter will be restrioted to
the problems of volume estimation, quality appraisal and acoessibility sssossment.

In most forest imventories volume information is obtained from the field inmventory,
although stratification by photointerpretation may be based on items in relation with the
total volume of the stands (such as density and height of the dominant trees). Howsver,
in soms temperate countries, when species identification is feasible on aerial photographs,
most of the volume information is taken from the photographs through photogrammetric
woasuriments, the remaining pert of this information being obiained from a few field
samples, This method which has proved efficient for some temperate foresis is not
applioable to the wixed tropiocal forestm. For this resson photogrammeirie measursments
for volume estimation will not be oconsidered in this ohapter.

Volume estimation ie based on measurements of tree or stand characteristics (dismeter,
height, basal ares ...) and on quantity Telationships batween those measured oharacteristics
and the volumes to be estimated, whereas the assessment of quality of wood and to a lasser
extent the evaluation of socessibility im based, at least partly, on personsal judgement
ard is consequently lems objective. Although this canmot be aveided, ihe exteant of
subjectivity should be restrioted to & mirniwmm in order to avoid discrepaucies in
estination between different taxmtors and even for the same taxator throughout the
inventory. For instance, quotstions of quality (2llocation of a given tree or parts of
a tree 1o & given quality olass) must correspond to the oocurrence of one or a given mmber
of preoisely defined defectss The quality oclass has to be narrow enough to make the
exeroize worththile but at the same iime wide snough to make it less difficult and in the
end more reliable. The problem is similar for the sssessrent of some acoeseibility and
logging parsmeiers suoh as soil-bearing capaoltiy or irregularitics of terrain vhich are
not measured, strioctly speaking, but are only qualified by reference to a given class.

4 broad classifioation of inventory weasuresents not direotly related to area
determination is the followlng:

a) tres and log messurements on standing or felled irees

- smmeration and species identification: <the assigmsent of a tree to ths sample
is prelirinary to further measurement and is someiimes done through s measuring
instroment (such as the Bitterlioh relascops in horisontal point sampling).
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Species identification, although not mtriotly speakxing » zeasurement, ism »
fundamental operation and mometimes difficult and time-consuming (especially in
jnventories of mixed tropical hardwoods);

-~ measuremsnts of dismeter (over bark or under bark) at bremet height, st the
stump, at various levels on the upper stem, of diameter increment, beight and
length {total, of the bole, of the merchantable bole, from the ground or from
the top of the butiresses, up to & given diameter), of bark thickness and of
oharacteristica relsted to minor products (such as cork thickness);

b}  other measurements

= regeneration counts by species and by density classes of ssedlings, by height
and/or diameter classes of saplings and poles;

7 measurements for site qualitiy assessment: in additicn to the messursment of some

tree and stand charsoteristics, site quality oan he assessed by ocounts of ground
and scrub vegetation and measurements of parametsrs related to soils and to

topography;
~ messurement of sccessibility parsmeters;

= various measuremenis msuch as seed collection paraméters for individusl speocies,
¢)  quality sppraisal and other eyalustion withont irue messursments, mainly for stand
description, site quality and acoessibility.

2 Tree moasurssents

21 Definition of terns
The following definitions have served for forest inventoriss osrried out by PAC.

a) Siem: for trees of deliquescent form, the length of the trunk bstween grovnd
Tevel and the crown point (mses below for the definition of the crown point);
for tress of exourrent form the length of the trunk between ground level and
the top of the tres.

Bomark 1 Deliqnescent formed trees, eapeoially brosdlssved specles, have a2 siza which

T wtrongly evident in the lower portion but, due to branching, becomes lese distinguishable
in the upper orown (many trees of tropiocal brosdleaved species have however & clear bole up
to the crown point and the stem is eamily distinguishable). Exourrent-formed trees
oxamplified by mmerous comfercus speocies have a definite central stem whioch extends lrom
ground to tope. When there ir a fork, the mmber of stems to be reocordsd depends on the
location of the fork with regard to the reference height for dismeter messurement (breast
height for non-buttremsed trees): if at the reference height the main stem iw alresdy
divided in two or more stems, these latder have to be renorded instead of the maln stem.

b) Crown peint: ths crown point is looated at the origir of the lowest orowr
forming brasnches, living or dead; at this point in many broadleaved spsocies
the stem starts to disperse into the oromm; 1isclated single branches below
this point, if they are at s distance of more than half & specifisd log length
from other brenches, shounld not be umed to deterwine the cromm point.

6}  Dobshe: the dimmeter nt 1,30 metres (4.3 feet) above ground levei {for traeas
-tu.n%ins on slopes, the point of weaswement must be determized oa the unhill
slde).
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Came of buttroesed trees: if buttresses eximt and are higher than the breast
height level, d.b.h. msasurements are usoless: butiresaas are often irregular
ip orome ssotion, are difficult to measure at standard breast height with
aocuracy and their dimensions have a loose relationship with the volume of

the ires; a satinfactory siandard proosdure for messuring the diameter of
buttressed trees has still not bsen devsloped and different proceduren have
been used up to now: measurement just above the termination of swelling or
{irregulariiy or at a given distance above that point (30 centimetres was
recommended for FAO ipventory opsrations in the former edition of this mamual},

Bemarks: Clear definitions or inetructions have to bs given to inventory crews as to how
and where to measvre ths d.b.h. (definition of Nground level', of d.b.h. for buttreseed
tress, of d.b.h. for stems of irregular form, etOre.)e This i= a fundamental prerequisite
in obtaining besic data sm homogensous as possible. The definitions used should be an
identical am possible to those commonly umed elmeswhera. Comparability of inventory
results is sometimes impossible due ito differences in the definitions between irventories.
4 feet 3 inches should be taken as equivalent tc 1.30 & and not 4 feet 6 inohes am in North
America. For the sake of comparability and consistence (ses paragraph 24) dismeter
measurements mnd diemeter classes should be used rathsr than girih messursments.

d)  |Height and length measurements: The following claseification of height and
length measurements on standing trees (adapted from "Foreet Mensuration" by
Eusoh, Miller and Beers) and illustrated in figure V-1 has aerved for
inventories carried out by FiAO.

— Total height: +the vertical diestence between ground level and top of the ires.

- DBole height: the distance between ground level and crown point: it
expregses the height of the oclean, main stem of a tres.

- MWerchantable height: +the distance bstween ground level and the terminal
position of the last usable portion of a tree.

There are several oriteris which can defins thie upper terwinal and the
axact location im, to a large extent, subjective and made more problematiocal
due to the diffioulty of sighting the upper part of e siem in a tres crown
under forest conditions. The upper position may be defined by a ochomen
ainimm top dlameter or by hranching, irregular forw, defeot, etc., which
limite what is considered the utilisable wood in a steme The merchantable
height may bs up to & minimum top diameter or below but never above 1t.

The mimdeum top diameter chosen will depend on the intended use of the wood
in the stem. The definition of the utilisable wocd and of the corresponding
eliminating defects must be as precise as possible in order to reduocs the
personal oomponent %o s minimum (and preferably to sero).

-~ Stump height: the distance beotwsen ground level and the basml position
of the msin stem where a tree is out,.

Tis length depends on ocutting practices. For the tuttressed tress in the
tropios,stump height is gorerally considered just above the butiresses.

Eaorchantabla lengths +the swm of the lengthm of the portions of a tres which
are out snd utilised: this inoludes material such as trim allowanos which

may be wasted in the mamfacturing prooess.

Therse ave three major difficulties in the samesmment of merchantable length
on standing trees. The evaluation of the sxtermal defects on the upper partse
ef the stema by an obesrver at ground level may not be precise emough unless
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binoculars are used. Seoondly the loge deemed merchantable by the inventory
people may not be identioal to those out by the logger. This iz partioularly
trus for mixed troplcal hardwoods due to the changing conditions ir local and
international markets, in accessibility of the inventoried sone and in logging
praotices. Finally the sssessment of merchantable lengih on standing tress
takes only the extermal defects into account in most ceses and net inner
defects which are often more decisive factors of merchantibility.

« Defective length: the sum of the lengths of the portion of the stem which
diameter iz larger than the minimum acceptable tut whichk cannot be utilised
because of mows kind of defect.

The same remarks &5 fo- the assessment of merchantable lengths on standing
trees apply in the case of defective lsngths.

= Crown length: the distance betwean crown point snd the tip of the tree.

Height measurements of standing trees are vertiocal diatances whila length
neasuresents may be made on seotions whose axis deparis from the vertiocal.
Additionally, s merchantable height may include some defective lengths bslow
the polnt defining the upper limit of merchantsbility. Consequently it is
possible that the totals of length messurements may not agree with height
Bessurements, e.g. the total of merchantable lengths mey not agres with the
merchantoble height for & tree.

22 Emmeration

Before any tree is messured, it sust be deocided whether the tree belongs to the
sample or not. This {s the prinoiple of emmmeratior and its imporiancs must not be under—
estimated. Emmmerstion im not the same in mampling vnite of a given area and in point or
line sampling. q

221 Emmeration in sampling with units of 2 ziven ares. Enumerstion cousists of
two checksi

a) whether the tres is within the sampling unit: +the distence of the axis of the tree
from the ocentre of the plot Soiroulu: plots) or from a side (or an axis) of the plot
(square or rectamngular plots) must be smaller than & glven length; preciss
instruotions have to be given to the inventory orews as %o how to meamme this
distance, and whether the distance is tc be measursd horiscntally or slong the:
terrain, as well as particular indlcations on borderline trees;

b) whether the characteristiocm of the tree make it emwmerable: <these characteristics
are its species (wee paragrapbh 23 for problems of speolas identifiocstion), since in
some iuventories; especially in the tropics, meveral species are not recorded, or its
dimensione; gensrally the dimensional oriterion for enumerable treas is a minimum
dismeter and more woasuremermts must bs made ithon the ounas which are rocordsd (mee
paragrapk 24 for weasurement problems).

222 Bmmaergtion in point or line o ing. The selection of tha treer to be
recordnsd is made by meams ol a measuring instrument. In horisontal point
sampling whioh iz the most oommon sampling design of that type, a tree is eelected {f ite

horisontal distanos R from the wampling point is smsller than its dismatsr o divided by a
certein faotor i oquel in the metrioc systam to 1

50 Y(EiF), (Bar)
being called the busal sren factor of the instrwment: R <£ =
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A is the horizontal geuge angls of the instrument (sagle of sight froe the
sampling point of a borderlins tree); and '

BAF = 10,000 S % (in the wetric mystem)

Every tree in the surroundinge of the point whioch satisfies the mpscies and minimum sise

requirements and with R(ED belongs to the sample.

Once the tree is kuown to belong to the sample, then other messuraments on this tres
oay be made., Sometimes point sampling is used only for estimating the basal area of the
ptand: in each sampling peint the basal ares per heotars G im equal to:

G = p x BAF
where p is the mmber of trees around ths ssmpling point for which R(g .

R and @ are measured in the bhorirontal plan of the cbserver's eye. In inclined
terrain a oorrection has to be introduced for every tree in relation tc the slops of the

sight line of the tree. S:Llylo sngle gauges and sas do not persit automsatiic
correction wheress the Bitterlich relascepez aske sion for it.

23 Species identification

Species identification poses some problems in inventories of tropical mixed forests.
The relatively large mumber of tres species, the resiriction of botamioal knowledge to a
fow individuals, the similar appearance of trees of different species, make speciem
identification particularly difficult. Revertheless good identification of the specles
is a fundamental prersguisite of any forest inventory: it is much more seriocus in most
cades t0 make & mistake concerning the species of a tres than to make it about one or
poveral of its dimensions.

In many tropicel forest inventories it ism hardly femsibls fo combine perfect
botanical work and satisfactory efficiency. 1Indeed it i generslly tco time—consuming
to appure a ccmpletely socurate spacies idantification. The fcllowing indications havse
to be kept in mind when looking for s compromime betweer the conflicting requiresents of
hotenical exmotituds and of efficiency.

a) It is ofton not neoessary to idemtify all ihe trees botanioally within the
wiicle inventory wample. Tn view of this, msevorsl devicer ocan bse adopied
such as:

- enumaration of a limited numbar of ocommercsial and commeroialicabls species
("desirable” gpeoism) in the entire imreutory smmple and enumcrsticn of ell
fpecier in a subsample in order to reduce the costs cof ths inventory and at
the same time t0 chtain an aocospiabls knowledge of the floristic compomition
of the inventoried forests;

~ smmeration of all trees with & dismeter larger thau the minimwm sxploitable
diametsr and of the tress of the “desireble® spociss below thir diametar:
this device saves gunite a lot of time a8 5 larges mmber cf mmsll trees do
ot have to be moamurad and reocorded;

~ wspecies with vary little oocurrence whioh have very little casass of bhaing
ussl nasd oot be identifisd with cartsinoty and omn be cerged umier ome or
maveral groups of “undctermiped®, posmsidbly by botanizel femililes,

The oaleniion of one 0r the other of ibs two first deviocea assmaen tbat the
"Jesirabls" species can ba parfectly ldsmtified.
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b) In order to record less trees, and taking into mocount the fmct that the
coaffioclents of variation of parameters related to smaller dismeter classes are
often lower than those for large dismeter classes, it ir useful to adopt
different sises of sampling units (or ¢f the sample) acocrding to diemeter
classes: for instianos esch sampling unit or recording unit may consist of two
or thres oconoentric ciroular plots, the emaller circle being the sampling unit
or the recording unii of the smailer dismeisr oclasses.

cj Once the different oharmoteristios of the suumerziion work hes been deoided,
efforte should be ajmed at securing speciassx identifiocation by every possible
means, among whioch can be quoted the following:

-~ thorough and intensive training of the treespdtters, prefarably in differant
parts of the inventoried gzone;

- limited muwber and psrmanence of the treaspotters in order tc obtain the moet
homogeneous data;

- establishment of & corremponding list of local (vernacular) names and
sclentific names: this is generally & long snd difficult task since the
criteria of classification used by the botaniste on the one hand and the bush
pecple on the other are different, resultirg in many discrepancies, e.g.
several local names for the same spaciea depending on the age and sex of the
tree, or, on the other hand, cne local name only for several species and
sometimes genera, the traditicnal use of which is at the mame time identical
and limitedy

- aseessment cof simple andi prectiocal fisld identification keys bLased cn a
limited nmber of charscteristios wsuch as bark, slash of bark, leaves and
fruit;

— preliminary colleotion of wood, leaf and fruit samples for reference purposem
throughout the inmventory;

- control checks by a botanist or the best treespotter in randomly selacted
sampling units, immediate analysis of the results and consequsnt further
instructions to the cTews;

- use of systematic hotaniocal check proceduvres such as the following which was
used in Sarawak: & semple of leaves was collected and put in a separate tag
for every tree of the sample, the Dags being further despatched to a botanist
who oromschecked the local aame given by the treespotter and his cwn
identificstion.

1f rectifications in the emmeration work related tc spacles identification are to be
sade in the course of the inventory, attention must be paid to the way they ars introduced.
In order to get homogoneows dats in all inventory units, it is better to svoid introducing
these ocorrections in the inventory unite wherein the emmeration work has alresdy started,
unless emmaration is entirely taken up in these unitm.

24 Jeasyroments

Eatimation of the vulumes of the trees of tha field remple and of the stands is made
through measurements of characteristios of these trees: diameter ~ at trsast beight and
at any other level of the stem or pomaidbliy of the branches {on felled trees); height up
to a given level of the stem, or lemgth along the stom or the branchens, and bark thickness -
gonerally at breast height only on standing treem. Messursaents are made either on standing
irees or on felled trees, especially fer the ssmessment of volume relatiomships.
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241  Meagurement units. The use of the metric symiem is highly recommended se it is
the most practical and sz mowt countries have adopted it or intemd to adopt it

in the near future. Conversion to volume and weight unite through appropriate relation—
ships 1p alsc eemier with the metric sysiem. Diaweter is generally expressed in centimetres,
or sometimes in metrea. [Height and length are practically always axpresssd in metres and
bark thickness is often given in millimetres. Diameter increment is determined in
centimetren or millimetres.

In c¢ountries whare the Brltish System is presently uped, it is advisable to convert
the linear results directly obtained from the measurements into metric units as for the
voluwe results.

242 Measurement olaspes

242.1 It could be immgined that all measurements sre taken to the smalleat possible
dimcernible unit or part of unit. This would be unreslistic, wainly because
measurement errors in a foreat inventory are often greatsr than the nearest unit. As this
might also be more expensive, many measuremants — with the sxception of bark and diameter
increment masasursments — are made by classes.

The smplitude of the clasmes used for diamefer, height and length messuresent is
determined in the light of such factors as:

= instruments and devices used for meafurirg and their accuracy;

=~ saovirommental conditlons such es vieibility and tree form;

~ gkill and training of the crews;

- homogeneity and comparability of data from different inmventeries.

Regarding the last consideration the following remarks can be made:

a) the mmplitude of the dismeter classes uped in the metric system is generally
5 or 10 om, the miniwum dismeters being a multiple of 2.5 om. Howaver, due
to the different miniwum dismetersadopted (5 om, 7.5 cm, 10 cm, 15 cm) it is
not alwaya feasible to make sasy comparisons between inventories;

b) when using British measurements, cone should iry to use clase limite
approximately equal to olass limits in the metric system, whioh means dismeter
olasoes equal to 2 or 4 inohes, and lengith or height classes equal to 5 or
10 feet; +the attached table shows the minimum standard class limits whioh are
reccamended for PAC inventories in the metiric and British systeas;

¢) when the inventory users are interested only in volume estimates, the use of
classes of squal basal area amplitude {(basal ares classes) instead of dismeter
classes may bs recommended; +the volume estimates obiained through volume
relationships are indeed statistlcally more wvalid when they are derived from
smmeration with basal ares classes than when derived frowm emmeration with
diameter clesses; basal aresm classes can be used for instanoce in an inventory
of tropiosl mixed hardwoods for tress above the minimum expleitability diameter
{volume estimates mbove this diameter) whersas diameter clasmes are used for
traeg below this diameter, since estimates of mummbers by diameter olasses of
theze stema are more useful for samagemsnt purposes than volime sstimates,
Moreover, suoch & eysten can be spplied insofer as comparability of inventories
is poswible, i.s. when ope im interested only in the comparimon of volume
entimates above the minimum exploitability dismeter.
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Standard Minimum Diameter and Height Clags Limite

for Inventory Calculations and Results

Dismeter

Metric System Approx. eguivalent Actual equivalents
cm. in British system in em.
ins.
G = 5 0- 2 0.00 - 5.08
5 = 10 2 - 4 5.08 - 10.16.
10 - 15 4 - & 10.16 - 15.24
15 - 20 6 - 8 15.24 - 20.32
20 - 25 8 - 10 20.32 - 25.40
25 - 30 10 - 12 25.40 - 30.48
atc. etc. etc.
Height
Metriec System Approx. equivalent kctual equivelents
cnm. in British syetem in cm.
ina.
0.0 « OL3 ) 4 15 0.0 - 0.30%
-3 OLy & 15 Q - 10 i) = 0.0 - 0.305 - 1.524
lesl a1 %D e M0 3.048 ( 1.524 - 3.048
3 - 6 10 - 20 3.048 - 6.096
6 - 9 20 - 30 6.096 - 9.144
9, .® 2 30 - 40 g.144 - 12.192
12 - 15 40 - 50 12.192 = 15,240
U =8 50 - 60 15.240 - 18,268
8 - 21 60 - 70 18,288 - 21.336
21 - 24 70 - 80 21.336 - 24.384
24 - 27 80 - 90 24.384 - 27.432
27 - 30 30 - 100 27.432 - 30.480
30 - 40 100 - 130 30.48 - 39.62
40 - 50 130 - 160 33.62 =~ 48.77

50 - 60 160 - 130 48.77 - 57.91
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242+2 Understandably the precision of the Lnvemtory results is af7ected by the
class grouping of the basic measurement date and that the larger the olasses
the more significant the corresponding errors. A thorough amalysis of this iype of error
is made in "Forest Inventory”, vol. II by Loetsch, Z¥hrer and Haller (pages 85 to 90),
which can be presentsd concisely as followw:

=~ there are two componsnts of this error;

-« a systematic component (bias) criginates from the difference between the aotual
mean diameter of the trees within a diameter class and the midcless diameter,
and/or from the difference between the mean basasl ares of the trees of this
diameter class and the basal ares ocorresponding to the midoless dismeter; these
differences ocome from the distributien of the diameters within the diameter olass:

= & random component comes from the faot that, in & forest inventory, only a sample
of trees of a given diameter clase iz measured and the estimate of the mean
diameter of this class (and of the mean basal area) has a ssapling error (in
gonersl the estimate of the mean diemeter of the cless from the sample is not
squal to the aotual mean dismeter of this clase, iteelf different from the mid-
olass diameter in many cases - see 8hove ).

It ie complicated to have to take this type of error into socount in the error
osloulation of the final results. The hest solution is to adopt small clamses since the
magnitude of these errors increases with the amplitude of the classes, and to consider that
the corresponding errors are negligible,

24} Hesaswsment procedures and insiruments. It is not intended to describe and
comment on the various insiruments used for measuring diameter, height, length
and bark thicknemss, but rather to give some information and advice on measurement
rocedures which are more directly relevant to inventories in mixed tropical hardwocds,.
Mors complete information is available in forest mensuration and forest inmventory
publications ms well a8 in mdvertising leafletis published by the mamfacturers.

243,17 Dismeter measurements

243,11 Diameter at breast heignt

For reascns mainly of practioability oalipers are little ueed in tropical forest
inventories: <the fairly large wsiss of the trees, the ocourrencs of bigh buttreasses, of
sarial roets, the difficult working conditions make the use of calipere little sdapted
to these foroste.

@Girth tapss are used on falled trees and on standing ireos wiih butireasas less than
approximately 2 metres high. Regarding the use of tapes in tropiosl forest iaoventories,
the following indiocations are worth mentioning: :

= fibreglasa tapes often prove to be the mast sultable;

= @ book at the zero of the tape permits the messurement of large irees by
one perven;

= risk of tilt from the horisontal plan ©of msasursment and of loosenesa of the
tape is relatively high with large trees and great care must be exsrcimed in
having the taps well stretohsd ip the horisontal plan of measuremsot;

- arespers alotg the bole are very common and they wust be cut at the height of the
measurement or the tape must bu put below them if this is feanible;
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¢ gradumtions of diameters in length units (centimetrss or inchec) or diameter
class limite wust bs indicated on one face of the tape; purchase of iapes with
a blank face where limits of the adopted diameter clasmses are further merked with
speoial ink is recommanded.

For trees with "diameter at breast heighi™ higher than 2 metres, procedures and
instruments for mezsurement of upper stom dlameters have %o Le used.

243.12 Upper stem dliameters

Many fairly eophlgticated inmtrumenis of varylng degrees of acourscy have been
devised for the measurement of diameters at various heights of the bole. The simplest
ones are not necessarily the lesst socurate and much depends on the way they are handled
and consequently on the iraining of the inventory staff.

When the reference height is relatively small (messurements of dimmeters above
butireasess) a simpla graduated rule at the top of & metallic or wooden pole held close to
the bole and facing the cbserver, with the seroc in ocolnoidenve with one side of the bole,
can be considered a suitable instrument in the oasme of measurement by diameter olasses.
As the cbperver in a tropical forest cannot stand very far from the trese (generslly not
more than 15 metres), parallax error im not negligible: graduations of the rule have to
be correcied to take the parallax arror for & given horisontal distance betwesn the
observer and the tree into acoount. This simple device has been used in many forest
inventories in West Africa. The Finnish parabolic ocsliper and other simple instrumentis
based on the prinociple of the Biltmore stick ocan aimso be used for measurement of
diameters sbove buttresses or at relatively small heights.

Instruments for messuring diameters at any height are more sophistiocated and more
sxpensive. In order of inoreasing msophistication the more interesting ones are:

~ the Wheeler pentaprism which consists of a metallic reil with one fized and one
sliding prism, the distance between the two prisws being equal to the measured
diameter; the only drawback of thim simple and precise irstrument ls that the
rail must be ams long as the maximum diameter #c be measured, whioh does pot
permit 1ts use for the biggeat trees in tropical inventories;

- instruments such as the "DTiatromb™ wherein t{wo indices are put in optical
coincidence with the edges of the stem and are at & firxed horizontal distance
from the eye of the observer (the indices are fitted on & bar sliding on a rod,
the diestance batween the eye at the end of the rod and this bar being suoh that
its horizontal projection is constant);

- ths smlti-purpose Bitterlich relascope whioh permits sisultaneous seasurement
of the height and of the diameter of the stem at this heighty the wide-scale
Telascope has proved to be useful for amsasuremeunt of upper stem diameter in
tropioal foremts, mlthough visibility in these foreets is not always sufficient
to perait scourate mesasurements;

-~  the Barr and Siroud dendrometer has magnifying optios, uses split-image
cotncidence and is & very precise but rather expensive instrument.

243.2 Height measurements

Baight measurements in a forest inventory are made:

a) on all trees (or a fraction of taem) of the sample in connection with measurements
of uppsr stiem diameters when the volume of the standing treve of the swmple is
estimated by gecmetric formules using theme measuramant data;



_']QA._

b) on all trees (or @ fraction of them) of the sample in addition to the d.b.h.
when the volume of the trees of ihe eample is estimated through volume
equations using diemeter and height as independeni parameters;

c) on a relatively emall subsample of trees in connection with measurements of
upper stem diametern, the volume of these irees being estimated by geometric
formuloe, and the volume, d.b.he., and height data being utilized for the
amsepmment of volums equations by regression analyeie.

Height measurements, like measuremsnte of upper stem diameters, are indirect
measurements made by opticel instruments (contrary to d.b.h. which is generally a dirsct
and rapid messurement) and are consegquently time—-coneuming. When selecting the method of
volume estimation in & forest inventory, it should be carefully checked whether these
andditionanl measursments on all the trees of the sample {or on a significant part of them)
are justified. In many inventories of mixed tropical hardwoode it has been found that it
is more efficient to use "local volume tables” f’g by species with measursment of d.b.h.
only on all the irees of the sample than to use volume equations with debeh. and height
an independent parameters with measurement of d.b.he and height on all the trees of the
sample: the increase in precision is small in relation to the conBequent incresse in the
emmeration cost (see below paragraph 32.2).

Ae for the measurement of upper stem diameters, many instrumenis exist snd the less
expensive and sophisticated ones may be particularly useful in certain conditions and
especially in some tropical foreet inventories. Direct measurement with itelescopic poles
is possible only for emall heighte ~ for greater heights (total height, bole height,
merchantable height of usual trees) indirect messurement by hypeometers has to be used.
The Chrimten hypscmeter is & very cheap and hendy instrment which is recommended for
tropical forest inventories when the precision required is not very highs Other well-
known hypsometers such as the Blume—Leiss or Haga hyp@omeiers are more precise but
measurements are more time-conswming and sometimes require too great a distance between
the cbserver and the tree in tropical forests with a thick undergrowth., Clinometers,
such as the Suunto clinometer, oan be used also but the heights cannot be read directly
and have to be ocalculated from the sloper messured with the ingtrument. The Bitterlich
rsisscope is used almo for height messurements generally in connection with upper stem
diameter measurementes.

243,3 Bark messurements

Al) dimmeters; at breast height and on the upper stem, are meéasurements over bark on
the standing trees, but merchantable volumes do not include the volume of the bark. The
problem is to Trelate the volumea under bark of the itree with the dimmeters over bark and
possibly also with measuremenis of the bark.

If the volume of the standing trees of the sample is estimated without the help of
volume equations, volumes under bark have to be estimated from volumee over bark using a
conversion faotor calculated from bark measurement at breast height.

If volmme equetions are umed and established from a sample of felled irees, the
best solution im to estimate the volumes under bark of theme sample trees and to relate
these volumes through regression analysis to the d.b.h. over bark (and poseible height
and other upper mtem diameters over bark)e In this case bark thickneas is messured with
s rule on the face of the logm. :

The most common bark geuges for msasuring bark thicknese at breast height on standing
trees have been designad in Sweden. HRiske of underestimation and overestimation in bark
thickneas messuremenis are mawerons nand much care and training ia nscemeary.

(1) Volume equations whoreir volmme im o function of d.b.h. onlye.
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3 Yolume estimation

31 Definition of volumes

It is of the utmost importance to define the volumes referred to in an inventory
clearly and objectively. There ars unfortunately too many imventory documenie wherein
it is not clearly stated which is the minimum d.b.he. of the corresponding trees, which
portions of the traes are considered {are branches included ? what is the minimum %op
diameter ?), whether or not the volume of bark is included, whather the volumea are grose
volumes or exclude defective parts, which the criteria are for excluding parits as defective,
whether the "et"” or "utilizable" volumes correspond to what is likely to be extracted or
do not sxclude the logging lesses, etc. It is easily understandable that the definition
by an adjective such as "groes", "net" or "industrial" is generally rot sufficient, and
must be completed by a clear explanation of the adjective itmelf.

The drawbacks of a lack of definition or of am incomplete or unprecise definition
are serious. For instance when the inventory resulis are uged for a feasibility etudy,
misinterpretation of the concept of volume jeopardizes the whole study. In particular,
thies happene when the incompletely defined inventory volumes are considered as extractabls
volumes although they are "gross™ or "net" volumes including logging losses.

The following definitions were included in the firet edition of this Mamal as
ptandard definitions for all FAO forest inventories:
Grose volume: +the volume of & specified portion of a tree without bsrk(1)
or deduction for defects; when used, the term should be qualified

by a word or statement specifying the portion of the tree to which
it refers, e.g. total itrees gross volume L 2=

Net volume: +{he volume of a specified portion of a tree without bark ard with
deductions made for defects or unusable material; the term siould aleo be
qualified according to the portion of the tree to which it refers.

Total volume: the volume inoluded in the main stem cf & tree; for deligueacent-
formed trees, up to the crown peint; for excurrent-formed trses up to the
tip of the tres.

Branch volume:; far excurrent-formed trees, the volume of all branches; for
deliquescent—formed treem, the volume above the crown point {and any
branches which may occur below).

Industrial volume: +the poteniially usable net volume of round wood, without
deduction for losses due to utilization smtandardas of logging and mamufacturing
processes; it equale the sum of log volumes plus other usable volume.

Log volume: the net volume of @ trees considered suitable for veneer logs, sawlogs,
slesper logas, plling and poles; this volume may alsc he used for pulpwood,
chipboard or other industrial use.

Other usable voluma: the net volume of a tree not suitable for purposes listed
under log volume but usable for posts, pulpwood, chipbeard and for other
industrial wse.

(1) Gross volumes include berk volume in manmy inventories.

{2) CGOross volumes as well as all other volumes refer to & minimum d.b.h. of the
relevant trees and also to a minimum diameter at the small end of the stem end

brenches.
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In addition to the above definlltions the followlng remarks can be made.

e) It is suggested that the mdjective "commercial” when added to the terms "industrial®,
"iog" or "other usable volume" or to specified portione of the volumes, distinguishes
volume which can be economically removed under given conditions.

b) To entimate commercial or merchantable volumes it ie necessary to know the
merchantability apecifications for a given species or group of species at the time of the
inventory (i.e. for known and specific wood products and situstion of the wood market), for
a given situation of logging and for the inventoried area or for a neighbouring and eimilar
areas To assens the merchantable volumes it is generally necessary to complete the
inventory operation itself by memsurements in the logging units of the extracted logs, and
of the losses in order to determine the ratio of the extracted merchantable volumes to the
inventory volumes. This is particularly true in inventories of mixed tropical foreasts for
which no tradition of exploltation exists and changes in merket and infrastructure are
rapid and significant. "Commercial volumes are inventory results which cen be given only
when such "utilisztion studies” (or "reocovery studies” or "harvesting-intensity studiea")
are thcroughly carried out. If this ie not the case the adjective "commercial' is
inappropriate and must not be used.

c) In no omse should the expression "net volumes” b# used or understoocd as synomymous
with "commercial volumes". The only quality asaeesmert (or grading) of the standing trees
of the mample cannot provide a satisfactory estimate of the merchantable volumes as these
latter ars determined also by the internal defects, the logging damage (splits, broken
treeas, stceess) and other faotors which cannot be precieely predicted from observation of
the trees of the sample. Drilling of trees at breast height for rot determination (see
paragraph 42 balow) ie useful for the assessment of decay occurrence 1thich provides
sdditional information on the quality of the standing trees, but etill other parameters
must be ascertained for a valid assessment of commercial wolumes.

d) The actual uasfulness cof the aswessmant of "net volumes" thus doea not appear
fundemental, as these are generally different from the commercial volumes which are in most
inventories among the moet important results to obtain., This is &ll the more true as soms
subjectivity and personal bias is almost unavoidable in the asseesment of net volumes, In
many troplcal foreest inventories procedures such as the Tollowing can be adopted:

1. use the inventory messurements themmelves excluding bmsic quality data, to
determine groes ptanding volumes objectively;

2, ume the basic quality data to classify (or "stratify”) these gross standing
volumes by quality classes (or grldesg the basic quality data being cobtained
by observation of external defects, by decay information at breast height on
standing trees and posalbly alsoc by detailed quality analysis of a subecample

of felled trees;

3. perform a recovery study by makiang a survey of the output in & pample of
logging units, a partial recovery factor being determined for esch of the.
former gredes or quality classes of the standing volumes.

32 Volume unite

Volume estimates can be expressed either in cubic units shewing ths toial contents of
a tree (or portion specified), or in terme of the quantity of the ultimate products which
can be processed from the tree or asction. The North American board foot unit is such an
end product volume. 'The use of an estimated end product volume has the advantage of a
direct assessment of rinal products expacted, and thus facilitatss evaluation. However,
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this type of messwrement unit has significant shortcomings in that 1t shows the estimated
output in terms of only one product, sawn boards or lumber, and for sawlogs this wolume
depends on the amount of defects in the log, the skill of the mawyer, the thickness of the
saws used, the thickness of the lumber sawn and the amount of taper in the log. ‘There is
indeed a general implicit agreement in tropical forest inventories to limit the volume
eatimation at the exit of the logging unit or sometimes to the yard of the wood mills., 1In
view of the above and other limitations it seems logical to follow this latter custom and
to abandon the use of end product volume units. Additional results in board foot unite
will be given only when it is considered essential.

As for linear measurements (Eee above paragraph 241) the use of the metric Bye tem.
{cubic metrse as volume uniis) is highly recommended. In countriee where the British
system is 8till in use, it may be advisable to produce results in cubic feet and also in
cubic metres: many of these countries intend to shift to the metric system in the future,
and international statistics on wood resources could be facilitated, The ude of the metric
syetem and of both systems in countries uwsing the British system hae been recommended as a
standard procedurs in all forest inventories carried out by FAC,

33 Classification of volume estimation techniques

The values of the known parameiers measured and recorded in the sample ara used to
estimate the mesns and totals cf these parameters or of other related characteristics in
the inventoried forest area and in parts of it. Mean and total volumes are among the
main estimates to obtain from the inventory.

All obmervations made in the sampling units for volume estimation are observations on
treem. In the firat step of the volume estimation process ithese observations are used
aither for assessing the volumes of the f{rees in the sampling unite (and conpequently the
corresponding volumes of the stand in the sampling units) or for direcily estimating the
stand characteristics in the sampling units. A Fimple example of this latter case is the
Bwesp with & Bitterlich relascrpe made at & print in s plantation, the sampling unit being
the point and the stand characterimtic being its basal area ot this point; the elementary
obeervatione are made on the trees around this point, but the individual tree volumes are
not {and cannot) be eatimmte? from this eimple ohmervation.

The estimation of the individual tree volumes in the first cese or the direct
estimation of the stand volumes in each sampling unit in the second case can be made

- either Ly formulas (such as geometric formulas for volumes of simple solide) and
graphic procedurea, provided that mufficient detailed measurementis are made;

= or by quantitative relationships between the faw(1) measured paramaters amnd the
volumes, such &8 volume equations established by regression analysis.

Iu view of the above itwo conaiderations a general classification of volume estimation
techniquea could be the following:

1. volume estimation techniques on a tres basis
11. without "gquantitative relstionships"®
12« with "quantitative relationships"

2. volume estimation techniques on a stand basis
21, without "quantitative relationships"
22. with "quantitative relationshipa"

the expression "gurntitetive reslationshipe" being synonymous with relations derived from

(1) In mowt cawes for sstimmtion of individual tree volumes the measured parameters are
limited to dismeter =t breast height and height (total, or merchantable, etc.}.
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other trees or stands(1) and of restiricted application: the volume equations, for instance,
are generally valid for & given region, for a given mite quality, for a given species or
group of species; sometimee for & given range of d.b.h., eto. (The principles of this
classification are taken from "Planning a foreast inventory" by B. Husch, but the
classification is presented in a different order.)

The following development will be restricted to the problems of volume estimation on
& tree basle as this type of volume estimation is more frequently used in forest inventory,
especially in the tropics where moet of the stands are mixed and unsven.

34 Volume eatimation on a tree hasis

341 Geometric formulas mpplied to atmﬁin‘g_ or felled trees. The total volume of
. a Btem {or ite volume up to & minimum diameter) ie expressed by the well—
known formuwla:

V= f.g.h

where f, g and h stand respectively for the form factor, the basal areas at bresst height
{or above buttresses) and the total height of the stem (from the stump or from the
buttreases) or up 10 minimum diameter.

If it is generally possible to determine the basal area at breast height and the
height effectivaly and with reasonable accuracy, this is not the csse for the form factor,
eince the form of the stem is not easy to characterize and may not be uniform all along the
steme In addition the volumes to be estimated may include the volume of the branchea, and
in this case the ratio of the volume to the product basal ares x height is even more
difficult to estimate.

The most obvious way of computing the volume(s) of & mingle tree is to divide it

(virtually with sn optical device if it is standing) in sections of equal or unequal length

logs or "frustums" of the stem, branchems in certain cnsaa), to estimate by geometric
formulas the volume of these individual parts end then to add the volumes so obtaineds The
geomstric formules giving the volume of & seotion from its length and diameters at the ends
and/or at mid-length cannot give completely accurate resulis as a log is never identical

to one of the aimplest corresponding geometric solids, But their accuracy is generally
gufficlent with respect to the measurement errors and it is all the more true as the number
of sections is higher.

The usual qponetric formulae are:

L
- Smalian's formula: v = 5 L
-~ Huber's formula: v = gmL
&, + 48, +
-  Newton's formula: v o= _la___g___guL
where: v {8 the volume of the log
2
&, is the cross—sectional area at base @ &y - I% db
&, ia the cross—sectional area at middle: gL = I% dn2
g, is the cross-sectional area at top: &, - ﬂ% du2

L is the length of the log

(1) However these trees or stands must belong in principle to the inventoried population.
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{The volumes considered can be wvolumes over bark or volumes under bark
with, in thie latter case, the diemetsrs dyy 44 d being measured
under bark.) i

Thess three formulas are valid if the log can be asaimilated {0 a frustum of
parabolnid of revolution. HNewton's formula is slso appliceble if the log is approximetaly
a frustum of cones or of neloid; for theme two latier ceses, Huver's formula gives an
underestimation of the volume of the log whereas Smalian's formuls glves an over—estimetion
witich ia twice ma big as the underestimation of Hubar's formula.

The uss of Newton's formulm is highly rscommended when the loge are long, i.e. when
the mmber of logs per iree is small, and of course when the whole stem is not divided into
sections. This means that to eatimate the volume of a gtem up to & glven minimum top
diemeter there muast be at least two diametsr measurements - at stump height or above the
buttressea, and at mid-point betwsen stump and the minimum top diameter — and the
measurement of the height from the atump to the minimum top dismeter.

There are three ususl ways of dividing a stem:

- division in sections of equal length from the stump, the last section often belng
eeoimilated to a simple fraction of this unit length; +thie procedurs ie the most
common in forest inventory;

~ divieion in sections suoh as the difference betwsen their diameters at large and
emkll oends is constant: +the lengthes of the sections are generslly different unless
tha tree form is conlg; .

- divieion in sections of unequal length using tha measurements at breast height:
in a Buropean national forest inventory the following dismeters are measured on
all trees of the sample: stiump diameter, diameter at breast height (1.30 m),
diameter at 2,60 m, dismeter at merchantable height (or minimum diameter} and
diameter at mid-point between 2,60 m and the merchantabls height; then the tree
volume is computed by applying Newton's formula to emch of the two logs, the
lower log with & length of approximately 2.6 metres and the upper one from 2.60
metres to the minimum top dimmeter.

The inetruments used for measuring upper-sotem diawmeter and height for estimation of
volunes of standing trees were presentad briefly in parasgraph 243, The Bltterlich
relescopes used with a tripod prove to be very useful demirometers for the simultaneous
measurement of diameters and lengths of the various eectione. Volumes of standing sample
treens for the assessment of voluma equations in tropical forest inveniorlies have often been
computed from relascope measurements on standing trees, when felling of trees for thie
purpoes was not possible.

342  Volume squations

342,1 Introduction

The exprewricn “volums ejquationa™ is used rather than the mors cosmon one "volume
tablss™ in ordexr to indicate that only squations (or forwulss) giving the volume of n tres
("depondent variate") as a funotion of the oharacterietios (mairly diameter at brsast
height and height) and derived from etatistical regression anslysie, are deslt with in

this parsgTaph.

The expression “volume tables” includes indead mot only tha voluws tables drawn from
this type vf squation, but aleso those which were (&nd sometimes still are) established by
graphiosl or "semi—graphical® methods {like Keen and Page's method) which should no locger
he used, as they include some personal biase and do not aliow for a mound estimation of the
statistioml arror.
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The advantage of the ume of volume squetions in forest inventory im evident; they
permit, from deitailed measuremente on a limited mwber of treea judicicusly selected within
the forested area ("sample treses"), the objeciive estimation of the volume of a much larger
mumber of trees in the sempling units and finally the estimation of tha total and msan
volumes within the inventoried ares.

The construction of volume equations is a difficult, time-comsuming and sxpensive
task., Onoce it hae been decided in a forest inventory to estimate the wvolume of the trees
of the sample by use of volume equations (and not by edditiomml measuremsnts on the trees)
theres is & tendenocy to reduce the work related to the assessment of volume equatiomm
wlthout valid reasons. For instence, it may happen that volumo equations are already
avellable and that the need for their adjustment or for new cnes is not fel$s, It is very
impor{ant, however, to check carefully whether the equations are walid, in general, and
applicable in the particular case of the imnventory to be carrisd ocut. In paragraphk 342.4
some indications will be given on the statistical walidity of volume equations. As for
their application to a given imventory many questions have to be answersd positivaly: is
the form of the trees in the inoventoried zone similar to that of the trees of ancther region
ussd for the volume equations (in the csase of volume equations with diameter and height as
independent veriates) ¥ 1Im the average height per diamster class of a glven species the mame
in the two reglons Sin the cases of "looal™ volume tables for one speciss with only d.be.he am
independent variate) 7 Is the specles compomition in the inventoried zone similar to that
of the region of the ssample tress used for the volume tables, when the volume equetion is
used for the trees whatever the species ? If ths available "looal"” volume tables are for
groups of species,; is the representation of each species in the group identical in the
inventoried sone and in the area for which the volume tables were initially constructed ?

et0eas

To oheck the appliocability of the avmilable volume equatione objectively, a fisld
tent is strongly recommended. This may be done by direotly determining the volume of a
mmber of judioicusly meleoted irees from the forested area to be inventoried using ihe
saze measurement standards and methcds as employed for themse volume oquationa. The volumes
of these trees are also read from the volums squations being testeds The percentage of
divergence of the individual ectual volumes from thome of the equations is then computed.
These parcentages may be tabulated and averaged for the same species or group of species
by diamoter (and possibly aleo height) classes. If they reveal a sigrificant difference
in volums, the equaticns may be considered not spplicable or requiring adjustment before

use.

An imappropriste set of volume equations ory, more gensrally, bad volume equations,
whether construoied for this inventory or not, may significently reduce the reliability
of tbe results. Tis is ail the more true as the sampling error due to the imventory
sampling itealf is low: 4in this came & large componsnt of tha total error (including the
measurement errors) may unexpeotedly be dus to the usme of the volume equations.

The methods used for volume estimation by volume squation are statistical methods.
Some of them — method of least squares, principally, but aleo some "nop-paramstric’ multi-
variate analysis methods and sviomatic olassification - consist purely in mathematicsl
computations and sre used for the assessment of the squations. Regrsscion analysia on
the contrary sarves for the application of the squation to ths trees in the sampling units
and aannct be applied without restriotive couditions. 1In othear worde it is alwmys possible
to establish by a mathematical method » relation of a statietical nature betwesn the voluma
and some charsoteripstios of sample trees, but if we want to know the ntatistiocal error
correspending to the application of this equation to a tree or group of trewss in the
population, soms conditions sust be fulfilled which we ahall desl with ia paregraph 342.4.
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342.,2 Basic typee cf volume equations

The most signifiocant measured charecteristic to which the volume(s) of a tree is (are)
related is ite debehe Therefore all volume equations will have d.beh. and possibly
exponents and funciions of d.b.h. 88 independent variates. Very often one height — either
total height or bole height or any other specified height — and exponents or functions of
this helght are added to debshs Finally other characterisiics are introduced in the most
elaborated onee, puch a8 bark thickness or mome form quotients {i.e, ratios betwesn two
digmeters at different heighta of the stem).

Thus volume equations can be grouped into the tree fallowing categories:

a) “local" volume tables which relate the volume(s) of a tree only to @.behs or exponents
and functions of d.b.h. (such as basal area). The two most common ones are:

2
v = “o + ald
b

1
logv = bo + bllog d orve Bod

b b
{with Bo =10 °% or ¢ ° whether the logarithme are decimal or naperian)

with: d = diameter at breast height {d.b.h.)

By By bo, bl = constants

b) tgtandard" volume equations which include a& independent variates deb.h. and a given
height, and functions of these iwo characteristics. The moat common "gtandard" volume
equation is:

¥ = ¢ + cldzh

with d = diameter at breast height {d.beh.)
h = total height,; or bole haight, or any merchantable or other height

c_o and ¢, = consianta

i

Q) more elaborated volume oquations epecially developed for researoh purposes or for
national foremt survey® and which include d.bshe, one or several heights and other
characterietios.

Which of these typea of volume equations toc choose for a given forest inventory is a
diffioult question., In meny trepicsl forsst inventoriee the cholice is often between
*local™ volume eaquations for every specles or group of species and possibly by part of the
inventoried area and "standard" volume equations for all sBpecies or for groups of species.
There is no goneral solution, and each case must be studied carefully taking into
consideration the total procision required, ihe coste invelved in both solutions and
logistio problems. Howevar, regarding this problem; two remarks are worth mentioning:

a) Tt has besn found in wowe mixed tropical hardwoodsm (e.g. semi-deciduocus and

evergrean foreste in west Africa) that, for & given speoles or possibly group of species,
the averags bole height (from top of buttrese to crown point) in every diameter clase

above s certain diameter (eay 50 centimstres) was nearly constant. Sinoce the mos%
important voluses are generally thowe of trees ahove this diameter (which ie, in many
countries, the minimum diameter of exploitability) the inclusion of bole height in the
volume equation doas not appsar essential, provided tbat the number of trees in the eampling
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units of the corresponding species in sach dimmeter class is large snough and that the
varisbllity within each diameter class around this conatant mean im relatively small.

b) The use of a "standard” teble implies the measurement of a height on every tres
within the sampling units, or at least on a part of them. The additional cost is
significant sinoe the time required for erumeration may be double or even longers On the
other hand the reduotion of the sampling error due to the use of a "standard” table instead
of & "local® table may be imsignificant in relation to the total error which inoludes the
saxpling srror of the sampling design and the measurement errors. In muoh oases the use

- of local.volume tables proves to be more efficient since the increase of the ssmpling srror
i® more than ocompensated by the reduction of the ocost.

3A2.3 Combined iypes of volume sguations

In some recent inventories, the volume equation approach ie not as pimple as thome
desoribed above amd consists in & more or less complioated combination of "standard” and
"looal™ volume equationw. The main purpose of this type of proocedure is to avoid the
measurement of the second oharacteristio (height) on every iree of the inventory sample
while irying at the same time to reduoe the sampling error due to the use of volume
equationse MNany procedures of this type ocan be oontemplated, and it is impomeible to
list and describe them all. The following two sxamples give & good illustration of this

type of approach.

4et example. Volume equation of the FAO/UNDP natiorwide forest inventory in West
L Nalaysin.

) Demoription of the measurements made:

= d.beh. over bark (D,) and height olass on sll the 41,200 trees of the inventory
ammple;

= debeh. (Dg), diameter at 16 fest (Dqg), diameter at 32 feet (D32), diameter at
orown point (D;) (all dismeters over bark) and bole height (H) on 16,600 trees
out of 41,200 of the imventory sample (subsample) for determination by geometric
formulas of an estimats V, of the volume of the standing tree;

— detailed measurements for socurate determination of the volume of ithe bole (Vp)
on 720 felled trees out of 16,600.

b)  Prooedurs followed:

-~ assessmment of one equation (by method of least squares) between Vp ani Vg, Vy
being calculated from the measurements Ds, D16y D32, Dc and H made on the standing
tress, from the 720 felled irees:

Vp = l+bv.+0v.2;

— applioation of this latter equation to the 16,600 trees for determination of their
(entimated) Vy;

- sovessment of looal volume equations (by method of least squares) by speoies and
height oless from the 16,600 trees of the type:

Vp - "i'. + hi D, + ei D.z (1 = 1 to totsl romber of speoies T height classes);

-~ applioation of thess local volume equations to the 41,200 irees of the inventory
sample for the estimetion of the volumes in each mampling unit.
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2nd exmmple. Volume equations of ihe PAO/UNDP iuventory in the Aureas Mountainms in
Algeria ?E; the Spanish consulting firm C.T.T:)s

8 Description of the measuremente made:

= in the sampling units of each compartment: measuremarnt of dismetsr st bressi
height over bark, D g1 07 all treess and mesesuwrement of total beight H on e sub-
sample of treem;

- detailed measurements for mecurats detsrmination of the volume (V) of = small
subsgmple of trees (336 Pirus halepemsis tress and 57 Cedrus treas).

b) Procedure followedr

~ agpessment of one "standard" volumas equstion (hy the method of least squarea) for
each of the two species, from the emall subsemple of trees:

¥V =a+ bH + °D52 + stz H for Pinue halepeneis

Vea+b D52 H for Cedrus

- application of these "standard” volume equations to the subsample of trees of sach
compartment for the sstimation of their volume V 3

~ mspessmant of five equations (by method of 1aaet Bquarss ) belwesn I and D 5! each,
squation corresponding to one stratum (site quality):
. " n )
H=a + bi D, +0o, D {(i = 1 to0 5)
~ allocation of =pch conpartmert to one of the five atrata with %he use of the
haight memsurementas in the aubsample of thes ccmpartment;

~— wasesgment of one "locel" volume equaticn per speciee avd per etrahm betwean
Vg and Dg from the subsample of trees of omch spsciea ent of all corpartmants of
the stratun conmidered:

: )
T =my" M E TS e et 00 (3 = 1 to total mumber of mpecies x
: 7 < stratum clasaes)

- appliomtion of these "local” volume aquations te ell tho trees of the inventory
sample for the eatimation of the wolumes in the ssrpling unitc.

The type of approach illustrated by the mbove two samplss can bhe oormidered gonerally
os more efficient than a eimple oonventional appromch using only one type of volume
squations. However, their relative efficiency cannot be assezsed precissly as the complex
procadure makes the oomputation of the sampling ervor too difficult if not impoasible. 14
is of the nitmost importance, as for the simple appromach, to zecertainr fulfilment of the
conditions regquired for the ume of statistical metheds at each siap of the prosadure.

342.4 Statistioal aspeots of the volume equation apyrosch

In many foremt inventories using the volume sguation spproach for the estimation of
the voluna(:g of the trees, insufficient oconsideration is given t> the gtautisticwl aspectis,
and more precleely to the statistical requirements, which muet be fulfills2 15 pet reliable
antimatos of the volumes and of the sampling errors nf thene estizates. Up to now there
im no evldence in forest literature that all these aspects have basn treated, and there is
an argent nesd for a clarifioatien of all ths relsted problama. The following
copmidsrations are no more than general indioations 2nd rTencwmepdatiors.
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Scloctiqn of the sample irees

Geographic distribution of the plots from vhich the mample tresa are selected should
preferably be based on an objective sampling deeign either at random or systematic, or on
a stretified random or siratified systematic design (by forest type, for inatance).
Conoentration of sample felled trTeem i1n a very limited rumber of locations within the
forest area ie often decidad upon for evident logistic and economic ressoms. However, it
must be realiged, even if the location of these large plots is determinsd objectively -
which should always be the case — that the more conceniratad the sample, tha larger is
likely to be the sampling error.. Aguin for logistic and economic reasons the sample irees
are often selected close to roads or to cpeningm; in surh cases,; a bies in volume
ectimation may cocur ms the growing conditicns of the treas are different.

Regarding the distribution per species and/or per diameter class the probism is more
complicated. A representative distribution of the sample trees (i.s, proportional to the
ireea oocurrencs) among the mpecies and/or the diameter class appeare® intuitively the surest
method, 1if not the best. Howsver, some considerations moy preclude the use of »
representative sample; for instance, such a sample often results in a large uncertainty in
the volume estimates of the biggest trees since thesa gre little represented in the population.
It may be mors efficient to molve thie problem by proportioning the rumber of sample trees
per diaseter clasa to the relative volumes of each class in the whole population (which is
in many cases close to a Neyman's allocation). In each location, the sample trees can be
pelected by relascope in such a way as to approach more closely this opiimm allocation.
The rejection of trees from the smmple because such characteristice as crooks, leaning
trees, forked trees, etc. must b2 done on & sound basis. A general principle is that no
sample tree should be rejected if the corresponding volume squation is applicable to any
tree of the same standards within the forested mrea. The only exception to thims rule
should be when the tree cannot be accurately measured (for instance when creepers and
foliaceous epiphytic vsgetation make diameter messuremsnts wreliable).

There is no universal answsr as to the mmber of sample irees to be selected for any
ons volume equation. The larger the mumber ths more precise will be the estimate, but
it also depends on many other factors such ag the diamster and the height range of iths
trees, the eise of the area, the number of fcrest types, the variation of site factors,
eto. "Local” volume squations in limited areas for a given species or group of species
have besén conmtructed with 100, or even less, sampls ireesa.

Prcblems of regression snalyvis

s) Cnce the sample trees have been selected and measured, &nd their volumes computed,
the soatter disgram with the voiumes, V, on the y-axis and the main independent variates,
debehs, or (d.behe)2x H, on the r-axis is drawn. A firet visuasl obmervation will give
an idex of the strength snd form of the correlation, and will show any need for more
sample trees in ocertain nlasses of the independent variate end the poseible abnormalities
which may result from messurement or computation errors.

The obmssrvation of ths scatter diagram will also show if it hes to be pplit in two
or more parts corremponding to different portione of the renge of values of the dependant
variates. If this is the cass there will be a need for two or more volume equations.

b) If the variation of the volume within a class of the indepeandent variste inosreszes
with this variate, it will be necessary:

— w#ither to iransform the dependent and independent varictes (for inmtance by the
use of a logeritmmic tranaformation) in order to get a mors satisfactory scatter
disgram;

- or to wei all the variates in each clasia of the dependent veriates by & quantity
proporticnal to the inverse of the standard devisticn of ths volumes in this claswg

= oy to ugse both procedures togeiher.
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The conatance of the varisence of thes dependent variate within eaoh claze of the
independent variates is a prerequisite of regression analysis. If this condition is not
fulfilled, the mtrength of the relationship between the volume and the independent variates
cannot be evaluated and the mampling error cannct be determined, (ensrally, the variance
of the volume in each class of the independent variates can be sald to be proportional to
(dvh)2 Sor to a larger exponent of dbh) or to (dbh)? x H (or to & lerger exponent of thise
product). The Tegression batween V and dbh for instance (™local® volume squation) of the
model: V = & + b(dbh)2, with a variance proportional to (dbh}4 is transformed in the
following Yegrsspion:

v 8

5 +-b
{dbh) (dbh)?

(dhh}Q

{wherein the variates have been welghted by which is proportional to the

inverse 0f the standerd deviation of the wvolume

c) Than & model of volume squation has to be chosen. The choice of the most suiteble
model is facilitated by observation of the scatter diagram of the weighted and/or
transformed variates : 1if the curve

v 1
. ] ]
(abk)°  (avh)?

of the ahove exmmple shows = parsbolic tendency toward the x-axim, it may be convenient to
adopt the following smanded mcdel:

' - - + b+ ==

(dhh)2 (dbh)2 {dbh)

which will result finally in the following volume equation:
V= a + c(dbr) + b(dbh)2

Another way of constructing the model ia to draw up a list of the most 8igrd ficant
weighted {or transformed) ~xpressions of the indepsndent variatee, for instance:

.(._1_).2 . 3%5 , oconztant, E“‘._.]fh » H; -(—dI:h—)z {expressions, respectively weighted
duh

by ——, , of1 constant, dbh, (abh)?, (dbh)E, (awn)’H, H)
(dbh)

and to apply the so~called multiple stepwise regression apalysis. Computer programmes
for this method exist which provide e set of voluse equations, the first one including
only cne avpreseicn of ths independent variate

(for iastance 4 = = +b)

(aen)°  (awn)°

and each of the subsequent onss differing from the former by the inclusion of an additiomal
variate. he last one is the most complete and precise, but the gmin in precision from
the preceding one may not be sigmifiocant. Imterpretation of the ocomputer outputs and
selecilion of tha inputs in these progrsmmes Tequirs the sszistance of a statistician.

Lome ocnsirain’n car ba added to the model in these programmes, such as & fizxed value of
tha constant Ln the equetions.
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With the development of sutomatic data procemsing, the use of weighting (including
the research of the best weight) and of stepwise regression analysis should be practised
to an increasing extent. These techniques allow for a mound estimation of the
statintical errors in the use of volume equations.

Statistical errors in the use of volums equations

The wvalidity of the adjustment by regression analysis can be tested by the value of
"the multiple correlation coeffioient, which is equal to the correlation coefficient when
the dependent variate [volume) is g function of only one expression of the independent
variates, for instance: ¥V = a + b(dbh)2. This adjustment will become more valid as this
coeffiocient approaches 1 (maximum value of the coefficient in the case of a perfect
adjustment ).

Estimation of the varisnoe and standard error of the mean value of the volume given
by the equation for given values of the independent variates, and estimation of the standard
error of the application of this value to the trees of the inventcry sample with the same
characteriatics, are glven by rather sophisticated formulas, and advice from a statisticien
would have to be sought for detmiled information. The problem pecmed by the combination of
the error with the error due to the inventory sampling is & diffiocult question which does
mot seem to have been very much dealt with in the forestry literature. Here too, the
advice of a apecialist must be sought am it ie necessary to know what ie the incidence of
the volume eguations on the total error of the volume estimates.

Grouping of the apacians

In certain ceses, and espeoially in inventoriee of mixed tropical hardwoods, it is
not possible to sapesn separate volume equations for each different species., Various
eclutions are possible:

« gpopeps separate volume equations for the most important speties and apply a
common volume egquation for the remaining ones;

- &esess Beparate volume equations for the most imporisnt epscies and group each
of the remaining epecies with one of these species, by a comparative siudy either
of the form factor (in the cmae of "standard" volume tables) or of the diameter-
height diagram (in the came of "looal™ volume tables);

~ group the species by homogeneous classes in order to get more sample treas for
each voluma equation.

Thim last grouping can be done more or less cbjectively by comparison of scatter
diagrams corresponding to different species, by a oovariance analysis by groupe of two
species (when the number of species is small), or by & statistical method of sutomatio
classifiocation (multivariats analysis plus cluster analysis). The two latter methods are
the best and the mcat comprehensive and objective ones, bui they require a sufficient
expertise and the availability of appropriate computer programmes, Here too, the
sosistance of a statisticlan is necessary.

343  Volume estimation by iaper functions. Taper functions are assessed by
Togromsion wnalysis and gonerslly glve, for a species or a group of species in
a given area, the retio of the dismeter of the stem at a given helght to the diametsr at
srenst height {or shows the buttressss), expresssd as a function of this given height.
Within the same speclos or group of species there may be different tapar functions mocoording
to the diameter clurmes,
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Once the taper functions are determined, the volume of & tree in a sumpling unit,
whose de.bshs and bole height (or other heightS has been measured can be sasily calculated
by dividing the whole stem into frustums of equal length and adding their volumes. The
volumes of the individusl frustums are calculated by geometric formulas using the diameters
given by the taper function. The rather lengithy computation of the volume of each iree of
the sample is not a problem when an electronic computer is availables

The remarks made in paragraph 342.4 on the statistical aspects of volume squations
ere egqually valid here since regression analysis is used in both casmes. In particular,
the problem of the grouping of species (and/or of diameter clesses within the same species)
can be solved in the same way. The solution mdopted should be the most objective
possible, taking into account oosts and other limiting factors.

344 Selection of the momt suitable volume estimation technique. Thers is no

gensral answer as to the best volume estimation technique to be used in a

forest inventory. Volume es3timations by sdditional measureme.itu on the trees of the

sample or by use of regression analysis (volume equations, taper functions) both have
advantages and shortcomings which are summarized below.

The main advantage of volume astimation from additlonal measurements on standing
trees is that there is no sampling error on the estimation of the volume, the only sampling
srror being that arising from the sampling design of the inventory. There are some draw—
backs; +the main one is the additional cost due to a longer emmeration werk, another one
being the additional measurement errors which may be important and difficult to assess
preciasly.

Methods besed on volume egquations and taper functions introduce an sdditional
compenent to the sampling error which may be significant with respect to the other
components {other sampling and measurement errors). There may alsc be some biws at one or
several of the =teps of the construction of volume equations or of taper functions. The
advanieges are important: in comparison with the direct method of volume estimation it
generally coets considerably less; the volume equaticns can be used for further
inventories and other purposes and will remain as & tool for theforeater which can be
refined later on; the measurement data collected for the construction of volume equations,
which are generally more detailed than in the other method, may serve ag 2 basic material
for further mensuration studies. These advantages are of particular interest in many
developing countries of the tropical world where forest mensuration is & new research field and
whers mensuration data and volume tables are lacking.

4 Quality asgessment

41  Preliminary remarks on quality assesament

411 Definition of quality assesament in a forest inventory. The previous sub-
chapter dealt witih the methods used in a foresi inventery to estimate

objectively gross volumes of the trees within the sample (total gross volume, or gross
volume of the bole, or up to m minimum diameter), these volumes being afterwards expended
t0 the whole inventoried mtands eccording to the sampling design used. Eaoh tree or part
of a tree has, in addition to its dimensions, other characteristics such as shape, aspect,
defect and decay, which make ite wood more or lems useful and valuable for gliven purpcoses.
The clagsification, quotation or quantification of these characterietics and the recording
and prooessing of the corresponding data - which constitute quslity assessment - are ?:hus
necessary to provide the users of the inventory resulis with more meaningful and detailed
informationa
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412 Assessment of "net volumes" and usefulness of this concept (with special
reference to forest inventory of miyed tropical hardwoodsj. Very often

external defectas of the atanding trees are classified in iwo main categories — those which
are acceptable with regard to a given type of utilization of the wood and those which make
the ourresponding portion of' the tree wmsable for this utilization. The volume of the
parts of the tree with this class of defect - "defective partis” — and sometimes of the
whole tree iteelf are subtracted from the groee volume and the reduced volume is called the
"net velume" (see paragraph 31}, In many inventory reports estimates of 'net sawnwood
volumes" or "nat pl;-ood vilumoe" awe® thus vbbwiued Ly deduction ¢f poriions clase.lied as
defective for sawnwood or plywood production from the corresponding gross volumes.
Although this ie a common procedure, the validity and usefulness of the concept of "net
volume" are doubtful in the case of inventory of mired tropical hardwoods, for the reasons
given below.

There is always & subjective component in quality assessment, which must be reduced to
a minimum by a good classification and quotation of the defects. This is particularly
important in tropical foresiry since the imventory people are most often on the managememnt
or ownership gide and not on the wood utilization mide. Net sawnwood volumes given by the
inventory may not correspond to the volumes effectively used for sawnwood.

Even if we consider as negligible the bias coming from the viewpoint of the inventory
people, there are other reasons why the Bo~called net volumes are significantly different
from the volume of usable material, among which can be guoted:

- quality assesasment of standing trees most often does not take inte consideration
the inner defects which are not visible and which cennot be safely predicted and
precisely estimated from external observation; even for the external defects
quality aesesement may be invalidated by difficulty in evaluating the defects on the
upper part of the trees;

= in mopt of the mixed tropicel hardwoods there iz an incomplete knowladge of site
quelity and envirommental factors which may have a bearing on wood quality; this
situation is different from that of many European forests which have long been
known in detail by the foresters and the loggers: assessment of a preoise
percentage of logging losses and rejected wood iz much easier in these stands;

=~ there are rapid and eignificant changes in the conditions of utilization of
tropical hardwoods (changes in the domestic and international markets with lower
qualities being accepted when demand is high, modifications in the local wood
processing faoilities, mechenization and changes in the sizes and practices of
the logging unite, etc.}: thus the specifications of the defective volumes used
for aspessing the net volumes may not be applicable one or twe years afterwards,
and differences between "net volumes" and usable materiel may increase even more,

For all these reasons - and a8 already mentioned in paragraph 31 - assessment of
"net volumes" does not appear to be of very great help in mixed tropical hardwoods, at
least in eocnomic terms. Nevertheless this must not be considered as the only purpose
of quality assessment which has other useful applications in forest inoventory.

413  Other applicetions of gquallty assessment in forest invertory.

Comparison of the gualities of the same siand at intervals

Quality assessment is useful for controiling (or "monitoring") the growing stocks
In repeated inventoriea of a given foregted area, quelity sosesement makes possible a study
of the evoluticon of the stands with regard to the quality characteristios and the defect
ooourrence. For suoh a occmparstive study, and provided that the quality olasaification
of the standing volumes is meaningful, the equivalence between the volume of the
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"non-defective" classes and the usable material is not required; what is imporiant is
that, for instance, a betler "score" in the second inventory as comparsd to the first
inventory means & real improvement with regard to quality characteristics and defect
QeCUrTence,

Comparison of qualitiea for several stands

Quality assessment is also useful for comparing two or more invenioried areas. Here
%00, there i® no nesd for an equivalence between the volumes of the "non-defective” classes
and the usable material, but the quality indicetore must be relevant.

Stratification of the standing volume for further studies

The stratificetion of the standingwlumes into different quality claases may be
useful in estimations related to quality. ‘This is particularly so in the case of the
assegsment of & "recovery factor" (or “"conversion factor” or *utilization factor"), iste
the ratio of the usable {or "extraotable", or "oomuercial") volumes to the corresponding
inventory volumes (gross or possibly net volumes). The conversion faotors of the various
classec are in general significantly different, if the quality classification is meaningful,
and the estimation of s global conversion factor is thus improved by the quality
classification.

Some indicetions of the assessment of recovery factors are given below in eubchapter
5 "Recovery studies",

42 Methods of quality esseasment

For the sake of presentation, these methods can be divided into methods of assgegsment
of external charscieristics and defects and methode of assessment of inner defecis.
Txternal characteristics and defecta can be recorded on standing trees &s well as on felled
trees whereag the estimation of inner defects on standing trees can be made only through
partial and somewhat imprecise cbmervatilons,

In & particular forest imnventory there may be quality aseessment (external and
poseibly internal characteristics and defects) on all trees of the sample (or of a sub~
sample) and quality assessment on a small subsample of felled irees which may be the sample
trees for the volume equationse. Reogression analysie between the two corresponding
cetegories of data can then be used to improve the quality data obtained from the
observation of the ptanding trees, There may be additional quality indicators recorded
on the felled trees, but for the common ones the system of quotation or quadtification and
recording must be the same to permit the comparison of the data from standing trees and

from felled itrmses,

421 Assegsment of external characteristice andigofecta

42141 Recording unit of assessment

For aspesement of external characteristlics and defects on standing trees as well as
on felled tirees two basic approaches may be adopted:

1) 1he section concept: the mtem is divided into a rumber of sections, each of an
absolute, relative or variable length, the quality of each sectlon bheing assesased

separately;

2) the tree concept: the atem ie cleesified socording to & meries of selected
quality or defect claspes.
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321.11 The section concept

&) Sections of abeolute length

The length of the sections in a stem remains constant sccording to chosen
spocifications depending on looal requirements (ses Figure V-2), 4 standard log length
of five metres, or about 16 feet, is often used as the length of s section. The gross
volume of each section is assessed either by means of taper functions, or on the basis of
& peroentage of the groes volume of the total stem derived from the sample trees used for
the formulation of the volume equations, or possibly by measuring the diameter at the mid-
point of the section. Care is necessary 1o allocate defects to the appropriste sections.

Pigure V =2
Quality Amsessment — Coratant Sectioms
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b} Sections of relative length

Quality assessment by dividing the atem ints sections of relative length is
1llustrated in Figure V-3, In thie method the mumber of sections in the etem remsins
constant, while the length of each section varies in accordance with the length of the
stems Section limits are determined by uming a section ruler. This insirument may be
used indeperdently of the distance between the tree and the observer. With increasing
mmber of sections, quality assessment under this concept becomes correspordingly more
detailed and time consuming and alsoc less reliable as the allocation of defects to the
appropriate gections becomes more difficult. Figure V-3 shows & divieion into three
sections, & rumber which might permit good progress of work without losing too much of the
indicative nature of the resulis. The gross volume of each stem mection is estimagted
from taper functions or from the data of the sample trees used for the volume equations or
by direct measursment of length and mid—diameter of each section, thias last sclution being

time—consuming.

Plgure V-3
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¢)  Seotions of variable length

The divieion of the stem is governed by the locetion of the important defects, the
parpose being to separate the loge of material deemed usable from the defective portions,.
This method is illustrated in Figure V-4. The limite of each section would have tc be
determinad by eye using judgement., To determine volumes, the lengths of the sectiona
would have to be determined and taper functions used, If these functions are not
available it would be necessary, in addition, to measure end- or mid—diameters of the

sections,

This procedure is moourate and practicael for quality studies based on measurements
of felled trees but iis practicality is doubtful if epplied to gquality assesasment of
standing trees; it is time-consuming, diffioult and entails a grest element of subjectivity.
Moreover aasessment of defective parts and usable parts cannot generally bs ‘done with
precision, at least in the came of mixed tropical hardwoods as has been shown in paragraph

412,

Figure V-4

Quality Ageemsmenti -~ Varisble Szciions
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421,12 The tree concept

- Figure V-5 illuatrates the manner in which the tres concept of quality sssessment
applies the quality of only a specified lower portion of the stem to oclassify the whole
stem. The specified length of this chosen portlion of the lower stem doea not usually
exceed six to eight metres. Usually, only one specified length is used for bdach inventory
though, in some instances, it may be necessary to apeocify lengths aoccording to specises.

In buttressed trees the specified length im applied to the trunk above the buttress.
Volume is presented as total volume of the tree. 1In gensral, the lowsr portion of the
gtem contains the greater part of the total volume and is the part of the tres of greatest
‘potential value.

The advantsges of assepsing quality by the iree ooncept, as compared with the
sectional concept, are:

- quality cluss specifications may be determined most easily on the lower
portion of the stem;

- the possibilities for subjective bias are reduced;

= the method is more rapid;

- the resulis of the quality eseessment studies can alsc be pressnted in the form
of stand tables;

~ volume eptimation is simpler.

! ev’-:

Quality Asresyment = Tree Avoraissl

__ZAJ\ TR e I i T e P

Remazks Tha quality of Log No. 1 may be amssased from & nusber
of specifird quality clesmea, The tree as s whols
takes itw qurlity from the quality classificaticm of
Log Ho. 1«



421.2 GQueotstions

Once the gross volume of & “recording unit" (iree, or ssction of a tres} has been
determined, it has to be clemsified in one of the various quality classes. Thr size am
mmber of quality clasges must be decided carefully, taking into account the purpose of
the quality assesemeni exercise, the increased risks of subjectivity inherent in a drtails
olassifiontion and the relatively sparse information ohteined from a very broad
olassification,.

The allocation of the volume of a recording unit to a given quality class can be
done in & global way, directly from a global appraisal of the varicus charmcteristiecs and
defects, or in an amalytical way by evaluating separately the different types of defect
and subsequently regrouping the corresponding gquotations for the final allocation of the
unit to ons of the quality classes.

An sxample of the first type of amsessment is often used in simple classifications
on a tree concept, such as "trees rejected" and "trees not rejected", or "sound"”,
"defective” or "dubioua™, The second type has been used in West Africa with classification
on the basis of sections of relative length, the defecis being regrouped in three
ceategories: thoee related to the shape of the section {bends, crooks, oval crosg~section,
eto), its healthinese (broken branches, rotten knots, etc.) and the aspect of its wood
(grain, mcars, twist, sound knote, etc.); each section is ranked from one to five within
sach of the thres defect categories and then these rankings are combined to form a range
of five global quotatiors for the whole section.

A thorough analytical appraisal is, howasver, to be preferred to the global approach,
which is more liable to subjective bias. The mumber of rankings of the quotation must
be large enough to #llow for detailed evaluation and at the same time emall enough to make
the exarcise as reliable ae possible. Five steps appear to be an acceptable compromise.

421.3 Some recommendations for the asmsessment of external characteristics and
defects 1n forest inventory

1f quality sssessment is to be made on a mubsample of trees from the wheola imventory
sample,. the melection of these trees must be made on a purely objective basis. Any
wystematic procedure such as "one eubglot in every sampling unit" or "one sampling unit
every nth sampling unit”, or "each i*h tree within each sampling unit" is recommended
irsofar as it does not entail any other bias.

Subjective bias in quality mosessment can be reduced by severel means, such as a
vary clear and comprehensive "quotation key" in which every defect is mentioned with
poanibla degrees of gravity and ocorresponding quotations. It is preferable to ask the
field crewm to Tecord aingle defects and their degrees of gravity separately and to apply
the corresponding quotations only in the office, especially when these gquotations result
from a combination of several defects. To make the quotations more reliable and more
homogensous it is important to restrict the number of people in charge of the quality
assesmment work and to train them very thoroughly. The work should be done by one mar
per crew, preferably the crew leader.

The use of binoculars is recommended for the cbservation of the upper sections of
the standing stems when the section procedure is useds The observer muat turn all around
the trees, and at a oertain distance, in order to make a full inspection; this latter
roequirement is fundamental but iz not always fulfilled in inventories of mixed tropical
hardwoods whers sccess is often difficult.
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422 Aspepsment of internal defecta

422,1 Apsessment of internal defects on felled trees

The internal defeote are svaluated on stump cross-ssctions or breast height cross—
sections and poseibly aleo on other crosm-sections. Volume of rotten parts and
consequently of sound volume can thus be estimated precisely. Ths most important problem
is how to quote, combine and enter in the classification other internal defecta such as
insect damage, eccentricity, staina, splits, etc. Here, too, a satisfactory quotation
key hus to be devimed whereby the various defects and their different degrases of gravity
can be combined. Applicability of existing grading scales is worth tesiting.

422.2 Apsesament of decey in standing trees

In recent years, electrical or mechanical drilling instruments have besn used to
determine and measure decay at breast height in standing trees of mixed iropical forests.
Resulte of these cbservations have shown that decay occurrence at breast height can be
detected with sufficiant precision (relatively few trees with a very small decay or an
ecoentric decay are wrongly classified as trees without decay at breast height)e
However, precise estimation of the axtent of the decay at breast height appears not to be
fezeible, at least in certain forests; ecoentric and irregular shape of the trses and of
the decay, prevent this. Moreover, in some oases there is only a very loose correlation
between diameter of the decay at breast height and its length, 80 that a direct and
reliable sgtimete of the volume of the decay and conpequently of the socund volumes appears
impossible. Finelly, problems are caused by the occurrence of high buttresses and of
upper decays

However, obeervations showing the mere presence of decay at breast height are very
useful. They provide an indicator of decay occurrence in a given forested area, which
allows for comparison with other forests. They also permit a stratification on a tree
basis of the standing volume into quality classes (such &8 volumes "without decay at
breast height", "with small decay at breast height" and "beavily decayed at breast height")
which can be used for further studies and espescirlly for the assessment of recovery
factors.

) Recovery astudies

51 Principle

Regarding volumes, the usual results of a forest inventory are groas volumes up to
a glven diameter, expressed per diameter cless and group of dlameter classes, per speciss,
and per quality class, for each imventory unit or stratum within this inventory unit.
For some important snd-uses, such as sawnwood and plywood, these gross volumes represent
an overestimation of the sotuslusable volumes, i.e. of economic value and which have to
be considered in preinvestment mtudies amd also in national and subnational economic
and planning programmes. Therefore it im necessary to obtain an estimate per species
or group of mpecles and per inventory unit of the ratio between the volumes which are
likely to be extracted and the gross volumes given by the inventory , taking into con-
piderstion the prevalling conditions of forest mansgement, of logging, of socessibility
and infreastruoture, of wood utilisation and of domestic and internationsl markets. Too
often there is strong oritiolsm of inventory documents in tropical ocountries becauses the
information produced by these expensive operations is not of direct use for the
economio and planning purposes which should be one of their main objectives. As it is
necessary to get an estimate of the wmble wood, scopomists and industrialists are
applying an arbitrary retio to the grose volumes (or the mo—called "net volumes") which
is meldom valid.
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Recovery factors are mlso useful for the owner and the manager of the inventoried
forests. From the market prioes of the ussble wood he can determine, by the ums of the
results of the recovery study the price at which he can "sell" the standing volumes,
taking into oonsideration the logging snd ireansport costs. MNore generally, the informa-
tion provided by & recovery study is useful for the owner or the mamger of the forest
when desling with the logging contractors.

The question has been raised ms to whether the estimation of these ratios should
be provided by the ioventory people or whether it shculd be left to others asuch as
sconomists or logging specialists.

It seems cbvicus, however, that the pecple responsible for the inventory work
ere the best acquainted with the figures they produce, with their validity and their
applicability, and that they should thererore be involved in the estimation of these
ratios, sither by themselves or preferably in cooperstion with logging and other
speoialinte.

Studies related to the estimation of these ratios are called here'rscovery siudiaes",
but their principle is the same as for those called in other doouments "forest utilieation"
studies or "harvesting intasnsity" studies,

52 Related problems

In addition to the estimation of the extracteble volumes (or of the parts of the
gross volumes which are left in forests), it is alaso interesting to know the psrcentage
of each commsrcial grade of the extractable volumes, as the respective value and
possible utilisation of the various grades are different. A4 recovery study should aim
at estimating theme percentages, although in some caeses grading ies mnot as objeotive an
it oould bae,

The extrsotable volumes t¢ be considered are those whioh come to the wmill ysrde if
the wood ls to be processed locally, or to the harbours if it is to be exported. In the
case of domeatic processing the ocouversion facotor of the mill is spplied to the sxiract-
abls volumes given by the inventory in order to relate the ocutput of the mill to the
existing volumse in a given forest area.

Tue to the changing conditions in wood utilisation, in sarkets, in infrastrusture
and possibly also in forest management and logging, the results of s Tecovery study are
valid for a relatively short period and rust be up~dated when signifiocmnt changes ocoouIl.
Even within a glven region or country the recovery factors vary according to acoessibi~
lity end to the possible utilisation of the forests; it is of utmost importance to
distinguish for instanco, between the ocase 0f a forest wsed for pulp production and that
of & forest used for sswnwood and plywood production, or betwesn the case of local
procsssing aml the oase of log export.

In nixed tropical hardwood forests, recovery studies must be performesd by species
or groups of species of the same utilisation destination. In most casss & reocvery
factor covering ell mpecies or very large groups of species is meaningless ss ilkere may
be tremendous differences in recovery and in vslue per volume unit within these groups.

53 Qeusral procedure
531 Main steps of A recovery study

In mized tropical hardocods the recevery studies can be split in three main parts:

~ estimation of the melection of the standing trees; 4if for certain species all
trees whioh can bs logged according to the management regulations are effsotively fellead,
for many othersthers is a melaction of the standing trees, for instance thome which sre
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aspumed to be rotten inside sfter tapping the bole with a hammer are gonarnily not felled;

- estimation of the percentage of trees feslled but not umsd due tc splitting,
breaking, significant decay not detected previcusly, bad logging conditions, stc.;

—estimation per imventory gualiiy class of the percentage of rejected volumes and
pepeibly of percentages of the different commercial gredes and further determination of
the global recovery factoras and grsde percentagss for the whole gross stock.

532 Implementation

If logging units do not exist in the invertoried area or in a similar neighbouring
area, an experimental logging cperation may be carried out. This solution is expensiva
but allows for an eamier planning of the study. In thie case, howsver, the logging is
not necesBaTlly included within the commercisl process and the output of the study may be
optimum recovery factora.

If a survey of logging units is curried out, the sample of these units will have
to be oarefully oonstituted and stratified according to ths main utilization demtination
of the extracted wood (e.g. local proocessing or log experts, pulp or other industrial
uses) and possibly alsoc according to the logging system used and to the sccessibility if
this varies significantly from one part of the imventoried area to the other. The most
evident procedure within a logging unit seems to be:

- bafore logging, the full ernumeration and numbering of all treea of the studied
epecies above the minimum acceptable dismeter, with estimation of thelir gress volumes
ard with quality sssessment, in an aree which is msoon to be logged;

- after logging, the oounting of abandoned stending and felled treer and the
measurement of the extracted loge and logging losses and waste.

Recording and processing of the data {(with possible use of multiple regreseion
analysis between inventory quality classes and commeroial grades) has to be designed
carsfully. The total cost of & conwimtent recovery study is not negligible, and its
programming and budgeting must be included in the planning mtage of the imventory.

533 Example

The following graph illustrates the principle and the procedure for a recovery
etudy., It is adapted from a similar graph drawn for a recovery study performed withln
the framework of an FAO/UNDP inventory in hill dipterccarp forests of Sarawak.
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6 Accessibility atudies

61 Introduction

Subchapters 1 to 5 deal with the production of volume estimates in = forest inventory
from data collected in the field. In addition to the quantity and quality of the standing
and extractable volumes, knowledge of the physical and socio—economic perameters which have
& bearing on the forest management and harvesting costs is necessary. These parameters
define the accessibility of the staending volumes and future yields of the inventoried
foreasts.

Assessment of the accessibility parameters ghould be carried out within the
framework of the inventory for meny reasons:

- the inventory resulte must be as complete and meaningful as possible and must
therefore include data on sccessibility in order to give information to the users
of the inventory which can be directly and immediately utilized by them;

- the inventory crews are collecting data in a large number of units objectively
located over the whole inventoried aresz, and are thus in a better position than
most of the users fo record also mccessibility data, particularly as it may be
appropriate for further computations to have accessibility data and volume dats
recorded entirely or partly in the same sampling units;

- it is much more practical and eoconomical to have acceseibility data recorded by
the inventory crews than to perform another survey designed only for collecting
this additional informstion.

Information on accessibility is, iike that on volume estimates, needed at different
Bcales and levels of precision depending on the type of results required. The method
used for assessing accessibility will very accordingly. However a standardized approach,
which unfertunately does not exist at present, would greatly facilitate the comparative
use and interpretation of accessibility results.

For a glven level of the forest inventory (world, regional, national, eubnational,
preinvestment or local level} and & given level of precision, the accessibility study can
be defined as providing an answer to the following question (Nilsson, 1972).

"How much wood specified by opecies, dimensions and qualities cen be made available
at tentative markets (mill sites) within alternative cost limits per unit volume ?"

Given this definition, poseibly complemented by the introduction of the time factor,
the method used for assessing accessibility in a given forest inventory must solve the

following problems:
1) Which parameters need to be collected 7
2} How cen these parameters be quantified or claseified ?

3) Which quantitative relationshipe have to be used to estimate the management and
extraction costs from these accessibllity parameters ? '

It ie clear from the above considerations that a permanent dimlogue between the
inventory and the logging specielists must be maintained in order to design a suitable
method of sccessibility assessment within a given forest inventory. This is particularly
true for the problems of the selection and guantificetion of the accesaibility parameters,
vhereas the third problem lies essentimlly within the competence of the logging specialist.
In the followlng paragraphs we will deal only with the selection and quantification of

accenBibiliity parameters.
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62 Selection of accessibility parameters

621 The cost of logging, transport sand forest roads varies according to an almost
infinite number of fsotors., Some of thess have a stirong influsnce, whereas

other are of only minor importance and can therefore bs disrsgarded for the purpose of
aspeseing accessibility. The praotical approamoh is, then, to establish the ocorrelation
betwean the seleotsd factors mnd the logging snd transport coste. This oan now be made
by logging specialists in vearious ways, the most practicel being to set up mathemstiocal
models for saoh work operation gquantifying the influence on the oost of the selwoted
faotors. In such model building the logging mpecialist should endeavour to maks use of
parameters which are already measured in the inventory end should be rather ocautious in
introduoing sdditional perametera which might be difficult and costly toc measure by the
inventory orews. The sdvantage of the use of mathematical models i® that they can be
inoluded in the computer progrummes of ithe inventory, thus enabling the zocessibility
of the inventoried foreste to be assessed simultansously with the inventory results on
the quantity and quality of the rescurce.

The accessibility parameters can be claissified malnly inteo two groups, namely the
foreat condition parameters and the socio—economic parameters,

The values of these parametere for & given inventoried forest or for a part of it
have 0 be combined with production data in the mathematioal models for the asseesment of
the management and harvesting costs. These production deta have to be determined for the
various forest work operations (mainly logging, transport, road construction and meintensnce)
from work studiss and producticn and cost ocontrol schemea,

Other classifications can also be applied to acceasibility parameters, It ie
important, for instance, to distinguish between those of a stochastic nature (e.g. volumes
by diameter classes) which are estimated by field sampling and those of deterministio
nature (e.g. the distance of an inventoried stand from mill site or market)s The latter
are usually not meesured in the field. Whether a parameter is to be assessed by a sampling
proocedure or by a deterministic method depesnde on practical factors.

Like other parsmeters (see paragraph 221 of Chapter 3) accesmibility parameters oan
be given contimous or diecrete values through direct measursments or can be assigned to
a given clase (especially in the case of deecriptive or qualitative parameters).

622 The forest condition parameters. The forest condition parameters ars
physical parameters related to the trees, to the stands and to the land, to
the climate and to0 the location (with regard to existing or possible mcoess to the forest).

Mowt of the tree and siand parameters ars generally estimated by field sampling
procedures and many rhywical data on the land ocan also be colleoted during the forest
inventory. It ia important that the forest inventory data be collected 1n such a way as
to enable the results to be applied to sxploitation area unite. Their precision is
dependent on the sampling intensity of the forest inventory in relation to the asize of
the exploitation unit. Data obtained from low sampling intensity over a large area can
give mocurate estimates for the whole area, but do not generally give sufficiently
acourate data for the assessment of logging costs for paris of that area. Apari{ from
the sampling intensity the dietribution of the sample has also to be considered. A
systematio one—atage mampling design im often considersd useful as 1t allows for the
posaibility of changing the limitm of the exploitation units.

622.1 Tree and wtand parameters

Theas are estimated in all foreet inventories and are mainly numbers of atems and
the corresponding gross or net volumes psr diameter (end possibly height) classes, and per
species or groups of speoiess The mean and total estimates must be given with sufficient
precimion per expleitation units if they are to be used for aasesming acosssibility.
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They include also paramsters of guality (see subchapter 4) which are to be estimated to
determine the percentage per species rgr groups of apecies) and per size claspes of the
trees which will not be felled due to their visible defects and which also serve for
estimating the extractable volumes by means of a recovery study.

The results of the recovery study (see subchapter §) also provide physical dats
eseential for the accessibility study. Since they are collected in logging units, it is
poasible to find out which volumes are to be considered in each logging opsration (felling
skidding and truck hauling). _

Other tree and stend pafnmeters are important with regard to accessibility but are
difficult to quantify, such as the thickness of the undergrowth or the branchiness of the
trees.

622.2 Terrain and soil parameters

The main characteristics of terrain and soil which have an influence on forest
accesaibility are considered in the "IUFRO proposal for international system of terrain
classification” and in the FAO note "Tentative checklist for describing and quantifying
logging transport and roading conditiona®, These ares

a) terrain parameters

= terrain pattern which can be described by geomorphological features such as
relief amplitudes, regular or irregular drainage patiern, stream freguencies,
rock outcrops, etc.;

~ area of a single physiographic feature {"terrain unit") defined by its relief
smplitude, its langth and width;

~ xidth and depth of rivers and creeks;

~ sBlopes (longer than 50 metres);

- ound roughness defined by the frequency of chastacles with a relief amplitude
exceeding 0.3 metres; ]

- microtopography defined by the frequency of gullies and slopeam shorter than
50 metres;

« garea flooded with an indication of the duration and frequency of the floods;

b) goil parsmeters
~ bearing capacity in molst etete for off-the-road vehicles;

— suitability for road construction and maintenance which takes into account the

depth and the texture of the soil and the stoniness of the surface (1);

- pusceptibility to erosion which is important when considering in particular the
road construction and malntenance costs.

622.3 Climetic parsmeters

The climatic paremeters useful for assemsing logglng costs are related to the
followlng itemss

- rainfall, the corresponding charscteristics being the amount and the distribution
of anrmual rainfall and the maximum rainfall psr hour and per day;

(1) Deposi*s of gravel and quarry sites should alsc be recorded by the inventory
crews outside the sampling units, especially when such deposita and eites are
Irare.
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~ water discharge and its variation;

temperatures;

~ insolation, with the important characteristic of the length of sunny periods
during the rainy season.

622.4 Location and access parameters

The main location and access parameters useful for accessibilily assesesment are:

~ distance and transport routes to wood-using centres (mills, cities, dens~ly
populated ereas, e=xport ports);

= data concerning the existing and potential transport network inside the forasts,
such as the network denaity and the distance of cross-country transport per types,
standards and capacity classes (estimation of the road length can be mede through
the use of a rectangular transect ayetem mnd the application of the "needle
problem" method).

623 The cocio—sconomic parameters.

determined by the national economy and laws.
unit time of production fectors in the cost formulas.

distinguished here:

labour, equipment, and other data.

These parameters are ebsolute and are

They are needed t0 establish cost per
Three groups of data can be

Labour: Information on labour availability and skill, payments, fringe benefits,
transport or camp facilities, number of working days per year, nmumber of effective
working hours per day, etc.

Equipment: Operating costs based on purchase prices, customs duties, cost of fuel,
facilities for and cost of servicing, etec.

Other datat Such ss laws on transport, railwey tariffes, exploitation restrictions,
composition of the enterprize, etc.

63 Quantification and/or clessification of accessibility parameteras

631 Parameters relevant to felling.

For felling, in addition to the most

important tree characteristics, other parameters such as crown length or any
other indicater on branchiness and on delimbing difficulty is useful. Slope and other

terrain conditions are also importent.

A combined quantification of the form and quality

of the trees and of the terrain and vegetation on the felling site is shown in the

following table.

to "normal" conditions.

The coafficipnt should reflect how production is influenced in reletion

‘Correction factor reflescting workingz conditions {other than normaL)

Terrain end

felling mite

Form and guality of the irees

vegetation on the Tall and well

or few damages

formed treee and/ and form and/or badly formed

Normal length Short and

normal damages trees and/or
aevere damages

Steep terrain (more than 30%) or

obetacles

underbrush or other felling

swampy ground and/or severe 0.9 0.8 0.6
felling obstascles (underbtrush, etck)

Average — normal) - conditions 1.2 1.0 — 0.8
Smooth or undulating terrain,

well drained soils, nc severse 1.5 1.2 10,
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632  Parameters related to transport and road construction

632.1 The following classifications of slope and ground roughness are extracted
from the IUFRO "Proposal for International System of Terrain Clagsification"
and are given as examples but not as models to be adopted in all cases.

632.11 Slope

Slope is described by the gradient (a), the length of the slope (b} and the aspect
of the slope (c). .

Slopes with lengths of more than 50 metres are defined as major slopes. Slopes with
lengths of 10~-50 metres are defined a8 minor slopes, for example lesser valleys and
hillocks. Variations of less than 10 metres in length are defined es "ground roughness".

(a) Gradient

The average gradient is recorded in per cents The following classes are adopted:
1. 0-54%

2, §5-104%

. 10 -20%

4, 20-33% *

5. 33 -50%

6e >»50 %

Intermediate classes may be used if necessary,

The slope is stated in terms of ite relation to the access road as
1, positive (uphill to reach the access road)

2e negetive (downhill " " A
The description may be completed by recording the maximum gradient.

(b} Length of the slope

With regard to major slopes the length of slope is recorded in metres in the
following clasaes:

Minor sloEes
1@ 10-50m

Mg jor slepes

2 50 - 100 m

3. 100 =200 m
4, 200 - 400 m
5. 400 - 600 m
6. 600 -800m
T. 800 - 1000 m
8, 1000 — 1200 m
9. 1200 ~ 1500 m
0. 21500 m

Classes with wider intervale may be obtained by amalgamation. Minor slopes may
oocur alec es parie of & major slope,
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(c) Aspect of the slope

The aspect of the slope is recorded as the compass bearing in the following way:

1,  North (N)
2, Northeast (NE)
3. FEast (E)

4+ Southeast (SE) .
5. South (s)

6. Southwest (sw)
T. Wast (W)

8. DNorthwest (W)

632,12  Oround roughness

The roughnees of the ground is described independsntly of the aslope on the basis of
the ccourrence of obstacles, i.e. locel surface variations, boulders, rocke, etumps, holes,
hollowe, etc. of more thun 30 ¢m height or depth.

The roughness is described by the general occurrence of obsiacles (a). When
required a description of the occurrence of obstacles by types and size is undertaken (v).

(a} General occurrence of obstacles

The following classes are adopteds

1s very smooth ground; average dimtance hetween obstacles > 5.0 m; minimum
distance between obastacles 2> 3.0;

R smooth ground; average distance between nbatacles 2> 5.0 m; minimum distance
between cobetaclea << 3.0;

3. uneven ground; average distance between obetacles 5.0 - 3.0 mj

4. very uneven ground; average distance between cbestacles « 3.0 m;

Se ground with boulders snd scres;

6. ground with precipices and clefta.

By distance between obstacles the unencumbersd distance. between the limits of the
obstacles is understood.

(b) Occurrence of obstacles by types and sizes

Height or Number of differsnt types of obstscles Total mumber
depth of of obstacles
octataclas, 1 Stum per hactare
ey Precipices Rock and Holesm P8 Others
and boulders and

clefts hollows
0.3 - 0.5
0-5 = 1.0
1.0
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The ocourrence of types of obasteclesshould be recorded in atsolute figures, With
regerd to the class "precipices and clefts" the height/depth clase may be sub-divided.

632.2 Problems related to slops assessment.

The slopes coneidered the moet important with regard to logging costs are slopes on
distances longer than 50 metres ("major" slopes)s 1In the rield inventory the slopes can
te measured generally only on shorter distances (10 to 20 metres in many cases). Mean
slopes longer than 50 metres can be estimated on a mampling besis on merial photographs or
on good large-scale (smaller than 1/25,000) topographio maps. The comparison between
measurement of slopes on the ground and on the photographs or maps shows that the occurrence
of steep slopes is overestimated on the ground, since a certain proportion of steep slopes
in the terrain are on short distances,

Whatever the gradient classification sdopted, 50% (practical maximum slope for a
tractor at present) and poasibly 70% (occurrence of difficult road construction problems)
should be used as limits in the gradient classification.

A recommended claseification of lengthe of slopes with a gradient larger than 50% is:

50 metres ~ 300 meires
300 metres - TOO metres
:> 700 metres

632,3 Another example of ground roughness classification

A further method of recording ground roughness together with some other factors
difficult to measure is shown in the following table. Each parameter is subjectively
assessed in a difficulty clase ranging from 1 to 5 where difficulty class 3 could be regarded
as "normal'. The points of the difficulty parameters are added and the sum is then an
exprescion on their aggregate influence on extraction to be used in the cost formula for
this operation.

Difficulty Parameter
class
Surfece Ravines Soil Undergrowth Windfalls
structure and lbaaring etc. !
ewamps capacity ]
B 1 smooth
even none good none none :
o 0 0 ¢] 0 ’ |
' 2 2 1 1 Y 0 »
3 4 2 2 1 1
4 6 4 3 2 1
8 very rough high very very high ! |
many stones frequency] poor : dense frequency | |
and boulders 8 6 4 2
10

The sum of pointe® out of table gives E through the following conversion table:

E 1 2 3 4 5
= o5 =11 | 12-17 [18~23 [23-3D
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CHAPTER VI

DATA RECORDING AND FROCESSING IN FOREST INVENTORY

9 Introduction

Data recording and data prooeseing can be wviewed as major links between the planping
and completion of a forest inveatory. The basic inventory data, either gathered in the
field, from photo interpretation or from other sources, cannct be processed without having
firet besn recorded, edited and condensed. In additicn, the data processing procedurs
muet be adapted to the specific requiremente and design of the inventory itself. I% is,
thersfore, assential that the treatnent of the data be considered as an integral part of
forest imventory from the very beginning planning stages.

Data recording and processing should be given careful consideration, particularly
during the initial planning stege of a forest imventory, mince the means of data
processing (e.g. available facilities amd personnel for computation) or the cost may have
comsiderable lmpact on the design, intensity, and timing of the entire inventory. Within
the framework of informaiion required and money and time available, the treatiment of the
data has t0 be considered ms a limiting factor which directly influences the choice of
inventory mathod. Broadly speaking, the simpler the inventory design, the lower ithe cost
of deta handling and the less time—consuming the job. Although data processing serves
more as a tool of forest inventory than as a determining factor, its influence on the
realization of the inventory should not be underestimated.

Since the whole field of data recording and processing is very complex and
particularly fast—devaloping, the contents of this chapter can only be comsidered as
general guidelines for choosing and implementing the appropriate data recording and
proceseing methods for a given inventory. The sub-chapter "Data Recording" ie restricted
to general requirements for data recording and the means and methods of recording foreet
inventory information from varicus sources. In the sub-chapter "Data Procesasing" the
different steps and types of data processing are discussed and some practical aspects with
respect to tropical zones are givens

2 Data recording

21 General requirements

Before undertsking the design of any "recording document"(1), attention shonld be
drawn to the specific data to be recordeds Keeping in mind the eimple rule that resulis
to be obtained by means of date proceseing can never be better or more reliable than the
basic input data itself, a determined effort should be msde to improve the quality of tha
data to be recorded. One of the main requiremente for reliable data is ite objectivity
and comparability. Since inventory data will generally be recorded by different people
under different conditions, any poseibility of human influence on the data itself should
be omitted. Recording instructions should not allow any peraonal judgement of the people
concerneda Objeotive quantitative amsessment of data should be preferred whenever pgasible.
In cases where coding oannot be avoided (e.g. classification of crown cover 1nto_den31ty
classes) the recording inmtructions should defins very clearly the coding critar?a? .
Although a refined etratification for e given variable will permit precise ¢18851f10?t10n.
the resulte may be lesn reliable than those obtained from measured data, because coding may
antall pereonal judgement.

(1) A "recording document" is any praparsd form on which original data wil_l be recorded,
" @.g. telly chests. Recording can be done either mammally, or sutomatically by

special devicea (seo pars. 23).
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To minimize huwuan bies, whenever poasible the paramsters to be recorded should be
measurable parsmstars {contimous veriable)s All discrete variables should be recorded
using a broed claseifioation {or coding) system, permitting allocations in a given classe
as objectively as possible. The aim should be to gst homogenecus data whioh could be
compared between one "record urnit"(!) and ancther.

The data should be recorded as thay are measured and no processing should be done
during the rscording stage. If, for example, mean diameter of individuasl trees is needed
for futwre caloulation, and is assessead by two or more direct measurements, only direct
meapurements should be recorded and the mean diameter calculated ilater. Similarly, when
meanuring diameters ii is better to record sotusl measurements rather than the corresponding
dianeter classes. Thia eliminatés the possibility of errors ococumring in transferring from
measured diameters to classea. Broadly speaking, the simpler the parameters and the
method of recording, the more socurate the corresponding results.

One of the moat important tasks in thie respect is the design of simple and clearly
arranged reocording documents, sasy to handle in the fiesld and easy to fill in, The design
of the recording documeat should aim primarily at facilitating the recording work, and %o
a lemser extent the later use of thim document for processing. This is particularly sc
mince recording work ig usually much more sxpensive am difficult than prooessing work,.
Thus, practicability appears to be another requirement of general nature to be considered
in data recording.

Before any data recording begins, it ie necessary %o become acquainted with the
conditions under which the work is to be executed and with the sctual data itself. Firat
of all, it ie very useful to adapt recording to the perscnnel in oharge of it, For
instance, & very low level of training or experisnce may call for a simple way of reoording,
An example would be use of epeoial tapes for dianeter messwrement, on which only the
dismeter class can be read. Envirommental conditions, such as weather, terrain or thick
undergrowth, can also affect recording in the field. In wet weather, for example, it may
be necemsary to use waterprcof paper for the field aheets.

22 Specifip requirements

221 With relation to the type of datas A practioal classification of types of
forest inventory data is as follows:

informmtion on the area by interpretation of remote sensing imagery;

+ information on the fisld plots including eits, soil amd socessibility deta;
~ tree tally by epecies and dimneter clasmes;
- measurementa on stanling or felled trees;

= information on quality of standing timber,.

(1) Por definition of & record unit (RU) ses paragraph 412 of Chapter III.
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Experience from many imventories in tropical zonem has led to the general acceptance
of four basic types of recordin each RU in the field:

For the Record Unit:

Type 1: this forw includes the identification of the RU and gives all information
on the plot itwelf as opposed to tree tally, as for instance:
Plot identification Stand desoription _Acpsesibility daja

Cole.

(1)

(2)

(3)

(m)

Ton

For the tree tally:

generally only one of the three following types is used in
connection with type 1 in a given HU:

of tirees iB indicated in a matrix(” in whioh the rows

Type 2: the mumber
correspond to the species and the columus to the diameter classes:
Species code diamater cleasses . —
1 ’ ) 3 21 = 6 7 Foor n
gol, (1) (2) | (3) (4)| (5) (m)
‘ 1 1 G, | L =
Type 3: the tree parameters are recorded within a matrix, in which every tree
forme a row aid the iree parameters the columns.
Tree No, Tree parameters ) B B
dbh height species codel otc,
Col. (1) (2) (3) (4) davew
T == Y
Type 4: the trees are emmmerated by species and diameter contimously:
Species ocode  dbh Species code dbh |  Species dbh ott.
col. (1) (2) (3) (4) (5) (6) OB

] 1 L]

In a given imventory, different combinations of recording may ocours For example,
in a oluster sampling, tree-by-iree recording (method 3) may be required in only every
fourth R, wheress in the remsining 3} RJ's the irees will only be recorded either by method
2 or 4 above, deperding on the proocedurs selected for data processing.

As for data recording in the office, more sophisticated methods can be used and the
reoording system ocan be aimed more at facilitating data processing aince the riek of errors
is very such reduced.

The word matrix stanis for any type of iwo or several eniry table

(1)
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222 With relation to dats processing. The method of data proosseing to be used
will affect the reoording only to a relativaly rmall axtente In any case, the

data should be written simply and clearly. If the data are to he key punched for electranie
processing (EDP}, it is more comvenient to arrange the data in the punching wecuence althoush
thie 18 not essential since it in generally easy for the key punch operater to adapt to a
punching plans In the case of marmual processing, rdata should be arranged i: such a way
that computing can start immediately without weiting for time—consuming sorting miv ra-
arranging of the data. Iu this crase the fourth method of tres tally whould be aveided
sinoe a contimwusa recording of epecies code and diameter requires & time~consuming re-
arrsngement of the trees into spacieu/diamoter classes and complicates the work,. In the
cane of qualitative data, the coding key for all parameters should be determined prior to
racording.

23 Main kinds of data recording

Methods of data recording differ also with the methods of data prooessing. The most
common type of recording, which is applicable to mamual data processi or EDP, uies
handwritten field documents. The plot information ehest (i.e. Type 1) should always
contain the following sections:

1. Descriptinn of work: date, field crew, starting end finishing date
of plet survey.

2. Identification of plot: inventory unit, sampling unmit, plot or point
within the sampling unit, etoc.

3. Plot criteria: stand desoription, emviromment, mooessibility, rosd nstwork.

These groups of data should be clearly defined when designing the shest, tc facilitate
gquick control and identifiomtion in the offlce. In the case of further punching for EDP,
the nolumn mmbers can be indicated undar the field of the corresponding iiem on the field
form. The toiml smount of information recorded in the field form may exoeed the 80
columrs of & punch card {(mee also paragraph 311).

The transfer of data from field documents onto punch cards is a signifiocant component
in the total cost of data processing. Therefore, there is an incressing use of cther than
handwritten doouments which avoid this transfer.

(=) Port-s—punch carde

Deta are recordsd on pres-punched 40 column ocards with a special portable device.
They are lster read directly by the computer and stored on disks or tapes. This method,
ussd muocooessfully in the Swedish Nationml Porest Inventory, regquires skilled perscnnel in
the field. Some triale of this metbod in tropical forasism under difficult conditions wers
ol very suoceasful.

(b) Mark-esmwing doouments and ocards

The basic prooedure of this method is to mark with a speoial device (e.g. pencil or
marking ink) within predetermined positions on the cards or shests the data to be recordsd
which will be interpreted later by an electronic optical reader. The advantage of using
shests rather than cards is thai more date oan be reocorded on sheets, wheress most oarde
are m¢re or lems limited to & ocertain mmcunt of data. Trial of this method in one tropical
forest inventory was nut very satisfactory due to the large mise of the FU's and the
commequently large rumber of spscies and treas whioh called for seversl mark=-semming
docoments par RU. However, in some casew, such a8 imventories of plantations with eaay
snvirommental conditions; these methods should be successful.
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{c) Handwritten documents for opticel reader

4 relatively new method allows handwritien documents $o be read by a multifunstion
optical reader. Reading is performed by en electromic luminous spot scanning eystem,
through whioh each character is investigated and, in most cases, identified by the "reading
ray" traoing in a spiral motion the contoure of each character for identificaticn.

Thies method, used very succesefully in forest inventories in West Germany, requires.
a computer centrs equipped with an optical reader; to read the data and stora it on disksa
or tepes. On the other band, the characters recorded in the field must be wriiten very
carefully, following certain siandard rules of writing, and must be placed sxactly in
their appropriate locoation on the recording sheet. Since misinterpretation ocacurs
relatively often, the storsd data must be scrutinized thoroughly by special editing
computer routines, specifically deeigned to locats such errors. Thus the main drawback
of this method for use in tropical forest inventory is its sophistication,

Other mothods which may be applicable for recording forast inventory data are:
maohine-typed documents for data occurring in the office (photo-interpretation) or semi~
automatic devices guoh ans suto—recording paper tape calipers desmcribed by Badan, whioh
automptiocally record the diameter mepsurements. In special cases, where increment has to
be determined by boring instruments (e.g. plantation inventories in temparata sonas),the
"Inorement core measuring devioe" after Eklund may be used. With a speacial aset of machines
the anmiel ring information obtainsd under a microscope is transferred sutomatically onto
punched cards, or onto paper tapss, sinoe this device oan be linked to a oard puncher,

All these methods mentioned are applicable only when skilled pérsonnel and
appropriate equipment are available., In moet tropioal forest inventories for which these
conditions have yet to be fulfilled use of handwritten field documents appears to be the
most appropriate way of recording, regardless of the method used for data processing.

24 Some practioal aspscts of dats recording

241 Organieation in the field. Once the recording document has been proviziorally
deeigned, ite usefulness and practicability should be temted during the

preparatory phase of the inventory.

Tha field ipstructions must be tested ae wall. They should give details about:

-~ the composition of tha field imventory arew;

- the funoctions of the crew with regard to data recording;

- the datm to be recorded;

=~ the mannar the data are to be recorded on the preparaed recording dommentnm,

The field instructions should almo give details on Low to progrees within the R, on

the siequence of tallying tres species and dbh, on the checking procedure during the tally,
and any further information whioh will facilitate the datm collection.

242 Preparation for further procsessing. Before the recorded data can be processed.
{{.e. punched on cards in thn oaam of EDP or mamally procsssed), two

preparatory actions should be taken:

(s) The field documenta mhould be gortied mssmally into logical order, which is
eimultanscusly a Tirst check on ocomsistency. A check can also be mads to verify
that no docwvent of a sampling unit is missing.

(v) 4 visnal check of the data itself im advisable to detect inoconsistenciss which could
be ciearsd with the field crews if they cannot be correctad in the office.
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3 Jata processing

31 Steps of dats processing

311 Data capture. One of the main problems in data processing, especially from
the economical point of view, ie the arrangement of basic data into & feasidble

form for further proocessing.s EDP in particular demands practical and efficient methods
of data capture, that is the arrangement of the basic data in a oomputer readable form.
Any mamual transfer of data between the recording phase and the processing phase should be
avoided a8 much as possible. In addition to the methods described above {mes para. 23),
there are two main types of data capture used for the transfer of the original data from
field sheets to the oomputer:

(a) Perforated {or punched) paper tape

Although of decreasing importance in forest inventory, paper tape (s used, for
instance, in teletype technique) is eepecially appropriate for the transfer of large
amounts of homogensous data, such as long enumeration lista. Paper tapes adapt well also
to automatic data capture, as in the case of contimuous recording of climatic measurements
at field ptationa. A drawback of the paper tape method is, however, the relatively
troublescme transfer of the paper tape date onto magnetio tape. Special hardware devicea
and "free format facility” (1) are needed which will be available only at very few computer
centres.

{v) 80-column punch oards

The standard eize punch card oonsists of columns and Tows, in which the perforations
are made at predetermined places by use of speocial card-punching machines, the keyboard of
whioh resemblea a typewriter.

Punching errors during punching cperations oan bs reduced, if not totally avolded,
by the use of "“card-verifier" machines, on which the punching of the original data is
repeated and checked against the punched card.

Although changes in temperature and humidity could affect dimensions and weight of
cards, causing warping (relative bumidity in card-storage rooms should not exceed 65%), the
punched cards are, under present conditions in tropical countries, the most appropriate
may of data ocapture and transfer, since at almost all computer cenires punchedi—card readers

are available.

In addition the standard~-sized punched cards are adaptable to different makes of
computer. As mentioned ebove, the dats is punched on the oards at predatermined places
which are speoified by the punch card design. Some basic rTules for the punch card design
which will help to avcid possible errors are the following:

(1)  Alwaye ume only one card for the storage of a "logical record”. In EDP a
logical record is the mmallest part of a data file which ie detarmined by the
logical structure of the recorded data. As an example the logical records
for the 4 basic types of reocords given in paragraph 221 are respectively:

1. the information on a single plot;

2 the information on a esingle tree;

3. the tree tally for one species (mmbar of trees per diamater olaan_j;
4. sepeocies code and diameter of all trees, tallied in an RU.

(1) The use of froe—format requires specisl machine-orianted software, which doas not need
the definition of the format of each record.
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If, especially in the latter case, the logical record cannot be atored on a
single card, extension cards for this logical record may be used, provided
that an extension cede is given on the first ocard.

(i1} The amount of colwnns to be reserved for oue paramater ("item'" or “attribute"
of the logical record) is predetermined by the largeat figure, which can occur
for this item. Thus in the planning stage of the punoh card design, careful
analysis of each item to be stored is necessary.

(1ii) The "data fields" (i.e. the mumber of columne tc be reserved for the siorage
of one item) can follow on the data card one after the other without blank
columns in between. All items, regardless of whether there are contimwous
or discrote variables, should be punched "right justified”(1) in their
respective data fields, deoimal points not being punched. All items of
different logical records stored in a given data field require exactly the
same amount of decimals. The identification of the decimals is done later
on by a "format specification” within the oomputer programme.

312 Editing of data. Editing aims at producing from the basic data file a olean
data file free of punching errors and other inconsistencies, The different
ateps of editing are the following:

(a) Sorting of the data

Sorting im neoessary hecause many checke require that data sets be in chronological
order. It can be dons mamually, mechamically or electronically. Mechanical mocrting of
80—column punoh carde by the use of special soriing machines requires that one logical
Tecord be punched on one Bingle card, the hierarchy of sorting being given by the inventory
design, Firat, coding errors within the sequence codes will be detected and corrected.
Larger amounts of data require electronical sorting, making use of speciel SORT-routines,
usually provided by the computer mamifecturer.

(b) Error detection by checks

We can consider a given data file as & two—dimersional data matrix of tha form:

X = item of 2 logical record

9 = index for the position of the item X within

I_ a logical record
X (1,J) ‘ J = index for the position of a logical record
L within & whole data file
I-1 n = mmber of items of a logical record (veriables)

Jul
m = mmber of logical records of the whole data
file

Checke oan be made:

= on every individual item X (I,J) separately;

- horisontally on the relation between two or more different items of & logioal
record, e.g. the relation between X(1,J) ard X(2.J) or between X(1,J), X(2,7)
and X(5,7);

— vertically on the relation between given itemms of different loglicel records,
8.¢s the relation between X(1,2) and X(I,3).

{1) PFor example, the valus 355 ip stored right-justified in a data field of 6 digite if
it is punched in places 4 to 6 of the data field, places 1 to 3 not being used.
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The different data checks common to all inventory data~prooessing procedures can be
grouped generally under the following types of consistency checks:

— ogontrol of completeness: aims at checking the completeness of the whole data
file at each level of data accumulaiion, First, it should be checked that no
logical record within a data set (record unit, sampling unit, etc.) and no item
within a logical record {e.g. diameter for counted trees, heights for measured
trees, etc.) are missing. The completeness of data on different unit levels is
usually checked by comparing the accumulated mumber of sub~units (e.g. trees in
a plot, or plots in a sampling unit) with the given totals on the unit level,
which are either assessed in the field (in the case of tree totals) or given by
the inventory design { mmber of plote per eampling unit, rumber of sampling units
per block, etc.). To aveid under— or over-estimation, completenees checks should
be made prior to any later inventory date processiing.

~ logical and likelihood control: includes mll checks on individual items and on
the above—mentioned relations of different items, which can be defined logically
in view of the record and sampling deeign. Such checks ara:

~ ochecks of alphammeric and rumeric punches column by oolumn;

=~ range of contimious variables by determining minimum and maximum valuee,
between which the value of the varimbles can vary;

- posgible range of diacrete variables, e.g. for established epecies codes
or for codes of vegetation types, etc.;

= check of horizontal and vertical inter-reletionships in the whole data
matrix mentioned above, using logicel comparisons of the values of the
paraneters. 1In the case of EDP, such comperisons can be very efficiently
done using "logical oparators", available in advanced computer languages
(for details mee any FORTRAN programmer's guide).

{e) Listing of incomsistencies and ocorrection

In the case of EDF, a list of the detected inoomsistencies is printed automatically
a8 well as all the items of the corresponmding cards. Corrections of the basic data should
be made in close collaboration with the responsible field officer. The cards are punched
again with the corrected data and then added to the original data file, replacing the
wrong records on the tape or diek files.

(4) Production of clean data file

Thin deta fila, which should contain only clean and reliable data organized in the
hisrarchy of the inventory, serves as input for all generation operatiomns.

313 Deta generation. This etep of an inventory data processing system includes
ail operations aiming at preparing the basic data for further computations,
and at computing from this data intermediate and definitive resultis.

The deta must be sortsd depending on the invantory design, an the type of data
gathered in the field (see pars, 221) and on the various classifications used {sirata and
inventory units). At any level of study the following estimates have to be computed and
preasnted inmitientry tables, related to species or groupe of species and to diameter
classes:

- means par airesa unit (rumber of trees per ha, volumes per ha, etc.)
~  totals {mainly volumss)

~ ssapling errors
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The position of svery logical data record, therefore, has to ba identified within
the hierarchy of the imventory and the oorresponding dats muet be weighied sccordingly amd
sgpregated within subtotals and totals for the lavel of study concernsd. The final cutput
of the caloulations at the differen’ levels of study are gonerally:

{a) Stand tables: memn mumbers of stems per area unit and possibly corresponding totals
pex etrata and inventory unita.

{b} Volume tsblea (derived from volums equmtiors): individual tTees volumes by dbh
(local volume tables) or more often by dbh and height, per apecies or group of
specien.

(¢} Stock tables: mean volumes per ares unit and corresponding toials, ocomputed from
etand tables end volums equations, or from individusl iree volumes in the sample.

(d) Corresponding standard errors or sampling errors for given probability levels
acoording to the particular eampling design.

While stard tables ocan be developed dirseotly from the besic date, accordiag to the
campling design used, epecial trials have to be carried out to determine a valid set of
volume equations. Prior to the caloulation of the final regreesion analysis, many cther
computations have to be performsd on the bamic datn (which are most often neasursment data
on felled trees) which we oan call "pre-regression studies”. They includs the computmtion
of the individual volumes of the sample trees, the possible grouping of the data into
different groups of species, the drawlng of mocatter diagrsms, the transformation or
weighting of variables, the testing of provisional regression models and the ocomparison of
the corresponding regreasion liznes with the basic data. Onos theme varicus trials are
completed, the f{inal volume equations and the corresponding volume tables can be developed
(for more information on volume equaticns ses paragraph 347 of Chapter V).

"Pre-rogrossion” and regreesion studiss can be oarried out on eleotronic desk
ocomputars with limited storege facilitiss. It is more appropriate of course to use large
computers, sinoe statistical trimle can be carried out much more easily on these machines,
especially if & largs amount of basic data has to bs trested.

Besides the bamic caloulations mentioned abovs, there are in every forest inventory
some spacial lmvestigations which bave o be ocarried out sccording to specifio requiremsntas,
Examples of such additional resuits required ars:

= wmpecifio volumes such as "net” or "indusirial” or extractahble volumos taking
into mocount information on the quality of the treee;

= sccessibility results computed from sasessment of accessibility parsmeters {wuch
a# breskdown of the areas by slope clammes, soil bearing capacity olasmsssm, eto.);

= oost studies, including evaluation of logging and trsnsportation ovsts. These

additional investigations require saveral resrrangsments of the basio data and
the ocomputation of intermediate parameters, such as dooay indicators.

314  Presentation of the invemtory results

314,17 Besio table formats

The rosulte of a forsst inventory, regerding both areas and parsmsters, are regrouwped
for pressntestion in tables. TFollowing the 1967 meeting of inventory exparis at Fi0
hesdguarters, a mininm eet of standard tables vas recommsended which were slresdy
roprodecsd in the firet sdition of this wamual, Thsse minimm tables reguired by all
Lavertories ave listed below.
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Table Title

vi-1 Summary of areas by present land—use and forest classes.

Vi-2 Areas by (life sones), inventory classss and administrative units or other
specifio clasmen.

vi-3i Prasent forest areas according to ownsrehip classes, administrative units or
other apecific inventory classss.

Vi-4 Stand table for each inventory olass.

Vi-5 Total areas, volumes per area unit and totel volumes with precision

eatimates acoording to inventory unites and iaoveniory classes.

VI-6 Volumes according to use classes and species or species groups by
inventory classes.

VI-T Stock tables for each sadministrative unit and inventory olass sccording
to dbh classes.

vi-8 Net anmual volume inorements for inventory olasses by admingistrative unite.
The formats and some explanation of these tablesm are given in the followlng pages.

As atated in Chapter V, paragraph 32, resulis should bo given alsc in metrio system if
the British System is in use in the country.
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Fable VI=-1

Summsry of ereas by present lusd-vwe end forest olasses YV

Exristing Lend-Uss and Forest Classes 2 2/ 2/ 2f

Beotares

1, Totel Land Area

A, Forest area

1., Natural forests
as Broadleaved excluding mangroves
b, Coniferous
©s Mixed broadleaved and cordferous
d, Pure bamboo
9. Hangrove
fe Coantil and riverine palms
g« Temporarily unstocked

2y Hpi-ande forests

(those divisions of a. to g. which
are applioable)

Be Other wooded area
1. Savannah, open woodlands
2, Heath, stunted and scrub forest

3. Trees in lines, windbreaks and
shelterbalis

A« Other areas

C. Non-forest arsa
ts Agricultural lsnd
. Crops ani improved pastures
be Flantations _
2. Other lands ,
&« Barren
b. Natursl rangs and grasslands
os Swamp
de. Beath, tundrs

e, Urban, industrial and
comaunioation

f. Other areas
TOBML ~ Land and Water

1/ PFor details on this claseifioastion ses Chapter IV, paragraph 23,
If & olassifioceation based on vegetation/saviromment relatiorships - such as
olsssifiostion in life sonee after Holdridge - is not used, then only ome
column will be ehown.
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Table VI-2 1/

Aress by (Life Zones —2/) Inventory Clasees snd Administrative
Units or Other Specific Classes

Date of 1“0“0”3 stemevasevacsentsee

iife Zone —2/ Inventory Administrative Units or Other Per
Clasgas 3pscific Clasaes Cent of
y Total
1 |2 ] 3 | eto. lEm

Area in hectares

1. desmae
2- LY XA RE ]

3. LR R X% 1} J
4. etCiae
sub—total

Te sesvee
2e saepne
e sesnss
4o atCane
sub-total

1. LR A N NN}

2. aschas
3. etD...
sub~total

Total

Y
Y

y

This table is tc be presented for the whole inventoried sres and possidly
for each inventory unit.

Life scnes are recognized according to the Holdridge System if adopted;
if snother type of olassifiocation based on vegetation/enviromment
relationshipes is used, specify the corresponding clesssz: 17 such olasai-
fication is not used omit it.

Inventory classos are mainly clasess corresponiing to existing land use,
physiography, socessibility, operability, or suy other etratification
used in the inventory (msee Chapter IV, parsgraph 21). If two or more
inventory olassiontions ars used simultanecusly, tha table wust be spiit
up asoordingly.
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Table VI-3 1/
Pressnt Forest m.-g/ According to Ownershin» Céu-n,
Adminissrative te _or Uther Specifioc lnventory Classes

Et. of igvontorx: sseneqnsRRenI RS

Adminiptrative uniis or other spec. classes EZ Far
tall

Ownershi p 3/01-” 1 2 l ato. oent

of
1 2 fetoa 1 etCs | 1] 2 [8t0. totnl

1+ Publicly owned foremts

2. State forests . i , !
be oth.r I I ; ‘ w
2.. Privetely owned forests | |

s Owned by industrial enter- ‘
prisers processing forest : . i :
products :

be Parm forests | - |
0e Other

3+ Ownepship ot yet determined ‘_ 0 s j

4. Total ares of forests ‘ I . .

: H

1/ This table is t0 be presented for the whole inventoried area and pomsibly for each
irventory uwnit.

2/ Forest areas are those considered under item I.i of tsble 1. Similar iszbles can
=~ possibly be presented for "other wooded areas™ (item I.B of table 1) if ‘deamed
necessary, as well as tables corresponding to the swm of the two oategories.

Y Clamsification of ownership

1.8, Inoclude forest owned by national, state, and cantonal govermments; govermment-
owned corporations, and Crown forsstm.

1.bs Forests belonging to towns, villages and communes and other looal authorities.
Include any other publicly ownad forests not elsewhere specified.

2+bs 41l forests owned by individuale, families, or sorporstioms engaged in
agrioulture am well.

2:0¢ All privately owned forests not included slmswhers, ounprill.ng foresta owned
by institutions (religious, educational, etc.).

e Forests for which ownership status is in doubt or bas not yet bean established,

If ascessary, the above ownership clessee may be further sub~dividsd to more
specifically desoribed looal conditions.

g/ If desired, a ssparate table can be prepared for sach adeinistrative unit,
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Table VI-4 1/
Stand Table for Eaoh Ioveatory Class

Adminisirative Unit (or other specific 0lamS): scesessesicse Datd of INVONtorys secscsens

Inventory Class: ssssesasoBRsaASs Ml seserneene

SPECTES ' D.B.H. CLASS M. 2/
OR
SPECL ES
GROUPS

O W B e R =

"

-

TOTAL

This table is tc be presanisd for the whole inmventoried ares and
posaibly for each inventory unit

2

Class limits should be shown for each dbh class in agreement with limdte
indicated in table of paragraph 242.1, Chapter V.

W
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Table VI-5

Total Aress, Volumes l/per ares unit and 'Pot# Volumes yﬂth
Precision Estimates for lnventory Units and laveatory Classes

TOML VOLUOME 1/

INVENTORY | INVENTORY TOTML AREL NEAN VOL. PER HA 1/
NIT CLASSES
g/ hs or PRECISION | in cubic PRECISION in cubioc FRECISION
other |95% PROB. || units 95% PROB. units 95% PROB.
erea + per area |+ %
unite unit
1 1
2
3
etc., ! f
Total |
2 1 ]
ato,
Total
eto, 1
2
3
eto.
Total
Total
(inven~-
toried
ares)

l/ Voluma to be defined in a footnote

2/ See footmote 3}/ Tble VI-2
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Table VI-6

Yolumae l/ Accordi to Use Classes and Species or Species Grours
by Lnventory Ciasses E?

Administrative unit or other specific clanBeB: .ivecscesnscscssascsssoces

%t' ol 1mranto;! ANt ENB AN IIREIPEROaREDeS

Species or Spe~ i EInventory Classes
cies Groups by !
T
Une Name of |} 1 2 3 etc.
Clasm Speciea a(area. - -000) (mu - I..I) (m& - 01-.) (lrea - .c.o-), Total
3/ Per Per Por | Per
jarea | Total | area , Total area | Total ares Total
il ¢ | unit | unit unit ;
1 [
i ; | (Volume in cubic' unite) 1/ :
1 1 ¥ 1 ) i
¥ L1 k t
2 i t ! T
3 [ E ¥ ]
! L 1 i
4 ¢ F ] '
ato. I 1 1 1
e L _— R
1 [ ] 1
2 2 i ' 1 I
2 § 1 ' [
I | '
3 r i 1 i
4 ! i 1 i
I b $ 1
3 1 i '
ats. 1 ' k ! '
1 ] { i
2 1 i I ¥
3 | [ \ '
1 1 { I
4 ' ¥ 1 | ‘
otce 1 I 1 ]
i} L Ak s

g

Yolume 1o be defined in footuote.
See footnots 3/, Table VI-2

Exsmple of “Use Classss: 1: Fremently merketable spacies
2: Speciea not yet marketable but of potential value
31 Species of no present value and of unknown
pctantial value
Ench wpecies will ccour in only ons of the three use classes. These classes
may be further sub~divided according to local need.
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Table VI-]

Stock Tebles for Emch jdministrative Unit and Inventory Class v
According to Dbh Classes

Administrative Unit (or other specific class)i .eesses-s Date of Inventorys ececeeces

Imntm Clasas sesguEsTeRE T RER S Arse 1n heotaATer: seevcssscssnses

SPECIES D.B.H. CLASS CM, 2/

OR
SPECIES
GROUPS
. Yolumes Yolumes Volumes Yolumes
Per aren Per arss Fer area Per ares
unit Total | unit Total unit | Total unit Total
1
2
3
4 .
5
6
L ]
®
a
-,
L 3
-
2
TOTL

1/ See footnote 3}/, Table VI-2

2/ Clasa limits should be shown for esch dbh oless in agresment with limits
" ipdinated in table of paragraph 242.% in Chapter V.
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Table VI-H

Net Anrmual Volume Inorements 1/for Inventory Classes 2/

by Adminietrative Unita

Total
volumes
all
units

Iaventory Administrative Units

GIRES 1 2 eto,

volumes volumen volunes

Per ha Per ha Per ha
ares unit | Total area unit| Total area unit| Total

_'L__L*J

Te
24
3.
4.
5e
& . ! !

oto.

41l
iaventory
clasaes

1/ (a) Speoify how volume increment figures have besn obtained and whether
they are:

for all forsste considered ae productive; or
for forests presesntly under exploitation.
(v) State whether sll mpecies are inoluded (non—commercial, etc.)

If no, whioh speocies are ircluded and what percentage of total
volume do the epscies inoluded represent.

{¢) Specify if all ages and diametert are included; if no, which ages
and/or dismetera are inecluded.

2/ 8we footnots 3/, Teble VI-2
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314.2 §£5nifioanoo_lnd ACOUTaCy

The final tables should contain some indication of the reliability of the results.
Besides the standard errors which should be given for every level of stratification for
which final result tables are computed, careful consideration should be given to the
significance of the resulte. If, for example, on a certain lsvel of stratification the
mmber of sampling unite representing a particular stratum is too small, the corresponding
result tables for this stratum should be ceitted. If for some resson, however, it is
deemed useful to produce thees results, their relative relimbility should always be
indicated by giving the area of the corresponding sample and the number of sampling unites
The mention of such indications is therefore Lhighly recommended.

The acocur with which the different results are given depends on the total error
of these resulis Eineluding sampling and measurement errors). Accuracy of the results
should be of the same order of magnitude as the eptimated total error.

The accuracy of frequency figures - numbers of trees per area unit of given speacies
or specles group and of given diameter classes - must be compatible with their expected
total error: a very small mmber of treee/ha has often a high total error and consequently
han only an indicative value. A sensible dispcsition would be to indicate the figure by
s special eign instead of presenting it in the same way as the other figures. A aimilar
presentation to that indicated by Guinaudeau (1973) could be applied:

blank {no figure) : no data in the stratum cell comoerned
dash (- : no trees for the astratum cell concerned
asterivk ( * ) : at least one tree within the stratum cell, the average

number of traes/ha however being lesa than & given figure
(s8y 0e41/ha)

figure : the number of tress/ha of the stiratum cell with an accuracy
of 0.1 tree /ha

If it is intended aleoc to produce the very small valueas, ii is better to present a
stand table with the actuasl mumbers of treees found in the eample by epecies or groups of
species and by dimmeter classes.

Presentation of inventory results with an accuracy much higher than their expected
total errors im illusive and mieleading, the more so when they are obtained by EDP, since
people trust EDP more than mamual data processing.

Emphasis must aleo be placed on oonsistency in acouracy of tpe results: if, for
instance, the mean volume per ha is given with an accuracy of 0.1 m” and the total ares of
a block with an acouraoy of 100 ha, the total volume should not be given tc the nearest i
cubic metre. d

315 Syetem design. A system design for data processing as a whole should
i%ﬁloate the logioal ssquence of the various "activities"™ to be conmidered in

the planning and implemerntation phases. Figure VI-1 illustrates this in flow-chart form

in the case of proocessing of field intentory data including sample tree measursmentis for

assssmment of volume esquations, the area data being derived separaiely by photo

i nterpretation. |
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A system design is useful for the following reasona;
{a) The different mtaps foreseen in m provisionzl ohecklist are placed in logioal order;

(b) the system design olarifies the way the results are produoced, from the besioc data
by tha computational prooedures correspondiog to the imventory design;

(e) the system design is emsential to decide upon the type of data processing to be
smployed;

(d) the system design is & necessary tool for all time and cost estimstes related to
data prooessing;

(w) in the came of EDP, the system demign is an essential mource of information for the
analyst/programmer to develop the appropriate computer routines; the system design
is finally of great help in deciding whether the date processing is to be carried
out by the inmventory projeot iteelf or whether it must be subcontraoted to
specialised data processing firms (ses detaile in paragraph 332).

32 Selection of type of date processing

321  Mamal date processing. Thore ares a mumber of oircumstances under whioch
mamial proceseing by means of mechanical or non-programmable electronic desk
ocaloulators may be considered the most appropriate way of processing inventory data. When
dociding upen the type of dats procemssing to be used the factors to be considersd are:

-~ ths smount and complexity of data (input)
~ Bcope of the inventory
— the time and coet faciora

— availeble expertise and machine oapacity for more sophisticated proocessing
procsdures, such as EDP.

For small-soale imventories, espacially in relatively simple forest comditions {e.s-
few species and littls variation in forest types), manual date processing may be more
sppropriate than EDP since the latter requires greater initial iovestment and investigation
prior to the sctual processings In additicn, mamwal procassing may be more generally
preferable when a rslatively small amount of data are to be treated and results are required
fairly rapidly. HMamsl processing oannot of course be svoided, eéven in large-ecale
inventories, if no computers or competent siaff are available for EDP.

If, on the other hand, EDP ia adopted, mamal processing serves as a procedurs for
determining the various computing steps and to anslyse the computing procedure to be used
a8 & basis for the EDP programming. Furthermore;, mamual calculations are essentisl for
teating EDP, This is particularly relevant when EDP ias being subcontrsoted to outside
ipstitutions or firms. The programmes are checksd by caloulating a small portion of the
required resulis mamually and by comparing the results obtained with thowe of the computer
using a met of test carda. This im often the only means of detecting errors in the

Programmes

To avoid human srror as much as possible when mamislly processing datas, it is
essential to give olear instructions for all ealoulationw, for instance by means of detailed
systen desigos. In addition it is of gresat help if all computations mre dons on apecial

esigned forms, in which all staps of computation are desoribed ani the user has to
ollow the instructions given on the form. Such forms bhave been developed by Dewkins
{1968) at the Commonwealth Forestry Insiitute, Oxford, for the csloulation in oclassiocal
atatistical desigrns inoluding basioc sampling deaigns (urrestrioted ramdom and stratified
ranfos)s Amslogous formg cen ba designed for any iype of sanual processing for forsst
fmvenkory.
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322 Electronic dsta_prooosairi(ﬁmﬂ. EDP by means of digital computers requires

from the inventory expert a basio knowledge of the fundamentsl concepts of a

computer, its advantages and restrictions (for details see Loetsch, Zihrer and Haller 1973,
and oited literature). The basic elaments of EDP am compared with those of marmial dsata
processing are:

Items Namal Proceseing EDP

Ye Inmtructions for basic mathematical computation programmes in problem=

computation rules - oriented languages (e.g.
FORTRAN, ALGOL, COBOL, PL1)

2., Data to be treated handwrif{ten or typed dats on dats input in machine-
field recording doocunents readable form (e.g. punched

oards)

3, Computation by man by control unit, sleo ocalled

Certral Prooessing Unit
(cpu)

4o Auxiliary devices desk caloulators, slide—rules, arithmetioc and loglo vnit
calculation tables (e.g. within the computer
trigonometry or logarithm
tables)

5, Intermediate caloulation and oomposition of automatio storage by storage

results tables etc. facility in the CPU (computer
memory) or on tapes/diesks/
drumes during opsration

6 Results written or typed result tables, automstically printed
etce results {print-—out shests)

The advantages of EDP compared with mamual processing are evident:

= manpower 18 only necessary during the phase of setting the rules for ocomputing
(i.¢. the programming phase). Once the programmes have been developed and
tented by the mnalyst/programmers in oclowse collaboration with the inventory
expert, the computer ocarries out all oaloculations sutomatiocally, so that humen
error is avoided;

=~ grithmetio and logic operations whioh are carried out in mamal prooessing by
man or surxiliary devices, are preprogrammed and operational during one "run" _1_/
in the oomputer;

-~ tables and intermediate results (o.g. volume, stand or mtock tables) can be
stored in the CFU and every "oell"® _/ can be addressed antomatically at any and
every moment during the processing opsrations;

= 8all results can be printed in definitive form to be included direotly in the
final report.

1/ ™Run" or "job" eignifiee the whole operation oarried out by the computer under the

.

comnend of one programme or one set of programmes batween the start and stop signal
of the system control.

A "oell" is the smallest unit in the computer whioh can be addressed and cocoupled
directly by the programme ocommand,
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However, the disadvantages of EDP are es follows:

- specialists are required for writing the programmes (analyst/programmers) and
for running the machine (operators);

- the inventory prroject must have access to a sultable computer centre;

— the besic date hes to be transferred to machine readable documenta prior to
processing, the transfer being ons of the main ooet components of EDP.

It is evident then that data proceseing for a given inventory has to be evaluated
carefully before deciding whether EDP or mamual processing is the appropriate mathod,
However, in most forest inventories & huge amount of data (e.g. 50,000 - 100,000 logical
rauordas has to be treated and various typee of output (result tablea) are required.
Thersafore, in most cases, EDP will be chosen, since it allows, after having captured the
data in machine-readable form and prepared the programmes, for the processing of the
complete resulte very quickly in their final forme In addition, results can be reproceased
very easily snd at a small additional expemss if eome changes are required in the computation.
Thia is the case, for instance, wheu 8 new breakdown of sareas by inventory unite is necessary
or when a new grouping of spacies or a new set of volume specifications is adopted.

The besic data stored by EDP on tapes, diske or drums can be considered as a data
bank. Whenevsr additional information on the inventoried area or parts of it are required
they can be proceased using the data bank as input., The facility of data storage im of
partioular importance in oontirmuous forest irmventory (CFI) for updating purposes or for
timber forecasts made from data recorded at different periods. Finally, data banks are
also usaful for the elaboration of countrywide or region-wide statistics using the basic
data of various forest inventories.

If electronic processing of the data of a forest inventory is to be used, it must
be declided at an early stage during the planning of the imventory. The following steps
have to be taken into comsideration by the irmventory expert:

{a) During preparatory phase

s Definition of the final results to be reached by the imventory in.relation
to its objectives.

2. Listing of the basic parameters to be reoorded either in the field or from
other sources (e.g. merial photographs and mape).

3. Elaboration of the system design (Bee paragraph 315).

4. Suriay of the available computer facilities with the aim of selecting those
whioch oan cope with a part or the whole of the processing work.

5. Design of recording documente and punched carde {or other machine-readable
documents ),

6. Deveslopment of flow charis for the input end editing programmes by the
analyet/programmer according to inventory and system designs in close
collaboration with the laventory specialist.

(b)  During the implemsuntation

7. Elaboration and testing of the input and sditing programmes by the
analyst/programmer.

8, Punching of basic deta and editing of the data.

94 Correction of incorreot data in close collaboration with the field crew leaders
and oontimuous storage of correct dats on tapes,disks or drums.

10. Flow charts for calculation and output programmes, and for programning and
tenting according to the inventory and system design.

¥1+ Documentation of the data procemsing ayetem.
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(e)  After completion of data collection

12,  Production of final results (oulput}.
13; Storage of baslic data and intermedinte results (dats benk) on tapes.

The main workload for the inventory aspecialist in relation to EDP occurs hefore and
during the firet part of the implemeniation stage of the inventory. Data processing has
to be carefully analysed from the very beginning of the inventory operation and must be
taken into acoount in ithe related coet and time studiaes.

32) Combined typos of data proceasings In certain cases (small imventories,
working plans, eic.) manmual and electronical date processing may be combined,

While editing and minor caloulations are carried out manually, more oomplicated procedures
such a8 regression analysim or sampling error calculations are performed on pre—programmed
desk computers (such as the WANG 700 meries or Olivetti SO0 series) or larger digital
computers at computer centres, One disadvantage of thie method is that editing is not
ocarried out automatically, but the main drawback comes perhaps from the fact that the data
are manipulated and {ransferred several times which may result in additional errors during
processing. Combined methods ¢f data processming are thus different from totally
integrated data processing prooedures which can be mesn as "closed systems", and in which
the basic data remain untouched, onoe they have been edited. Therefore, they should be
recommended only if EDP is not feasible.

33 Some practi.c_ml aspects of EDP

331 Project-integrated data processing. From the practical point of view it is
isportant to decide which parts of EDP will be carried out in the projeoct.

As mentioned above, the systes design has to be prepsred in any case by the inventory expert
himself, Punching of dats couid bs done in the projeot, if a punching machine could be
hired for & determined period and seoretariel/clerical staff could be trained in the use of
card punchers and verifierss Prograsming could be incorporated in the project, if the
fuventory axpert has experience and time for this activity, or if other siaff members
could be trained in oomputer programmings Since programming in FORTHAN or any other
problem—oriented oomputer language can be learnt easily within & two or three week
programmer's ocourse, the field orew leaders may, for insiance, carry out the programming
during periods when not engmged in field work. This method has been practiped with
suooess in the Swedish Hational Forest Inventory for many years,

Totally project—integrated data proosssing has the advantage of having continuously
olose contact betwsen the inventory staff and the data processing staff, whioh ims of
particular jmportance during the implementation phase (editing of basioc data) and later
stages, such as pre—regression studies for volume estimation. As for ching, experience
has shown that these aotivities in many cases can be carried out more cheaply and
offactively outside the project at specialised firms, which normally have qualified staff
pnd long experience at their disposal, whioh reduce punching errors to a considerabls
extent.

332 Sub—ocniracted data processing. Those parts of data processing not being
ocarried out by the project Ttself will normally ba sub—contracted to
adequately mtaffed computer centres, data prooessing comsulting firma, or data proceasing
dspartsents of universities, etc. A few foms of sub—contracts merit consideration, the
most appropriate to be ohosen mocording to the spacial needs of the inventory project.
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All data procsssing will be gubocontraoted, including card punching, the elaboration
of the system design (in close collaboration with the inventory sxpert), the treatment of
the data on ocomputers following the agreed system design and the preparation of the final
results required by the inventory project.

A totally sub—ocontrsoied EDP system requirea from the inventory project a very
careful appraisel and statement of the work tc be done under the contraot, defined ns
follows: .

I, The tochpioa.l spacifications.

(a) Definition of the computational procedures, such as:
- regresaion mcdels for volume squations or taper functions;

=~ wnignificance tastme;
~ quality ssmesament (calculation of different types of volumes);
-~ assmpling error caloulation on the differsnt levels of study.

{b) (Specifioations of the output required, such as:

= wstand and stock tables for -~ species

- groupa of species

- forest types

= inventory units
containing figuree per area unit and/or totals;

~ volume tables (tabulation of the volume equations used for volume estimetion);
= plotted scatter diagrams, including the calculated regresaion line;

- histogrammes of diamster distribution for main species or species groups,
forest types, logging units, etc.;

«~ breakdown of total inventoried area by claswes of mocessibility, prefarshly
for blooks or smeller units.

II, Obligetions of the contractor

= Timing of the EDP work;
= delivery of provisional results for ohecking and final approvel by the projsct;

= dooumentation of the EDF progrsmmes, inoluding flow obharis of computation
proosdures, programne lists, programme decks on oards uud/or magnetic tapes,
deteiled description of programme opsraticn (preparation of system control
cards, parametor oarda, etc.)j

= delivery of corrected mnd sorted date tapes for storage purposes and future
use by the project; '

-~ delivery of mcnthly progress reporis on status of work dons and plannsd for
the forthooming month.
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III. Cost breakdown into:

- man houre, unit cosis and total costs fors
- supervisory time

-~ analyst/programmer: - programming/testing
+ dooumentation
- rproduotien

= key punching/varifying
- computer time (hours and unit costs, description of computer model,
type, series):

- testing
= production
- miscellanecus:
= rent or purchase of tapes
- travel costs of the contractor

- eoxpenditure costs, etce.

332.2 Sub-contracting parts of the data proocessing

Many forme of sub-contracting parts of the data processing are feasible, such asy

= project-integrated punching and verification of the deta, editing on small
computers, to which the project might have access; sub-contiracting of data
generation and produotion of final resultis to large computer ocentres;

~ the use of the computer and other installations of a oomputer oentre only.

When data proceseing totally integrated within the inventory project is not possible,
partly sub—contracted EDP is in many cases the most appropriate alternative.
Teohnical and other epecifications to be defined in the contrmct will be less detailed.
If the contract between the invemtory project and the contraotor concerns only the use of a
computer and related facilities, the following specifications should be clearly stated:

~ use of the computer itself (reservation of computer time, staffing of the
computer with operators);

~ use of peripheral hardware (card-puncher, sorter, doubler and translator);

- use of computer hardware (tapes, discs, drum files for predetermined periods};

~ usa of computer software (astatistioal routines, etc. — see paragraph 233 of
Chapter VI);

- pystem and programming advice from the computer centrs in system—oriented
questions of the computer language and the system control.

In most cases the computer centre should obarge conly for the use of the computer
itself and perhaps access to the computer sofiware, on a tims or per—case basis, respectively.
Other services should be grantsd free of charge. These points should be fully agresd upon
whenever an loventory projeot contractas EDP work to a computer cenire. Only in very few
ocases will the use of the ocomputer be totelly free to the project.
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233 Some views of the ume of atandard prosgrammes. To our knowledge there have
not yet been developed generaliszed EDF eystems for forest imventory

applicabla to various types of inventory (sampling) designs and flexible enough for
producing different itypes of result tables. The FINSYS syotem developed in the United
States several years ago (Bee Frayer et al 1968), although highly flexible, covers only a
few sampling designs uesed in that country and requires fairly large computers (minimum
32-K memory). In addition, the programme oontrol by parameter cards appears to be
particularly sophisticated.

FAO ie therefore at present developing a generalized EDP aystem for tropical forest
inventory with the following main features:

- full flexdbility for the INPUT ani EDITING parts;

~ restrictions of the generation end error calculation phase to the most
common sampling demigns;

~ certain flexibility in the production of OUTPUT (result tables), to generate
tables in addition to the standard ones recommended by FAO (Bsee paragraph 314.1).

There are, however, quite a few other pre—programmed EDP routines available at
almoat all computer centres which are very useful and can be included in forest imventory
EDP systems. All regression enalysis, variance and co—variance irials, scatiter diagrams
and histogrems, stratifications and functional descriptions of distribution can be
caloulated by means of standard programmes, provided that the computational procedures
incorporated in the programmes are appropriate to the problems to be molved. Collections
of standard programmes t0 be recommnended are, for instance:

~ BMD (PBiomedicml computer programmes), developed at the University of California
(s®e Dixon 1968), origimmlly for IBM 7094 computers but applicable to other
computer makes with & minimm of approximately 32 K-words memory.

- Statistical programmes of the German Caloulation Centre (DRZ = Deutsches
Rechen-Zentrum - aee DRZ 1269), which are designed to complement the BMD series.

In addition, almost all computer mamufacturers supply their oomputer centres with
pre-programmed statistical routines, to which the user can have direot access, since these
"STATPACKS" are normally stored on disks or drums.

Standard programmes should be used whenever possible during forest inventory data
processing operations, since time and a considerable amount of money can be saved.
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CHAPTER VII

CONSIDERATIONS ON INVENTORY DESIONS
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‘CHAPTER VII

CORSIDERATIONS ON INVENTORY DESIGNS

i Introduction

The former chapters have been devoted to the etudy of the principal techniques that
are useful in foreet inventory, namely sampling techniques, remote senaing techniques,
forest mensuration techniques and data prooceseing. Planning and designing a forest
inventory consist mainly in developing the most efficient combination of these various
techniquea to fulfil the objectives of the operation, taking into account the prevalling
human and envirommental conditions. In this respect even data prooessing problems have
to be contemplated from the very beginning since available means in manpower and
computing facilities alsc have & bearing on the type of inventory methodology used, za
has already been mentioned in chapter VI.

There is no point trying to cover all the situamtions and objectives assigned to
foreat resource purveye and the corresponding combinations of techniquees which are likely
to be the most appropriaste in each ¢ases Thie would be an endless and illusory task.
A more modest and also more realistic approach is used in this chapter where some problems
arising from the combination of these techniques will be dealt with and some regommendations
will be made on the suitability of these techniques to actual working conditions.

Techniques of volume estimation and quality sasseasment have already bheen compared
in chapter V. Their effects on the prec*sion and on the usefulnese of the inventory
results are far from negligible; but, especially in mixed tropical forests, the largest
part of the total cost involved comes from the field emumeration work. The most
important questicns to be considered are thersfore related to the latter part of the
inventory work and are mainly the following:

= to what extent interpretation of remote senaing imagery can be combined with
the field enumeration work 8o as to decrease the effort spent on the latter,
and thue reduce the total cost of the inventory (for & given precision of the
final estimates of the paramsters over the whole inventoried area)} 7

- the imporiance of interpretation of remote sensing imagery being decided upon,
what are the most suitable characteristiocs of the fleld sampling design ?

Some indiocations useful in solving these problemm are given in the two main
following msectionm of this chapter. The formulas corrsaponding to some classioal
combinations of photointerpretation and field sampling procedures are indicated, together
with the omses to which they apply (section 2). Genersl formulas torreaponding to the
most clasesical field sampling designs have already been given in chapter III and the
contente of section 3} are restrioted to some guidelines on the melection of the most
appropriate field sampling design with special reference to mixed tropical forests.

Most forest inventories aim at estimating the oharaocteristiocs of forest stands at
a givan time. There exist, however, some permanent inventory designs which consiet in
the oombination of different samples selected on successive ccoasions, whioh can be
grouped under the generic denomination of "Continmuous Forest Inventory”, and which are
briefly commented on in section 4. Another type of sempling designa follown & stepwise
proosdure, in which the decision whether or not to underiake further sampling depends on
the resulte slready obtained from the sample; this is called sequential sampling and im
dealt with in seoction 5.
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2 Combinations of photointerpretation and field sampling procedures

21 Preliminary remarks

It is assumed in this section that some beeic conditions which are those already
indicated in the introduction of Chapter IV are fulfilleds the total area of the
inventoried zone is supposed to be exactly known and mapped at a suitable scale (which
allows for the definition of frames for sampling designs), and the stand characteristice
are estimated through field sampling {the ocase of photogrammeiric messurements of atand
characterigtics being excluded as it ie generally not applicable to inventories of mixed
tropical foresta).

The main use of interpretation of remote sensing imagery in forest inventory is to
stretify the area to be inventoried into meore homogeneous parte or atrata which are sampled
separately in the field, in order to get more precise estimates of the total values of the
forest characteristics over the Whole area« For reasons mentioned in the following
paragraph it is relatively rare that areas of the strata are known exaotly or almoet
exactly, and generally they have to be estimated through a sound sampling designe.

22 Areas of the strata exactly or aimost exactly known

Stratun areas can be said to be exactly or almost exactly known when the actusl and
present limits of the strata are drawn on & reliable and stable planimetrio map and their
areas carefully planimetered or estimated very precisely by use of very dense dot grids
(see section 5 of chapter{V). The acturl and present limita of the strata can be located
on the photographs if:

- very recent merial photographs st & suitable scale are available, or, if they are
not very recent (say if they are two or three years old, but not more) if no
significant changes are likely t¢ have ocourred between the date of the aerial
coverage and the date of the field inventory (significant, that is, in relation
to the accepted accuracy of the ares figures); ,

- no systematic photeinterpretation error ie expected, and consequently none = or a
negligibls part — of the sampling units of the field inventory will have to be
tranaferred from the strata to which, through mieinterpretation, they have been
assigned by photointerpretation to different strata to which they actuslly belong.

It can be easily understood from the above considerations that such cases very seldom
happen. [Even if the aerial coverage has been taken in the same year as the field work,
inconsistencies mnd errors in the photointerinterpretation work can always be expected
since conventional interpretaticon of remote sensing imagery is not a purely objective
exarcise. Inconsistencies and errors over time by the same interpreter or between
interpretsre can be avoided only if the stratification is mimple and easy end if there are
sharp limits between strata (as has already been mentioned in paragraph 334.1 of chapter IV
it is generally difficult to draw objectively a limit between sirata as there may be mora
or less wide transition zones}.

In the rare oases when an exast (or almost exmct) evaluation of the areas of the
strata can be secured, i.e. when it is sesumed that there im no misinterpretation in the
photointerpretation, the sampling frame for each stratum is well defined and an indepeandent
seleotion of the field sample can be made within each stratum. The mean values and
eatimated variances of the forest characteristios per ultimate unit over the whole
population estimated from the field sample ocan be derived from the corresponding formulas
given in chapter III for sampling designs with siratification prior to ssapling (forwmulas
5y 6 of 11, 12 in case of one-stage sampling designs), in which the total sises N, (or X)
of the strata and N (or X) of the whole population oan be replaced by the toial areas
5y and S respectively.
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The total values of the forest characteristice for the whole inventoried area is
obtained by multiplying the mean value per ultimate unit by the total number (which is
exactly known) of ultimate units in the whole area. The percentage standard error is the
same as that of the mean value.

It may happen that an unstratified sample is first selected for the whole area and
that stratification is made by photointerpretation after the sampling on the basis of
oriteria recognirzed in the field and identifiamble on the photographs. If it is possible
to assume that thia stratification is fully valid, then the exazct sizes of these strata
can be known and the estimeted means and their estimated variances are derived from
formulas (7) and (8) of chapter III (in the case of one-stage sampling with equal units),
which are somewhat different from those corresponding to siratification prior to sampling.
Total values are obitained in the same way as in the case of stratification prior to sampling
and the satimated relative standard errors are the same as for the correeponding mean values.

23  Areas of the sirata estimated through sampling

In this case the eatimation of the strata through a sampling design increases the
sampling error of the estimates of the total values of stand characteristicsover the whole
inventoried area or over individual strata.

In forest inventory there are various ways of estimating the areas of the strats
using sampling. The main alternatives are:

()} mampling on the photographs (or on the maps), the photointerpretation being supposed
ng )45 ’ P
to be unbiased (eame case as in the above paragreph, planmimetering being replaced by

sampling);

(b) sampling in the field from the same (or a larger) sample used for the estimation of
the stand oharmcteristioa: in this method the area estimates are supposed to be
unbissed and do not need to be corrected since identification of the strata is made

on the mpot;

{c) sempling from the photographs {or even possibly planimetering on the maps), the area
estimates obtained being afterwards corrected through a sampling in the field, using
the sample used for estimation of the stand characteristics or a larger sample,

When estimating areas through sampling it is important also to distinguish the case
when the spampling units are points or plots {the asmociatied parameter having the values
1 or 0 according to whether the plot belongs to the relevant stiratum or not) from the
case when the sampling units are lines or strips {in which case the associated parameter
is a length or a ratio of lengths, both contimous varintes).

231 Area estimetes from one sample only£1) Stratification and estimation of the
areas of the sirate can be made by sampling on photographs or in the field,
if photographe are considered unsuitable {tco old or too bad to allow for a useful
stratification). The sample used for estimation of the areas of the sirata may be the
same 88 the one used in the field for estimation of the etand characteristics or may be a
larger one (including the sampling wunits used for the estimation of the stand character1at1cs).

{4) Sample is used here as in the rest of this mamual to designate the whole set of
sampling units melscted according to a given sampling design.
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2311  Area estimation using plots as sampling units

In this oase the amscciated parameter cen take the values 1 or 0 according to
whether the plot belongs to the particular stratum considered or not. The area of a
stratum is obtained by multiplying the total area cof the inventoried zone (whlch is
supposed to be known exactly) by the proportion (estimate) of plots falling in this stratum.

231.11 Ares and stand characteriptice estimation from the same sample

If areea estimation is made by photointerpretation, the sampling units in the field
used for the estimation of the stand characteristice are centred on the plots interpreted
on the photographe (see paragraph 334.2 of chapter IV)s Thay mey be single plots or
clusters of plots, a bit smaller or larger than the photoplota but each of them is supposed
to belong entirely to the stratum of the corresponding plot on the photographs (no
correction of the photointerpretation is supposed to be necessary).

If the plots are randomly distributed the proportions P;, of the strata and their
variances are estimated by formulas (3) and (4) of chapter II? if it is a one-stage
sampling design, or by formulas (13°)and 14*)of the same chapter if a two-stage design has
been used, in which the primary units are the effective areas of the photographs (supposed
aqual) and are selected at random, the same number of plote (secondary units) being sampled
on esach eelected photograph. Other sampling designe can be contemplated as has already
been mentioned in paragraph 532 of chapter IV, The percentage gtanderd errors of the
estimates of the areas of the strata are equal ito those of the corresponding proportions
aince the total area is supposed to be known exactly.

If the plote are symtematically distributed in a one-stage design, it is recommended
to use the formula given in paragraph 531 of chapter IV for the estimation of the variances,
in which the constant k is glven a value according to the shape of the correasponding
stratums

The estimates of the mean values per ultimate sampling unit of the stand
characteristics and their variances -are obtained by the formulas of the corresponding
unstratified sampling design. The corresponding estimates of the total values over the
whole population are cbiained by multiplying the estimated means by the total rmumber of
plots in the whole inventoried zone {or by its total area if they are means per area unit)
‘and thelr percentage standerd errors are the same as those of the respective means.

Estimates of the means per ultimate unit in each stratum and of their variances are
obtained from the individual values in the sampling units belonging to the corresponding
gtratume However oare must be exercised sinoe the sampling is done within the population
as a whole and the same formulas as for the whole population do not epply neocessarily to
each stratum. Eatimates of the totals per stratum are obtained by multiplying the
corresponding estimated means by the emtimated area of the reapective stratum.

66 ;h i8 the estimated mean per area unit of a stand characteristic y in stratum h,

Ph ie the estimated proportion of astratum h

S5 1s the total area ¢f the irventoried zons,

an estimate Ih of the total value of this characteristic in stratum h ie: Yh = Sphih

and an estimate of ite variance im:
- 2 M~ 2 - =3 s
V(Yh) = 5 [—Ph v(yh) + ¥y v(Ph)_7

where v(yh) and v(P ) stand reapectlvely for the emtimated variances of yh and P, This
formula is soceptable if v(yh) and v(Ph) are pmall relative to th and Ph2 respectively.
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Attention ie drawn to the fact that these designe are definitely different from
designs using stratification after samplings In these latter it im assumed that the sizen
of the strata are known exactly or elmost exactly, whioh is not the case with the designs
studled in this paragraph vhere only an estimate of the sises of the strata ie obtained.

In the above paragraphs, as well as in the rest of section 23, we do not consider
the case of correction or weighting of the walues found in the individual plots interpreted
on the photographs which are neceegsary for taking into account the variation in socale and
in overlaps of the photographic coverage used (see paragraph 334.2 of chupter IV)s. This
correction corresponds 1o coefficients whioh appear in the fermulas of the estimated means
and totals and adde some complication to the satimetion of the corresponding variances.
In order itc aveid it, it is recommended that the sample to be used for area eatimation by
photointerpretation is laid out on an existing map or on the corresponding uncontrolled
mosaic provided this can be accepted as a reascnabls approximation to a map. In case
caorrection is deemed preferable, the reader will study with profit the examples given
in paragraph 25.32 of "Forest Inventory" (Volume 1, pages 235-244) by F. Loetsch and
K. Hallex.

231.12 Area estimaticn from a lerger sample than the field sample used fer
satimation of stand oharacteristios

The field sample for the estimation of the stand characteristios is a subsample of
the aample used in photolinterpretation or in the field for the estimation of the areas of
the astratas If area estimation ie made by photointerpretation the field sampling unite
of the subsample are centred on the plots interpreted on the photographe and each of them
is supposed to belong entirely to the siratum of the corresponding plot. We will assume
that the selection of the large sample and of the subsample from the large sample are
both random cne-etage samples. This type of combined Bampling is called two-phase
sampling or double pampling.

Areas are estimated from the larpe sample of plots, in the same way as desoribed in
the preceding paragraph.

1 5,, P, and S stand respectively for the estimated area of the stratum h (L strata
in total), the estimated proportion from the large sample and the total area (exmetly known)
aof the whole inventoried zZone, we have:

5. hes (AR - ()

‘The estimated means ;;t of the stand characteristicsover the whole inventoried zone
Jper sampling unit are given by:
_; - E Ph;h (2)

where the ; are the eatimated mean of the mtand characteristio per sampiing unit in wach
atratum obtained from the field msubsample, the summation being extended 10 all the strats.

The caloulation of the variances of the estimates }lt deperds on the way the
subsample has besn selected from ithe sample.
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(a) If the numbers of sampling units per stratum in the subsample do not depend on the
estimated proportion Py of the corresponding stratum, then an estimate of the variance

of ¥g4 lie:
' Leg BowE - R - Fat
WFnh= iy Ly =g Sty (3)
which can also be written as:
L . 18 B i
(Toy) = 5 (B -39 T{E" * [’-h;h;hz = (zh];h}h)zj (37)

where: +f° is the number c¢f sampling units of the large sample

8 . is the estimated varlance of the stand charscterisgtic y in stratum h:
2
2 _ 21(-"111 =4
Bh nh_1

(1 being the index of a sampling unit in stratum h of the field subsample)

(b} If the my depend on the P, the formula giving the estimated variance of ¥y is
aomewhat different. In cape of a prqportional allocation of the sampling unite in

the field subsample, i.e. if o - nP where n ﬁ*;lﬁx ie the Bsize of the subsample,

an eatimate of the variance i=:
2

L ~ - Co -
Vi) }::’1 * %*‘ [hBPhyha - (Zﬁ Phyh)zj (4]

Formulas {2}, (3), (3°) and (4) are known as formulas of double sampling with
atratification. Totals over tne whole inventoried area are obtained by multiplying the
eptimated means by the toial area exactly known and their relative standard error is the
same a8 those of the corresponding means. Estimates of the totals per strata are:

T, = Spe¥, = (P.S), . (5)

231.2 Area estimation using parallel lines as sampling unite

In thie case the line will be coneidered as the sempling umt and the associated
parameter for a glven stratum is a continuous variable since the length of the portion of
a line which ie found (on the photographs or maps or poasibly in the field) within a given
atratum ocan take in principle all values between O and the total length of the line .,

The oase applies also to sirips and to lines of plots, the occurrence of the stratum being
checked only at the plote in the latter cese, and even also to clusters of plots, provided
that the rmumber of plots per line or per cluster is large enough.

We will confine ourselves to the cases when the same sample 1s used for estimating
the areas of the strata and the stand characteristics.
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If all the lines have the same total length 1 within the whole inventoried zone
(e.g. if the inventoried zone is Bquare or rectangular and the lines parallel to one side
of the arsa) the areas of the atrate are estimated (in a one-stage design) by:

1
= ,; hi S
Sy=8 S =11, (6)

where i ia the total area of the inventoried sohe

Th is tha estimated mean leﬂith of & line (eampling unit)
1
in the stratum h: Th - —-;Ei (i being the index of a line)

I1f the parasllel lines are randomly distributed formula (2) of chapter III is .
applicable tc the estimation of the variance of Tj, the percentage standard error of Sh
being equal to that of 1. . 1If they are systematicaelly distributed formulas suggested
in mection 423 of chapter III have to be adapted.

In moet cases the lines have unequal total lenzthe and then ratio eatimation is
neceassary. If we assume & one—stage random design of n parallel lines, and if 1i and
1y, stand respectively for the total length of line i and the length of the portion(s)
o} line 1 within stratum h, an estimate of the area of stratum h will bet

. X 1 1

5, = gl=tih _ 5. & (1)
£, T |
fo1ty

Ih and 1 being respectively the means per line of langths within stratum h and of
total length,

7 The standard error of S, can be estimated by using formulas (10) or (10°) of chapter
IIT related to the variance of a ratioc estimate.

The estimates of the means per arem unit of the stand characteriatics over the
whole population are ratic estimates in the case when the lines bave different total
lengthe, with toial length of a line 28 tho suxiliary parameter. Means for each stratum
oan be estimated also and will be ratic estimates. But, as has already been said in
paragraph 231.11, the sampling design mumt be considered as unetratified, since the exact
sige of each miratuwm is not known, Indications glven in the above mentioned paragraph
concerning the estimation of tho msens and totals por siratum are valid almso in this ocase.

The case of contimious lines ocan be sxtended to the case of contimuous sirips, of
linem of plots and of clumtarm.

232 Area entimates with correotion in the field. In meny caces there are
unavoidable mistakes snd biases in the photointerpretation work due to the
interpretera, to the sptratification adopted which may be toc refined, to the bad
charscterimtice of the photographs sand, most ofien, to ohanges in vegetation whioh have
ooourred between the serial survey and the fiseld inventory., Eetimation of the areas
made by photointerpretation need then to be corrected by field checke made in a subsample
of the photointerpretation sample. =5




- 172 ~

We will confine ourselves %o the design described below which is very much used in
forest inventory in temperate zones and which needs to be adapted in an efficient way in
mixed tropicel forests, which consists of:

(a)} selection of an unstratified sample of plots to be interpreted on the photographs
for an assessment of the strata h as identified by photocinterpretation, e.g. by a
systematic grid put on the effective area of each photograph, or by a systematic grid
put on a mosaic of these photographs, or by a random selection on a map of points
transferred afterwards onto the corresponding photographs, etc.);

(v) selection (in one stage} of a subsample of plots among the interpreted plots, the
number of theee plots in each stratum h {ms interpreted on the photographs) being
dependent or independent of the proportion of this stratum (as found by photointerpretation);

(¢) identification in the field of the actusl mtrata k to which the plots of the
subsample belong and measuremente for estimation of the etand cheracteristics y in these
plOtB .

If P, is the proportion of plots of the large sample found in stratum h by
photointerpretation

B is the proportion of plote of the subsample found to be in stratum h by
photointerpretation apd in stratum k in the field {whenever k £ h there
ie mieinterpretation)

an estimate ﬁk of the actual proportion of stratum k in the whole inventoried zone is
glven by:
% ; -
B = nmt1 Prefiy (@)

An estimate }gt of the mean wvalue per unit (or per erea unit)} over the whole
inventoried zone of the ptand characteristic y is given by:

L .

Top = i e Preby (9)

where ;hk is the estimate of the mean valune per eampling unit {or per area unit)
of the stand characteristic y in the part of actual stratum k belonging 4o the
photointerpretation stratum h.

The estimate of the mean value per unit (or per area unit) in stratum k of y is
equal to:

L o - —
5Py P nc (10)

Y -
h%1 Py

The estimated fotals Y over the whole inventoried zone and Yj over the siratum k
are obtained by multiplying the expressions in {9) and (10) respsctive by S5 and

*Prx

L o
S(ﬁ!ﬁph.phk) , (5 being the mrea of the imventoried zone}, ¥ in formulas {9) and {10)
being the mean value per area unit.



= (Jif 3=

An estimation of the variance of ie given by applying the formula of double
gampling with etratification to the variable (1,0) indicating whether & plot interpreted
in stratum h on the photographs belongs to actual siratum k or_ not. Traneformation
of formula {3*) givea thus %in case the n, are independent of the Ph):

g B B (g ) L 8
- 2 “hy, Prxc' TP 1 a o~ 2 ~ .2 .
v(p) -hi1 (P =57 y + o LBRRR - (BRp)° T ()
n” and n standing as in formula (3) for the size of the large photointerpretation
sample and the rumber of urnits of the subsample selected in stratum he In most

cases the term [Eh can be neglected,

=4

If a proportional allocation of the subeample among the photointerpretation strata h
ie made,(i.e. if n = nﬁh, with nw z% nh), then the formula (11) becomes:

W) - B B ) L o RR2 L (ERGT (12)
™

Although the estimstes of the varisnces of the means and totale of the stand
characteristios per stratum and for the whole inventoried zone are scmewhat complicated,
guch & design is very useful as it permits a reduction of the error by use of photo-
interpretation, even when the photographe are not completely recent as is often the cass.
(Amsimtance of a statistician will be locked for to determine an estimate of the variances
of the memns and totals of the stand charmoteristics.) However it must be realized that
if the dipcrepancies between photointerpretation and ground checke are likely to be large
and if the size of the subeample is relstively mmall, tha areas of the sirata will be
eatimated with a very low eccuracy.

24 Other uses of double sampling designa

The double sampling designs indiceted above are used to improve the precision of
the eetimates of the stand characterietics through a better estimation of the slze {arem)
of the strata. They are called double sampling methods for siratification.

However, double gampling designe can be used in forest imventory for other purposes.
Double sampling for regresesion is alsc used in mome cases, for inetance when photogrammetrio
measurements of a stand characterisiic (s.g. gross volume of all species) are made on &
large sample of plotes on the photographs and are corrected by regression on the field
subsemple of these plots. Assuming that each sample is an unstratified random sample,
the corrected mean ?Ra per sampling unit is estimated by:

}.Rg - -y- +b (;" ;) (13)

where: } ie the estimate of the mean per sampling unit of the charaoteristic y
cbtained from the field subsample
n

s 15’1
¥ "n
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T is the estimate of the mean per sampling unit of the photogrammetric
measurements of this characteristie on the plots of the field subsample

x® is the estimate of the mean per sampling unit of the photogrammetric measurements
of this characteristic .on the plets of the large sample

n'
1
Ib = ‘]’T‘l
and b is estimated by:

J.%" (xi—;)(yi—}’)

1%1 (“i';)g

where x; and y; otand for the value of x (photogrammetric measurement) and
y (characteristic measured in the field) in the plot 1 of the field subsample.

An estimate of the variance of }Re when the gize n of the subasample is not too
small is: '

2 2 2
- 8« i e
v(yRe) R n’ (141
with: n” being the gize of the large sample

n i 2
s = y-y)
B -—
y D= i

2 1 - — "D =2
snd 8 =55 [ & () -0t &y (x-0)" T

Double sampling for regreesion can be imagined for the estimaiion of a stand
characteristic y wiih any other auxiliary variate =x estimated from a larger sample on
photographs or in the field and which le linearily correlated with y.

Double sampling for regression is also useful with estimates of areas of streta
obtained by reconnaissance flights along parallel transects used, for instance, to correct
egtimates obtained by photointerpratation. However such methods muet be used carefully
since it is generally difficult to locate precisely on & map a point overflown because of
the irregular speed and orientation of the plane.
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When the etraight line representing the relation between y and the auriliary
parameter x goes through the origin — i.e. when y +tends to zero with x - double
sampling is used for ratic estimation. In thim case the corrected ratic estimate ¥
will be equal to: F

-
—

¥g = --_:’:— X = RBx* 215)

where ¥ is the estimate of the mean per sampling unit of the characteristic ¥
obtained from ihe subsample

X is the estimate of the mean per sampling unit of the ewdliary parameter
obtained from the field subsample

n n
= {miti - &Y
n y = n

LA

“ 1s the estimate of the mean per sampling unit of the auxiliary parameter
obtained from the large sample
n‘
z
e

An estimate of the variance of ¥, — the smaller sample {size n ) being = subsampls
of the larger one (size 1) — ia equal go: '

- B;ﬁ— 2R BZy + ﬁzai Zﬁ BEI - agai h
v(yy) - = + s (16)

rs

with n, n*, R and ai having the same meaning as above and

i%(xi_;)z

g2
B 01
n — —
i§| (Ii_x) (yi"Y)
x5 " - (estimate of the covariance of x and y)

An example of double sampling with ratic estimation is the one where an eatimate of
timber volume is performed in a quick way on & fleld sample (this quick estimate being the
auriliary parameter X} and a more accurate assessment of the volume (y) being made from
detziled tree measurements on a subsample.

Double mampling designs are a very powerful tool in forest inventiory either for
stratification or with the use of an auriliary parameter (regression or ratio estimation)
but leads ih many cases to difficult and rather complicated sstimation of the variances of
the results. 1In case of double sampling with ratio or regreseion estimation the
relationship between the parameter to be estimated and the auxiliary parameter has to be
sssesned and the design must be conceived in order to reduce the unaveideble biases of
the estimates. Asmistance of a statistician proves to be particularly useful in this oase,
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3 Conaiderations on field sampling designs

The former section dealt with some aspeots of the combination of information obtained
from remote sensing imagery and information collected in the field. It is important indeed
when designing s forest inventory t¢ reduce the field work a2s much as possible by making
the greatest possible use of interpretation of remote sensing imagery since this involves
less manpower, esquipment and operating expenses than field work. However, field work
cannot be avoided in most forest inventiories, especially when stand characteristics
including gross and extractieble volumes have 10 be estimated precisely. Even in the caae
of surveys of homogeneous stands using large-scale aerial photography and photo volume
tablee, ground checks are necesmary to correct, through a double sampling prooedure, the
estimates obtained from the photographs. In mixed tropical forests field sampling is
generally the most important and expensive part of forest inventory operations, due %o the
limitations of interpretation of aerial photographs in these areas. Az has already been
mentioned in chapter IV the first constiraint on the use of aerial photographs fer
estimation of stand characteristice in mixed tropical forests is the difficulty of
identifying tree species. But even 1f species could be identified satisfactorily, other
difficulties in the estimation of stand characteriatics from remote sensing imegery remain,
such a8 the relatively lcose correlation between crown characteristics and atem dimensions
in these natural forests. Furthermore there is no way t0 assess, from remote sensing
imagery, characteristice of regeneration, of quality and of occurrence of decay or of
eccessibility such as goil bearing capacity or ground roughness.

Therafore the cholce of the field sampling design is particularly important. Some
indications are given below of the suitebility and relative advantages of variocus types of
distribution of the sample (sampling design strictly epeaking) and of the possible nature,
size and shape of the sampling units. These two topics are considered separately although
they are in fact very closely linked: for instance the decipion whether to use a one-stage
or two-stage sampling demign depends partly ¢n the size of the sampling units; if the
latter are relatively large s two-stage sampling depign may not bring e significant
increase in efficlency even in an inventory of a vast forested ares.

M Dlstribution of the sample

311 Unrestricted versus stratified eampling. As said in Cochran's "Sampling
technigques” (2nd edition, page 99}, atratification "if intelligently used

nearly always resulis in a smaller variance for the estimated mean or total than is given
by a comparable simple random sample®”, Stratification in forest inventory is generally
performed through interpretation of remote sensing imagery prior to the field sampling (or
after sampling if stratification criteria are nsseseed after the field sampling)s It must
be emphasired again that the field sampling is actually stratified only if the size of the
strata can be exactly {or almost exactly) known or if, =s in the case of double mampling
for stratification, their size is estimated from s larger sample. Thus formulas glving
the estimated variances obtained from stratified samples (such as formulas (6) or (8) of
chapter I11) should not be applied when limits of "strata" are drawn eround a set of
sampling units, and there is no further interpretation to asocertain whether all the units
of theae "strata™ correspond io the criteria defined for this stratification {e.g. slope
greater than 50%, height of the dominant trees larger than 15 metres, eto...).

The criteria for stratification must be defined in a clear and understandable form.
Very rofined stratification by photointerpretation is generslly illusory since the possible
gain in precision by comparieon with a more simple classification may be more than counter—
balanced by subjeotive bimses, misinterpretations and discrepancies between photointerpreters
and over time. Even in the case of a simple and easy classification, misinterpretations
are poseible due to low quality and the age of the remote wensing imagery; it ie thersfore
necessary to correct the areas of the strata by a sampling prooedure such as the one
described in paragraph 232 of this chapter: +the precision of the estimated means of ihe
gtand oharacteristice over the whole inventoried ares deoreases as the proportion of
misinterpretations increases and the gedn by stratification may become insignificant
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compared, with the total cost of the etratificaticn work. It must be rezlized also that
when stratification has to be corrected by a sampling procedure an exact sssessment of the
sctual location of the ptrata is not possible, the eatimstes of their real areas becoming
less precise as the intensity of the field sample is lower.

312 Random versus systematic sampling. In the case of cne-stage sampling designs
there is no doubt that the practical advantages of the eystematic distribution

of the sampling unite greatly exceed its main theoreticml shortcoming, that is the difficulty
of sstimating the variances of the resulta. Most of the practical advanteges of systematic
sampling in temperate forests are still more evident in tropical mixed forests where
environmental conditions hamper field work. Among these advantages may be quoted
raduction of access cosi for an area unit of sample, greater certainty of objectivity in
the pelection of the sample (the systematioc distribution of the sample leaves less room for
possible modification of the location of the sempling units by the fisld crews) and more
uniform disiribution of the sample {and consequently of information) over the inventoried
area (this latter advantage being more significant in areas which are surveyed for the first
time)s Moreover rsgearch is being pursued on the estimation of statistical error in
systematic pampling and it is expected that! methods based on the theory of stochastic
processes will soon become available in practice. For all these reasons it is highly
recommended that a aystematic distribution of the sampling units ghould be sdopted whensver
one gtage sampling is feasible, ' '

In multi-stage sampling designe, the choice between a systematic and a random
distribution of the sampling units has to be made at each stage of the mampling procedure.
The advaniages of a systematic disiribution are not equally important in the various ptages.
Regular dietribution of information within the penultimate unite {within the primary unite
in s two-stage design) im generally not essential, while the systematic layout of the
sampling unite of the first sfages may be particularly useful. For instance, in s two-
stage eampling design where the primary units sre squares of 2 kilometre sides, and
pecondary units stripe of 2 kilometres in length and, say, 10 metres in width, the random
allocation of the strips within eaoh primary unit will not bring & significant increase in
access cost but, on the contrary, the systematic distribution of the agusres over the whole
inventoried area may be of great value, especially if the area is surveysd for the first
time.

313 One—gtage versus multi-stage sampling. The main advantage of m multi-stage
dealgn in comparison with a one-stage design of the mame overall sampling intensity and with
the pame slze and shape of the Eultimnte; sampling unite, is that the component of the cest
allocated to the access of the (ultimate) sampling units 1s greatly reduced, This is
parttcularly true in mixed tropical foreets where penetration is difficult. Against this
the conoentration of the sample regulting from a multi-stage procedure increases the
variance of the estimates, and the greater the variability is between the units of the first
stage, the larger is this increase in veriance.

These considerations can be illusirated in a very simple and skeichy way in the case
of two-stage designs (see Deeabie - 1966)1 '
{(a) the variance of the estimate can very often be expressed as:
V= 5' + -ﬁ
ey =
nm
wheret n ig the number of primary sempling units
is the mean number of aecondary sampling unite per primary sampling
unit
A i a measure of the variability betwsen primary units

B is a measure of the average varishbility hetween gecondary unita within
a given primary unit.
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(bj the cost of the dampling can oiten be expressed approximately as:

C = nC1 + nmC2

wheres C1 is the coet of accees to and reconnaissance of one primary unit

iz the cost of access to a secondary unit (when the primary unit has
been reached) and of recording inventory data in this unit.

C,

It can be understcod from these two formulas that v depends very much on A and n
and is likely to be larger than the variance corresponding to a cne-stage design with mm
sampling units. On the other hand the second formula explains why € will be smaller
than the cost of reaching and recording mm secondary units distributed in a one-stage design.

- If acceptable estimates of A, B, Cy and C2 are available the two-atage design can be
optimized under certain constraints using the procedure indicated in peragraph 341 of
chapter ITI.

This simple formulation should ba kept in mind when deciding between a one-smtage or
two-stage design., As already said the size of the ultimate sampling units is an important
factor and some one-stage cluster sampling designs do not differ much in cosat although they
are fundamentally different as far am variance estimatlon is concerned. The larger and the
mora inaccessible the inventoried area, the more suitables a multi-stage design, but other
factors are important such as the need for information uniformly distributed over the whole
inventoried area and also the s8ize of inventory units for which estimates have to be

provided.

314  Egual or unequal probability in semplings Most field sampling designs used in
forest inventory consist of sampling units selected with equal probvabilities

(and withont replacement). But there exist some efficient designs for which the probability
of epelection of the sampling units are proportional to their size mas the cne indicated in
paragraph 422.122 of chapter I1T., When selecting such a design one has to remember that
the sizes of all the units of the population conmidered (population of the primary units in
the sbove-mentioned example} have to be known and listed: in certain cases the cost of the
corresponding work may be too high compared with the expeoted gain in precision.

315 Use of an auxliary parameter. Whenever an esuxiliary parameter which is
linearily correlated with the parameters to be estimated by the field sampling

can be known exactly or estimated cheaply from a large sample, its use is recommended,
Examples of ratio and regression estimates in double eampling have already been given in
section 2 of this chapter. A classical example in foreat inventory is also the use of the
glze of the sampling units as an auxiliary parsmeter for ratio estimation of the atand
characteristica., 1Tt is very ocommon in inventories of mixed tropical forests to have
ultimate unitas of different size; for inatance, if parallel strips are used as sampling unite
their area may vary due to the irregular shape of the inventoried area and of the relevant
stratum or both, and also with the steepness of the terrain (if the dimensions of the
ptrips are measured amlong the terrain and not horizontally)s However when using this type
of estimation, it must not be forgotten that the "ratio of the means" estimates are hissed
and that this bias has to be reduced to a minimum (see footnote, page 49).

32 Charaoteristics of the sempling units

32 Plot sampling versus polyareal sampling. Plot sampling consists of designs
ueing Brea elements as sampling units or record units {with the same sampling
or record unit peossibly composed of two or three plots of different size for the recording
of different parameters - see for an example paragraph 23 of chapter V), while polyareal
sampling corresponds to point {or line) sampling designs in which the size of the recording
area in each unit is a continuous function of a characteristic of the tree (esg. its basal
area in horizontal point sampling).
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In this latter case there is no sampling or record unit in the physical senee and
the whole population tc be inventoried cannot be considered, strictly speaking, as the
collection of the points or lines used as sampling "™units™, The practicality of
polyareal sampling designs in mixed tropical forests has already been briefly discussed
in paragraph 422.2 of chapter ITI. Cost precisicn studies in temperate forests have
ghown that horizontal point sampling is generally mors efficient but there is no evidence
for the time being that it is the same in the tropice. Furthermore s mere efficiency study
is not sufficient and other factors have to be considered such as the reliability of the
data recorded — selection of the trees to be recorded is more difficult in point sampling
than in plet sampling — and the sdvantages of cobtaining in each unit a representative pictura
of the forest, which is not provided by point samplinge. There exist some combined point
eampling designs whers all trees below a given diemeter (say 30 cm) are recorded provided
they fall within the circular plot the radiuvs of which is determined by this diemetfer ang
the basal area factor used in the sampling, the larger trees being of course reccrded
in the normal manner used in point sampling.

322 Size of the msampling units. It is commonly accepted that the coefficient of
variation C, of a given stand characteristic (parameter),(say number of treea
mors than & given diameter per sompling unit)} is linked with the area of the aampling unit
by the following empirical relation:

G, = 5[1 " (17)

where: tr is the standard deviation of the individual values of the stand
¥ charaoteristio y in the units of the population

is the mean of the atand characteristic per sampling unit
18 the individual area of the sampling unitis

= m

and ¢ are positive constants independent of a.
This relation ocan also be written in logarithmic form:
log G, = logk -~ 0 log s w K~ 0 log a

c is squal ito 0.5 when the distribution of the values per unit of the atand
characteristic is a random distribution, such as the Poimson distribution. This is
approximately true of paramsiers related to the ocourrence of trees of species with a very
low density in mixed tropical forests (e.g. mumbers of stems and corresponding gross
volumes of the “mahcganies® in Weet Africe forests). For many other parsmeters in tropical
foregte ¢ 18 found to be rather lowar than Q.5.

Tt ie interesting to compare different sizes ¢f sampling unit in unstratified random
sampling design for the samo sempling intensity. 1In this cases we hava:

na = oonatant

where n and s are respectively the number of the sampling unite and the area of one
mampling unit. The percentage standsrd errcr of y (memn valus per unit of a stand
charscteriatic y) is equal tot '

G

0 B —— . E'—- I” ( . Vn—-)-k"jo.s—c (18)
5

the latter sypression being obtained from the empirical forsuls {17)
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For most of the parameters in mixed tropical forests we have €« 0.5. It can be
concluded from (18) that, for a given samplinz intensity, the smaller the sampling units
the better the precision. However it is useful to have in each sampling unit a fairly
representative image of the forest and this can only be obtained if the sampling units
have a reasonable size: =a sampling uwnit of 0.01 ha in a mixed tropical forest for
estimation of the volume of exploitable size would not be useful in this respect. In
addition the total number of borderline irees in the whole sample (all sampling units) is
higher for & sample consisting of a large number of small sampling units than for an
egquivalent sample (game total area) consisting of a smaller number of larger sampling
units ol the same shape. The selacted size of the sampling units is thus a compromiame
between the conflicting requirements of the sampling precision and of the important
practical aspects of rexesertativeness of the sampling uiits and reliability of the basic
data. An area of the sampling unit equal to 1 acre (0.4 ha) or to 0.5 ha is often
congidered as a suitable compromise in inventories of mixed tropical foreats.

323 Shape of the sampling units

3231 Circular versus cquare or rectangular plots

The main advantages of clrcular plets are:

~ the minimum perimeter for a given area of the cirele compared tc other simple
geometric shapes, which in turn implies the minimum number of borderline trees;

= the isotropic image of the forest around the centre given by & circular sampling
unit.

Its uge in temperate areas is increasing although it must be realized that, for
practical reasons, the form of these plots is in fact elliptic whenever there is a slopes
{Interesting devices using a range—finder and a stadia rod with adjustable sighting marks
for aesegsment of this type of plot are mentioned in "Forest Inventory" by Loetech-ZShrer—
Haller, Volume II, pages 324-325 and in "Dendrometrie" by Pardé, pages 130-199.)

However the difficult ernvirommental conditions and the need for & larger size of the
sampling unite prevent the use of circular sampling units in mixed tropical forests {but
not that of circular recording units: see below, paragraph 324.3). Srquare or ractangulsar
pampling units (and also record unite) are often preferred in mixed tropical foresta. They
mey be strips of a given width {generally from 10 metres to 25 metres) along parallel lines
of penetration, cut through the undergrowth, asnd going through all the inventoried area or
through a part or a stratumn of it. The width should not be larger than 30 metrea - i.e.
15 metres on each side of the transect line — in order to allow for a good control of the
recording operation, and the width can be measured either horizontally or along the terrain;
in the first case no correction has to be made for the determination of the area of the
etrip, but the recording is more time—consuming and possibly less reliable because of the
borderline trees; the second method may be more reliable but involves measurement of the
transverse slopes and more computations. The sampling units can alsc be either
rectanguler plois, or linea of rectangular plois, the ploie being, in the second case, the
record unita and not the sampling units. The plois cannot be used as the sampling units
as the distance between two consecutive plots along the line i not sufficient to secure
statistical independence with regard toc the parameters to be estimated (Bee paragraph 122.2
of chapter III).

323.2 Form of the rectangular plots

In a study made in Cameroon it has been found that the more elongated the shaps of a
rectangular sampli lot of & given size; the beiier the precieion, slthough this effect
on the precision of the shape of the sampling units was found to be less important and less
eignificant than the effect of their size. However this was not true for very long
strips (unit areas of more than 5 hectares) and very wide etrips {100 metres and more in
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width) were found to give better precision. Of course the use of such very wide plots
would not be possible in practice ir the inventory of mixed tropicsl forest.

323:3 Clusters

In inventories of mixed tropical forests, eampling units are often groups or clusters
of cireulsr plots, in order to profit from the advantageg of circular plots while having
at the same time sufficiently large sampling unite. In this case the circular plots are
the recording units, and are often arranged elong s stralght line or 2 squared or rectangular
line ("tracts" of some Buropean naticnsl forest invsntorien). However for the pame alze
of smmpling unit, & cluster of circular plots may have a longer total perimeter (and
oonseguently more borderline itrees) than the equivelent rectangular sampling unit: for
instance a cluster of five circular plots of 0,1 he has a longer total perimeter than a
rectangle of 200 metres long on 25 metres width {roughly 560 metres againast 450 metres).

Once a given size of circular plot {(recording unit) is chosen the unit size of a
gampling unit must be asoertained, i.e. what number M of plots sach sampling unit must
oontain. This ie an opilmization problem with M as one of the characteriastios of the
sempling design to be determined. The following paragraph gives an exampls of such an
optimization procedure and ie partly extracted from "Sampling Technigues' by Cochran
(2nd edition, pages 244-247).

let us consider an unrestricisd random sampling with n equal clusters (eampling
units) of M circular plois each. The varisnce of the mean 7 per circular plot (record
unit) of a given stand charsoteristic is equal to:

32

w§) = = (19)

where SE is the variance betwsen clusters (variance among the total valuss of y in

‘the clusters on a circular plot basim)

The firet problea is to eatimate & from the variences among the values of y in the
circulur plots, i.e., S variance among the velues of y in the M plota within s oluster
and 82 variance among ¥he values of ¥ 1in the circular plots in the whole inventoried area.
We have  approximatelys

s.g # ns® - (M-1) 32 {20)

(this result being obtained by an analysin of the variance of ¥y for the whole [
population),

It has been found that, in many surveys 32 can be exprassed by the following
empirical formula: ,

82 . au8
with A and g positive consitants independent of M. ,

If we have a cost funotion of the same type as indicated in parsgraph 313 of thim
chaptar for two-stage ammpling designs, i.e.:

C = nC1 + nH02

(whers 01 and 02 heve the sams meaning as in persgraph 313, ihe olumter standing
for the primary unit snd the olrcular plot for the secondary unit)



- 182 -

then the optimization problem amounts finally to find cut the values of M (and alse n)
which minimizes '

2 a=1
s° = (M=1)aM
n (21)

v(¥)

for a given total cost: C = nC1 + nMC, = Co (22}

Applying the procedure indicated in paragraph 341 of chapter III, it can be easily
found that the optimal value Mo of M is given by the following equation:

2 2 2
o temE Ty e cj) = BgE* =@

g2 3
AM, (02M° + C.M >

The corresponding value n of the jumber of clusters is determined by replacing
M by M  in the equation (22).

4 Continuous fcrest inventory

a1 Definmition and utilization

Contimuous forest inventory comprises all forest inventory designs in which sampling
15 used on successive occasions. This definition is much broader in ascope than the one of
tne north American CFI in which all the succeesive inventories use the same sample (all
the sampling units are said to be "permenent” units).

Sampling on successive occasions should be considered in deslgning a forest inventory
when, in addition tc an estimate of present forest conditions, accurate determination of
peat growth is required and the users of thies information are willing to wait the necessary
and often lengthy period of time for its accumulation.

Assembling growth information in this manner presupposes that forest management will
be carried out oa a continuing basis. Although forest management on a continmuing basis is
at a very early stage in many tropical countries, and has not even been atarted in some
canes, inventory officers should always keep in mind the need of such inventories for forest
management purposes and should initiate continuous forest inventory programmes whenever the
concern for forest management and the probability of making use of the results of such
inventories are deemed sufficiently high. In this respect the concept of forest
management must be understood in a broad sense; +the monitoring of the forest cover through
the use of permanent plots on remote sensing imagery represpents a large field of
application of continuous forest inventory which does noi relate only to forest management
but also to land use policy and environmental concern.

42 Description of design

421 Different types of contimous forest inventory. The ohjeztives of repeated
sampling in forest inventory are threefold:

1a to estimate characteristics of the forest present at the first inventory;
2e to do the same on the occasion of the second lnventory;
3. to entimate the changes in the forest during the period between inventories.

(Note that the repestitlive process can be contimed and on the occasion of all
subaequent inventories the previous imventory is referred to as the "firat
inventory".)
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There are four basic ways in which the above information can be obtained:

T A completely new sample can be drawn from the foreat at the time of each inventory.
The sampling units on ocoasion 2 are different from those taken on occasion 1,

P& The sampling pointe taken at the firet inventory are remeasured at the second and
all succesding inventories. This is the concept of permanent sample plota and
the basis of the Continuous Forest Inventory {CFI) developed in North America,

3 At the asscond inventory a portion of the imtial sampling units are remeasured and
new ones are takens. This ie often called successive sampling with partial

replacement (SPR).

4. At the second inventory a portion of the sampling units taken at the first inventory
ars remeasured,

422  Sampling with partiel replacement {(SPR)s Of the four approaches the most
efficient is the third, successive sampling with partial replacement. If
repeated inventories are planned, inventory officers should design their procedures on

this basis.

Only a concise summary of the design and analysis of this one method is attempted
here and for mors details reference should be made to Ware and Cunia (1962) as shown in
the list of references. A good description of this and the other three kinds of repsated
sampling are also covered in F, Loetsch and K. Haller "Forest Inventory" (volume 1, pages

259 to 277).

At the initial imventory there are two kinds of sampling units; plots measured only
on the firet occasion (umsatched) and plois measured at the first inventoery and to be re—
measured at the second (matched). At the second inventory there will be the plots taken
at the first inventory and now to be remeasured (matched). 1In addition there will be
new plote to be taken which did not appear at the first inventory (new). The following
aymbola for the mumber of sampling unite and the cbeervations are needed:

Pirsi inventory

u - number of unmatched sampling units taken at the firat inventory

5 ¢ - paramster (stand characteristic) measured on ummatched sampling unite at
first imventory

m =  mumber of matched sampling units taken at the first inventory

xhj =  parameter measured on matched sampling unitas at first inventory
W+men, = total mumber of sampling unite at the first inventory

Segond inventory

m =  number of matched ssmpling units taken at the second inventory (same ae
m of first inventory)

Tmg " parameter (same as x) memsured on matched sampling units at second
L inventory

n = new sampling units teken at second inventory i
= paramster {same as x) memsured on new sampling units at second inventory

me+nwn, = total rumber of sampling units at the second inventory.
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Zx
Then: Eu = l:&*El mean of values of the parameter per sampling
unit measured on first occasion from ummatched
units
m
TP e
x = 1:;——1 mean of values of the parameter per sampling
) unit on first occasion from matched units
m
- |-1'Ym I
Yo ® - mean of values of the parameter per sampling
unit on second occaeion from matched units
n
5 ay
 kKeVnk : |
T, W S mean of values of the parameter per sampling

unit on eecond occasion from unmatched unita

{n} Eetimation of the means per sampling unit at first and second inventories.

1. The estimete x of the mean per sampling unit of the parameter at the
firat inventory is:

- X Eix
. i+ ul

mx + ux
= u
X -
n

n,

2, The best estimate y of the mean per sampling unit of the parameter at the
second inventory is given by:

T = A, - %)+ 7, ¢ (e,

]
m(B r L
n ™ ax
where: = S _(E-)nr2
2 'n
1
m
Cm
n —(%—)nr2
1
n
ny 2

2 X n

: 1 b .
with: 'i"?':‘xn;-‘lﬂ‘— ( &x 'E1’m+f1‘m__1

n1 m
2 2 2 '
o2 Zx 'é1zui+51nj )
o, (ZY
3 -
.y- —-Ln-‘?—:_illz—

n, n, n
(Ly and 232 being cbtained similarly to & x and f:g }

=
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£ (g5 ) (73 = )

-2 m =2
3%1(IMJ xﬂl) JE1(YMJ ‘Ym)

An estimate of the veriance of ¥, v(¥), is given by:

2 2
= 2 1 Pl o 1=c 2 ag
WG e af Gl LTl 702 B,

which can be expressed more simply as:

= B 2
i 2 2 1P
hing C B I
v(y) = o= (=22
nz-(% )m'2 y - ™ y

(b} Estimstion of difference betwsen the mean values per sampling unit of the pn.rn-t-r
at first and second inventories.

In the case when the paresmeter indicsted by =z and y is e volume, this difference
will express the growth of the stand corresponding to this volume over the pericd betwesen
the two irnventories.

The best estimate of this mean growth per sampling unit is given by the formula:

g = Ay, + (1-A)y, - Bx, - (1-B)xX,

m+n (-E x -El
where: A= . 3
n.,!-(;l-1 Inr

a
.. n(-ET)r ;i +n, ('ﬁ‘)

]
n, - (-31 Jor

An estimate of the varianoe of g 1im given bys

2.2 o 2.2
e} - le-o-ll ZLBHE:—UI+(1-A) oy+(1-B) . |

L B u
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which can ®is¢o be written as:

u 2 2 mr
v(g) = _(_ )nr2 Z-( - = r ) Sy + ( 1 ﬁf ) B 2 ;; sxay

™

5 Sequential sampling

Sequential sampling, like continuous forest inventory, also involvea & series of
samples but emch of these samples includee all the sampling units of the former sample
(u = o whatever the sample) and in addition the. time apan betwean two suocensive samples is
negligible so that from a foresiry viewpoint all the samplea can be considered as
gimultaneous.

The purpose of sequential eampling is to permit the taking of a relatively securse
decision about a population (forest stand) from a limited number of unite of this population.
Let us conslder the exmmpla of a planted area where 1t has to be decided whether a cleaning
of the plants is necessary to free them from weed vegetation. Let us suppose aleo that
this planted area oan be divided into equal lines (unite) of twenty plants. Lines will
he pelected at random to conmiitutethe successive samples and in each sample the total
mumber of freed plants is recorded. Each sample drawn (the second sample including all
the lines of the first and some new ones, the third including all the lines of the second
and new ones, and mo on) will be represented by a point on a chart, the x-coordinate of
this point being the size (number of linea) of the sample, the y-coordinate being the total
mumber of freed plante of this sample. Morecver on this "sequentlal sampling chart® two
paraliel lines ares drawn which divide the chart into three regiona: "no cleaning",
"eontime sampling and "cleaning necessary”.

total number of
freed plants in
each sampla

,1\
240 <+ NO CLEANING
180 + 15;6g$
120

CLEA NI NG
60 A NECESSARY
Figel
X ¢ o mmber of
&
0 100 200 300 400 500 600 obmerved trees

If the representative points of the last samples remain in the region "no cleaning'"
(as in figure 1) the eampling procedure can be stopped and the decision ie taken not 1o
carry out any cleaning operation. If the pointe stay in the region "cleaning necessary"
further sampling is unnecessary and the decision is taken to begin cleanings If the
representative peinte are in the region "contirue sampling", no declslon can be taken with
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sufficient security and the sampling has to be pursued.

The slopes and zero ordinates of the two parallel lines which are the basic elements
of this sampling procedure are a function ofs

~ the diatribution of the "decision paramster” in the studied population {(in the
above example rmumber of freed trees per line), which is to be assimilated for the
sake of simplicity to a claseic distribution such aes binomial or Poismson
distribution; .

~ the minimum proportion of freed trees in a line for considering that this line
does not need any clesning treatment (say 60% or 12 tress); ("acneptable"
proportion of freed traegg; )

~ the maximum proportion of freed trees in a line for considering that this line
does not need a cleaning treatment {say 50% or 10 trees); ("unacceptable"
proportion of freed trees);

- the two accepted riske expressed in percentages of probabilitys

- of cleaning the planted area although it has in fact a sufficient rumber
of freed trees ("rejection" risk or "producer's riek");

~ of making no cleaning at all in the planted area although it has in fact
an insufficient proportion of freed trees ("acceptance" risk or "consumer's

The distribution being known and the four quantities above being decided upon, it
is posaible to draw the lines of the chart which will help in taking the decision. A
detailed desoription of the design and the corresponding formulas ie given in "Forest
Inventory" by F, Loatsch and K, Haller (Volume I, pages 278 to 289),

Although thims prcoedure is very atiractive, it has found relatively little application
in forestry, mailnly for the repson that little ie known on the distribution of foreest

aterss In mixed tropical forests there is another drawback which resulte from the
fact that all sampling units must be selected at random, which incresses the total gocess
cost of the sampling procedure. It has been applied in forestry for regeneration surveys
and for digeass and insect surveys.
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ANNEX T

EXAMPLE OF TEGHNICAL SFECIFICATIONS

for inclusion in a contract of aerial surveying

CAMERA SPECIFICATIONS

Vertioal photography is regquired to be made with single lens precisicn aserial camera
of 21 om focal length and 18 em x 18 cm format. The camers must{ be & modern high~
precision asrial camera of the Wild RC 5, RC 8, or Zeiss RMK 15/23 type, equipped
with a high resolution lene oapeble of produoing the highest quality of photography
with psnohromatio or infrared film. Detalls of the camera, lens and filters which
the Contraotor uses for this Contract shall be supplied to the Organization 1) and
stated in the contract.

Where the Contractor wishes to interpose a window or hatoh cover of tranaparent
material between the cameras end the ground, he will ensure that the said window or
hatoh oover has been fully tested within six monthe of the proposed date of
ocommanosment of photography to establish that it falls within aocepted tolerances
for homogeneity, resolution, and freedom from distortlons A certifioate of this
test will be submitted to the Organization for approvel with the Calibration
Reports described in Section 3 of the Spedifications. The contractor shall ensure
that such window or hatch cover is perfeotly clean and free from blemishes at all
times,

The overall focal plmne surfmce of the platen of the camera shall be flat, under
operating conditions, to within plus or minus 0.005 mm. The film shall be held

- flat in the focal plans, at the instant of exposure, to within plus or minus

Ca005 mm. The camera platen shall be tested with all the operating streseee pressnt
at the instant of exposurs duplicated. The platen teated shall be poaitively
identified by having the camara cone, or magazine number of the uni$, permanently

and irremovably marked thereon. 'This identifying rumber shall be noted on the
report of the test.

Between—the—lens shutters, such that light ie transmitted simultaneously to all

parts of the emulsion plane when the -shutter is open, shall be used. The efficlency
of the shutter shall he at least 75 per cent of the marked value at the fastest
speead. The spesds shall be acourate to within 10 per cent of the marked value when
tented at room temperature. The results of the efficlency test and the date of the
teat shall be recorded.

¥When a ommera ia equipped with a pressure altimeter, the altimeter shall be connected
to the statlio system of the airoraft. The alitimeter sutomatloally recorded by the
camera must be adjusted {0 glve the same reading as the airoraft altimeter prior to
the commencement of sach photographic flight.

When a camera is equipped with a olook for recording times of sxposures, the clook
ghall be set t0 correct looal time prior to each photographic flight.

CAMERG, CALIBRATION

Each ommers optical unit to be used in the performance of the Contract shall be
oalibrated before the flying of the photography by & competent authority to be
approved by the Organimatlon and calibration reports rendered as required in Section
3 belowe The interval between calibration and photography shall be as short .8
possible ard in no ocase shall exceed one year,

1)

Orgunisation is used hereinafter to designate the party whioh lets the oontract,
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Calibration shall be carried put with the optical unit in the same condition as
when used for the contract photegraphy and with the filter fitted in the same
pesition. After calibration, no adjustment or repair which could in any way
affect the celibration shall be mede. If the optical unit should be acoidentally
disturbed, no further photography may be taken with that camera, which must be
replaced by ancther that has been calibrated and approved by the Organization.

CALIBRATION HEPORTS

A calibreticn report for each camera used shall be submitited te the Organization and
shell contain the following informetions

A certificate of calibration showing the name of the approved authority, date and
place of omlibration, the maker's serial number of the camera optical unit, the
aerial number of the lens and of the platen.

The coordinates of the principal point of auto-collimation relative to the fiducial
marks.

The radiml distortions of the imege with reference to the principal point of aute-
collimation at zero, measursd cutwarde at intervals of not more than 74° toward
the fiducial marks or reseau orosses in the format corners, (A statement of the
prithmetic mean of these dimtortions will not be eccepted by itself.) Asymmetry
of the distortions may not exosed 0.03 mm,

' The principal distance at whioh these distortions mpply.

The distance between all fiducial marka.

The mean resolution of the image a3 determined across two diagonals at an interval
of mot less then 7i° by the standard method of the epproved authority.

All measurements shall be recorded to the nearemt one-hundredth of & millimetre,
These reports will be retained by the Organization.
SCALE

The photography will be taken from a flying height auch that the mean contaot soale
of any exposure is ,.eseesee &nd shall not devimte from the required height above
mean sea lsvel by more than plus or minus 5 per cent.

OVERLAP

The fore and aft overlap between muccessive photographs in each strlp shall be 60
per cent with tolerances of plus 10 peroent or mimis 5 percent. The lateral overlap
bstween photographs of every adjacent strip shall be 3Q per cent with tolerances of
plus 20 percent or mimum 15 psroent. However, the Organization may agree to sooept,
in exceptionsl cases, photographs where the marimum overlaps {70 per cent and 50 per
cent respectively) are exceeded for ressons of iterrain. Wherever variation of
ground level omuses a significant change in the contact scale of the photography,

#0 inoresass must be made ln the fore and af't overlap which must in no casme be lemms
than 55 porcent, to accommodate the enlarged escale of a part or the whole of any
strip. The oorresponding inorease in the lateral overlap, which must in no case be
lens than 10 perosni, must be made to the whole of every strip whiob is so affected
by height dlstortions
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CRABBING

Crab shall not exceed 5 percent or be such that it causes gaps in the stereoscopic
cover of the contract area.

CAMERA TILT
Tilt shall not exceed 3° for any exposure. The average tilt [or wuny saction of 10
exposures shall not exceed 2° and it shall not exceed 1° for the entire photography

produced.

COMBINED EFFECTS OF OVERLAP, CRAB, DRIFT AND TILT

(Applicable for mapping photography.) Any point at one-tenth of the width of a
photograph from the lateral edge must zppear iu three successive photosraphs of
the saie flight line and in three photographs of the adjacent flight line.

FLIGHT LINES

The area Bhall be covered by parallel lines flown in & specified direction and these
flight lines should not diverge from the prescribed directions by more than five
degrees.

JUNCTION OF STRIFS

Where the end of a strip of photography joins the end of another strip flowa in the
Bame peneral direction, the overlap of the first wtrip over the second will be 4
photographs.

CLOUD

Cloud shall not lie over the principal polnt of any photograph nor shall it cboacure
any ground control point. The aggragate area of cloud and/or cloud shadow on any
single photograph shall not exceed 5 percent of the area of the photogreph.

TIME OF DAY

Photographic detail shall not be obscured by the shadcws of topographic feutures
due to the low sngzle of the sun, nor by the prescrce of "hot-uspots".

FILM AND FILTTR

This will be detiermined as appropriate for each contract.

PHOTOGRAPHIC SUALITY AND PROCISSI NG

The photographe are reguired for detailed forest type mapping and photointerpretation
etudies and should, therefore, be of the highest photographic quality, according to
the following specifications:

The film emulsion and film base will he determined to sult each case. The film
base shall have the minimum Gifferential distortion and the negatives shalil Le

free from pieius, scratches, ber marks, dirt and blemishes of all kinds, and finger
or static marks.

Precautions must be taken to svoid distoriion of the film during proceseing.
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(d}) All relevant fiducial marks muet be distinct on every photograph.

{e) A1) automaticelly recorded data such as flying height, time of photography, snd
calibrated focal length muet be clearly visible on every print.

(f) The negatives are required for contact printing end the density, contrast, and
freedom from fog on the negatives is to be such that "normal" grades of paper
will be sulteble for the majority of the negatives without excessive shading and
with reasonable times of exposure.

{(g) The definition and contrast of the negatives shall be such that prints made as in
the preceding paregraph and the prints supplied shall show ample detail throughout
the full range of tonee over the whole photogruph and auch that identification of
detail from one photograph to another shall be possible with certainty.

(h} Printe shall be made using an electronic printer.

(1) Residual hyposulphite in any print shall not exceed 0.023 mgm. per sguare centimeter,
while residual silver shall not exceed Q.01 gm. per square meter. |

(j) Prints shall be trimmed to leave a rebate of up to 6 mm. on 3 sides. On the side
vhere the images of instruments automatically recorded in the camera are located,
the rebate should be sufficient t¢ include these images.

15 MARKING OF FIlLM3S ANh NEGATIVES

(2) Esoh exposure in sach flight line shall be nuibered in oonseoutive orders Thin
mmbering shall be in the north—east or scuth-west corner of the negative. The
mmbering should not be less than 4 mm, nor more than & mm. in height. The
consecutive mmbering of exposures should be repeated for each flight line (e.g.
the first thres exposures in flight line 5 would be marked 51, 52 and 5-3). The
mmbering should inolude all negatives whether falling imside or outmside the
spscified areas and whether or not oconformiag to the specifications, exoluding
only obviously useless negatives such as those completsly obscured by cloud.

(b} A film shall be in one contimous length without joins, excepi for the leader and
trailer which shall be st least 1 metre long. A film and its leader may inolude
unrequired negatives and will be given s film roll mmber t0 be indicated by the
Organization which will be shown at each end of the film,.

(c) The margin of the first and last negative for each flight line shall be clearly
narked with:

(1) The indication of the Orgunization, oame of locality snd the mmher of
oontraot.

{11) Humber of the film roll.

(111) Date or dates on which exposed; the month to be given by mme mot mmber,

(4¥) Time of exposure in terms of local time.

{v) Mumber of osmera optiocal unit and lens and the principsl distsnce
corresponding with the ocalibration particulars supplied under this
specifioation,

(vi) Height above mean sea level at whioch exposed, in metres.
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(a)
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Each print shall be titled in the rebate along its northern or southern margin.

The titling required on sech print is to be clear block lettering (between 3 mm. and
5 mms in height for items (i) to (v) below, and between 4 mm, apd 6 mm. for item
(vi) below) and is to read and print in the follewing order:

(i) The indication of the Organization (an appropriate project designation)
(i1) Flying height above mean ses level in metres.
(i1i) Camera focal length (in mm.) if not automatically reproduced on negative.
{iv) Date of photography..
(v) Mumber of corresponding map sheet,
{(vi) Line and photograph rumber,
An example of complete marking is:

FAQ MC/68/509 - 3230M - 153,4mm - 6 SEPT 72 - 12 = 118
FILM_REPORTS

4 report containing the following details and any others that are cona:l.derad to be
relevant shall be provided with sach film:

The rumher of the contract

Name of Contractor

Mambaer of film

Name of territory

Mme of first and last exposure (local time)

Date exposed

The serial mumber of the camers optical unit, the magazine and lens.

The principal distance ae given in the calibration report supplied under this
spacification

Lens aperiure and negative numbers at which change in the aperture setting was made.

Filter. Shuttsr speed

Make and trade name of film, batch mmber and date of coating (if known)

Aircraft registration marks

Height above mean sea level and nsgative rmumbers between which changes of height
took place

Weather conditions.

4 list of all the mmbered negatives on the film in numerical sequence and in two
columms, with remarks on the followibg lines:

FHOTOGRAPHY REMARKS
offered Additional |
-1 to t=20 To specification |
1=21 to 1-25 Some oloud [
g 1-26 to 1-36 Heavy cloud i
1-37 to 1-40 To specification |.!
1-41 to 1-60 Insufficient lateral overlap;
- raflown.
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19,

(a)
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Although the information in this paragraph may noi be complete con the original
reports compiled in the field, it must be completed in the two copies of the final
film report to be supplied.

A gonsral statement on the photographic quality.

MABKING OF FILM CONPAINER

On the eids of each tin there shall be firmly fixed a label showing olearly:

1s Number of the contract

2. Kame of the oountry or of the region {BLOCK CAPITALS)

3. KName of loocality

4o Name of the Contractor

5. Dzte{s) of exposure

6. Film roll mmber

7« Firat and last negative nmumbers of esoh line contained on roll
8. Serial number of camera optical unit and lens.

FLIGHT INDICES
Flight line indices of the photography are required and may very for each coniraot,

ADDITIORAL SPECIFICATIONS

The following clesuses may be included irn the body of ‘the contraot:

Insrection and accepiance

(i) The Organization reserves the right to rejeot within six weeks of the delivery
of the contact prints any photography whioh fails to meet the specifications.

(11) Subjeot to other pertinent provisions of the ocontract, the contractor will
have the option elther to forego payment for rajsoted photography or to
producs mooeptable substitute photographye.

(141} If the Organizatiicn determines that certain photography is not in accordance
with the specifications, or that there are gape in the photographic coversge,
the contractor shall make good such shortcomings prior to extending the
photographic coverage, Lf 80 required by the Organization,

Additional photography

Additional photography, if any, taken in the course of the contract and lying
adjacent to the areass to be photographed in aocordance with the indiocations given to
the Comtractor by the OUrgarization may be offered to the Orgamisation. It shall be
at the Organization's discretion whether or not to mccept any or all of the
additionzl photography offersd.
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ANNEX__II

SELECTED ANNOTATED BIBLIOGRAFHY

Only some of the meosi useful documenta dealing with one or several technigques used
in forest jinventory are quoted in this bibliography. It mainly includes textbooks or
mermuals; articles or communications heve been selected only when they wers considered
essential. With very few exceptions, all references are in English. When they also
exist in French and/or in Spanish, thie is indicated in the margin by (F) and/or (S).
More French and Spanish references will be indicated in the bibliography of the
corresponding versions of this mamual.

(n} Forest inventory in general

Forest inventory is generally dealt with in specific chapter{s) in forest
mensuration textbooks and manuals, but is the specific subject of some publicationsy
among which the following can be quoted:

Bonnor G.M. - 1972, Forest sampling and inventoriess A bibliography.
Foreat Management Institute, Ottawa, Ontarin. Internal Report FMR-24,

27 ppe

Selected references from English langusge publications excluding
articles on point sampling, on air photo measurements and thesmes.

FAO - 1967. Report of the Headquarters Meeting of Forest Inventory Experts
on UNDP/SF Projects (held in Rome 11-22 September 1967)., FOtSF/67 - IM 17,

259 pp.

These proceedings include communlc&tions of the participante teo this
meeting and the reports and recommendations of its varicus working
committees. The most useful information given by this document has
been taken up again in the "Manual for foreet inventory cperations
executed by FAO" and in this mamual.

Lostsch F. and Haller K.E. - 1964. Forest inventory. Volume 1, 436 pp.
Loetsch F., Zbhrer F. and Haller K.E. - 1973. Forest inventory. Volume 2,
469 pp. BLV Verlagagesellachaft Miinchen — Basel — Wien.

Thie is strictly speaking the only recent textbook on forest inventory and
it covers the whole range of relesvant technigues. Tropical aspects of
forest inventory work have not been neglected (as in former textbooks on
forest inventory) and the bibliographies of the two volumes are very
compreheneive. ;

Nyyse¥nen A, = 1961, Survey methode of tropioal forests. FAO publication
no. 13407. b ]

Comparative study of the inventory methods used in the tropics in the late
filties.

Proceedings of the 1st FAQ/SIDA training course on forest inventory
‘40 be published in early 1974 by the Swedish Roynl College of Forestry)
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Purpose and plenning of & forest inventory (Chapter II)

Husch B. ~ 1971, Planning a forest inventory. FAQ forestiry and forest
producte studies No.17, 121 pp.

Ap stated in ite preface this concime study "outlinea the principal
problems ... suggests a logical sequence for considering them ... also
discusses briefly some of the meat modern inventory techniques and their
merits and limitations" but deoes not "cover techniocal methods".

Bagic sampling techniques in forest inventory (Chapter III)

Chackoe V.J. = 1965 A manual on asampling techniques for forest surveys.
172 pps Delhi. Menager of publications.

Ccchran W.0J., — 1963 (2nd edition). Sampling techniques. 413 pp. John
Wiley and Sone Inoe., New York

A very clear textbook on sampling teohniques, describing end demonstrating
most of the aampling designs which may be umeful in forest inventory.

Tesebie J. — 1966, Théorie ot pratique des sondages, Dunod, Paris.
481 pp.

Easy, clear book in French on sampling techniques with emphasis on
demographloc surveys.

Freese F. ~ 1962, Elementary forest sampling. Agriculture Handbook No.232.
U.S. Department of Agriculture, Forest Service, 91 pp.

Very useful and practical handbook on sampling techniques for forest
invantory with many rumerical examples. Recommended by most of the
specialists consulted when compiling this manual.

Hansen M.H., Hurwitz W.N, and Madow W.G. — 1953. Sample survey msthods and
theory. Volume I — Methods and applications. 638 pp. Volume II -~ Theory.
332 pps John Wiley and Sons Inc., New York.

VYery comprehensive book with emphasis on demographic Burveys,
Sohumacher F.X. and Chapman R.A. - 1954. = Samplirg methods in forestry and

range management. Durham, North Carolina. Duke University, School of
Forestry. Bulletin No.T, revised. 222 pp.

Useful textbook on sampling techmiques used in forestry although new
methode suoh as point sampling and SPR are not covered.

Sukhatme P.V. — 1954, Saempling theory of surveys with applications, Towa
State College Prews, Ames, Town. 491 pp.
Well-known textbook with emphasies on agricultural surveys

Yates Fo - 1960 (3rd edition)s Sampling methods for censuses and surveys.
440 pp. Oriffin, Londons

This bock ie lese comprehensive than Coochran’s as far as the mumber of
sampling methods and demonstrations ars concerned, but gives more
explanstions and more rumsrioal examples.
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On point or line sampling

Grosenbaugh L.R. - 1958. Point sampling and line sampling: probability
theory, geometric implications, synthesis, USDA Southern Forest Experiment
Station. Occamional Paper No. 160.

Lebau V.J. - 1967. Literature on the Bitterlich method of forest cruising.

USDA Pecitic Northweet Forest and Range FExperiment Station Research Paper
PNW-19,

(d) Remote sensing and mapping (Chapter IV)

(i) Photogrammetric measurements in forest inventory

Most of the references to photogremmetric measurements for forest imventory are
articles and communications. An account of these references is made in the b1bliogra hy
of the following documents and alsoc of the textbooks on photointerpretation (see (i11)§

American Society of Photogrammetiry — 1966 (3rd edition}. Manual of
Photogrammetry. George Banta Co., Menasha, Wisconsin, 1220 pp. (2 volumes).

Nielesen U. - 1971, Tree and stand measurements from aerial photographs: an
annotated bibliography. Forest Management Institute, Ottawa, Ontario.
Internal report FMR-X-29. 111 pp.

Spurr S.H. — 1960. {2nd edition) Photogrammetry and Photointerpretation
{with a section on application to forestry). New York, The Ronald Press Co.

472 pp.

{i1}) Vegetstion and ecological classeifications

In addition to the documents quoted in section 22 of Chapter IV the following
should rlec be considered:

Holdridge L.R. ~ 1967, Life zone ecology (revised edition). Tropical
Science Center, San José#, Coeta Rica. 205 pp.

(P)(8) Uneseo - 1973, Internstional 'claseification and mapping of vegetatidn.
Ecology and oconservation no, 6. Parie., 93 pp.

A very recent classification worked out under the auspices of Unesco.

(1ii) Photointerpretation in foreast imnventory

American Society of Photogrammetry — 1960. Marmal of Photographic
Interpretation. George Banta Co., Menasha, Wisconsin. 868 pp.

In addition to two chapters on, respectively, the procurement of aerial
photography and the fundamentals of photointerpretation, a chapter of 64
pages is included on photointerpretation in forestry.

Avery T.E. ~ 1966. Forester's guide to aserial photointerpretation,
USIA Handbook no. 308, 40 pp.

Hildebrandt G. - 1968. Bibliographis des Schriftiume auf dem Osbiet der
forstliohen Luftbiildauswertung, 1887 - 1948,
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Howard J.A. = 1970. Aerial photo-ecology. ' Fabar and Faber, London.
325 pp.
Very clear and useful book on the utilization of aerial photography with
special reference to the study of vegetation, anmd a falrly comprehensive
bibliography (35 pages).

Stellingwerf D.A, - 1966. Practical applications of aerial photographs in
forestry and other vegetation studies., International Training Centre for
Aerial Survey. I.T.C. Publications, Series B, No. 36-37~38-46-47-48.

Thim series of booklets contains a large rmumber of stereogrammes showing
vegetation and foreat types in the tropice and in temperate zones, and is
therefore very useful for training purposes.

(iv) New remots sensing techniques

IUFRO, Section 25 ~ 1971. Application of remote sensors in Forestry.
Joint Report by Working Group "Application of Remote Sensors in Forestryn,

189 pp.

This report comprises 13 communications of foresters who are specialiste
in remote sensing techniques and gives a good account of the application
to forestry of the new techniques in 1970.

American Natlonsl Research Council - 1970, Remote mensing with special
reference to Agricultiure and Forestry. National Academy of Sciences,
Washington D.C., 424 pp.

Thie book, to which many American specialimts contributed, provides the
ugser with the basic technical background concerning remote sensing in
general and in relation to vegetation, soil and water resources.

Krumpe P.F. - 1972, Remote sensing of terrestrial vegetation: a
comprehensive bibliographys The University of Tennessee, Knoxville,
Tennegsee. 69 pp.

"850 references dealing with the utilization and application of remote
sensing in forestry, agriculture and plant ecology, a5 well as clomely
allied fields such as land-use planning, resource inventory and management,
end solls and terrain analysis."

Wilson R.C. — 1970. Remote sensing applicaticn in forestry (A report of
reasearch performed under the muspices of the forestry remote sensing
laboratory, School of Forestry and Conservation, University of Californis,
Berkeley, for Netional Aeronsutics and Space Administration). 199 pp.

The sub-title of this report gives the following precision: '"potentially
efficlent forest and range application of remote wensing using earth
orbital spacecraft - circa 1980%,

Messurement considerations (Chapter V)

(1) Forest mensuration

Rusch B., Miller C.I. snd Beers T.W. - 1971, Forest mensuration. The
Ronald Press Co., New York. 410 pp.

A recent textbook on forest mensuration with four chapters on forest
inventory and 16 pages of refersnces to relevant literature (mainly English).
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Pardé J. — 1961. Dendrométrie. Editions de 1'Ecole Nationale des Eaux
et For8#ts, Nancy. 350 ppe.

Very useful and practical textbook on forest mensuration (but with véry
little emphasis on tropical foresiry).

(ii) Volume equations

Cunia T. ~ 1964, Weighted least square method and construction of volume
tables. Forest Science, Volume 10, No. 2. 12 pp.

First main document on the use of weighted regrassion for volume table
construction.

Draper N.R. and Smith H, - 1966. Applied regression analysis. John
Wiley and Sons Inc.

Freese P, - 1964. Linear Regression Methods for Foreet Research. USIA
Forest Service Research Paper, FPL 17, 138 pp.

Very clear mamual on regression techniques with rnumerical application.

Prodan M. — 1968. Forest Biometrics (English tranglation by S. Gardiner
of '"Forstliche Biometirie®)

(iii) Quality assessment and recovery studies

IUFRO, Section 25 — 1969, Proceedings of the meeting held in Reinbek,
Germany, of the Working Group on "Mensurational Problems of Foreat Inventory
in Troplcal Countries". Mitt. Bundesforsch. amst. f. Forst- und Holzw.

Komm. verl. Max Wiedebusch, Hambuﬂf. | .
A record of the discussions held and background papers submitted at this

meeting which focused principally on quality appraisal and recovery studies.

(iv) Accessibility

Von Segebaden C. — 1969, Studies on the acoessibility of forest and
forest land in Sweden, Studia Forestalia Tecnica No, 76. 64 ppe

Data recording and processing in forest inventory (Chapter VI)

Anderson, D.M. - 1366, Computer Programming FORTRAR IV. Appelton Century
Crafts, New York. 430 pp. including appendices.

A manual written for beginners on coemputer programming in FORTRAN IV.

Very instructive, suitable for home tuition and teaching purposee, with
marny graphs, exercises and comparison of FORTRAN compilers of different
makes (IBM series, Univac, Burroughs, General Eleotric, Honaywell, etc.)

Dawkine H.C. - 1968, STATFORMS - Formats for elementary statistical
calculation. Commonwealth Forestry Inatitute, Oxford. Institute Paper
Noa. 41

26 predesigned forms for hand calculatioms in statistical techniques

such as analysis of veriance (Latin square) and co-variance, linear
regression, stratified random sample, etc., indicating the different
computational steps. Very useful for small mamial calculations,
instructive examples.
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Dixon, W.J. - 1968. BMD ~ Biomedical Computer Programs. Univeraity
of California Prese, Berkeley and Los Angeles. 600 pp.

A collection of standerd programmes (FORTRAN IV), originelly written for
I 7094 (approx. 32 K—wordsgf Routines useful in forest inventory,
especially BMD 05D (plotting scatter diagrams and histograms), BMD 06D
(deacription of strata), BMD O3M (factor analysis), BMD O3R (multiple
regression). Detailed deseription of computational procedures,
preparation of paremeter cards and ocutput. Software available at many
computer centres. J

(G only) DRZ - 1969. Statistieche Programme des Deutschen Rechenzentrums (statistical
programmes of the German Calculation Centre), parts A and B.
Deuteches Rechenzentrum Darmstadt (Fed. Rep. of Germany), Programme
information FI 32 and 33. 120 pp.

A collection of statistical standard programmes (FORTRAN IV) as a
complement to the BMD geries. To be noted in particular NRMP (test on
normal distribution), REV (comparison of regression of several strata),
LIPR (check of linearity of equations). Documentation end software from
the German Calculetion Centre, Darmstadt, upon request.

Frayer E., Wilson W,, Peters R, and Bickford C.a, - 1968. '"FINSYS, an
efficient data processing eystem for large forest imventories". Journal
of Forestry, Vol. 66, No.12. 4 pp.

General demcription of this data processing system written in FORTRAN IV
for 1HM 7094/7040 computer system (32 K-words of CFU capacity required)
and covers the following designs: 1, Complete erumeration (100 percent);
2. Simple random or systematic sampling; 3. Stratified random sampling;
4. Double sampling for stratification.

(F only) Guinaudeau F. ~ 1973, Expérience acquise par le CTFT en matidre de
traitement sutomatique des donnfes d'inventaire (Experience gained by
Centre Technique Forestier Tropical - Nogent sur Marne, France - in
automatic procesaing of inventory data). Meeting of IUFRO Subject Group
54,02 (Forest Inventory) in Nancy (France), June 1973. Proceedings to
be publizhed., 10 pp.

The paper describes the date processing method developed at CTFT for the
processing of field imventory data in tropical high forests. Examples of
field sheet and output attached.

Haller K.E. - 1968. 1Imventory of national tropical forests — A computer
programme for the processing of data. Unasylva, Vol.22, No. 89. 7 pp.

The paper givem primarily a thorough problem analysie of a date processing

system for forest inventory. The system, designed for an IBM 1401, is of
less importance because it is written in Autocoder language end specifically
designed for an inventory in Liberia.

‘McCraoken D.D. — 1963, Digital computer programming, J. Wiley and Sons
Inc., New York, London. 240 ppe.

Textbook for advanced home tuition of how to solve problems on modern
digital computers. Recommended for additional refersnce. Useful index
of subjects.
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Miller K.H. and Streker I. — 1970. FORTRAN Programmieranleitung (FORTRAN

Programming Manual). Hochachultaschenbiicher, Vol. 804. Bibliographisches

Institut Mannheim, Wien, Zirich. 140 pp.

Very handy and comprehensive manual for self tuition with application of
programming in FORTRAN IV (IBM) and FORTRAN V (UNIVAC). Some basic
knowledge of FORTRAN recommended.

Mlsson, N.E. - 1967. Some views on data processing problems in forest
inventories. Report on FAC Headquarters meeting of forest inventory
experts, Home, FO:SF/67/M 17.

In the paper the rcls of data processing in forest inventory is treated and

some Tecommendations including flow-charts for the organization of data
processing are given.

Considerations on inventory designs (Chapter VII)

(1) Continuous forest inventory

Were K.D. and Cunia T. - 1962. Contimious forest inventory with partial
replacement of samples. Foreast Science Monograph 3, 40 pp.

Comprehensive atudy on SPR including mathematical formulation and cost
analynis.

(ii) Sequential sampling

Chacko V.J. - 1966. Sequential sampling in foreet insect surveys and
dieeases. The Indian Forester, Volume 92, No.4 (pp 233-239).

Theory and use of seguential sampling anelysis in the case of binomial
dietribution (absence or presence of inmects or of damage) or negative
binomial distribution {contagious type of distribution applying to ineect
counts ).



FAO TECHNICAL PAPERS

FAQ FORESTRY PAPERS

1

2

3

3 Rev,
3 Rav.
4/1

412

[s,3

101

10/2

11

12

13

14

14 Rev.
15

16

7

17 Sup.
17 Sup-.
18

19/
19/2

20
20/2
21
221
2212
23
24
25
26
27
28
29

30

Forest utilization contracts on public land, 1977
(E F S}

Planning farest roads and harvesting systems,
1977 {EF 85)

World list of forestry schools, 1977 {E/F/S)

1. World list of forestry schools, 1981 (E/F/S)

2. World list of forestry schools, 1986 (E/F/S)
World pulp and paper demand. supply and trade
- Vol. 1, 1977 (EF S)

World pulp and paper deamand, supply and trade
- Vol. 2, 1977 (EF S)

The marketing of tropical wood, 1276 (E S}
National parks plenning, 1976 {EF 5* *}
Forestry for local community development, 1978
{ArEF S)

Establishmeant techniques for forest plantations,
1978 (ArCE" F S)

Wood chips — production, handling, transport,
1976 (C E S)

Assassment of logging costs from forast
inventories in the tropics

- 1. Principlas and methodology, 1978 (E F S)
Assassmant of logging costs from forast
inventarias in the tropics

— 2. Data collaction and calculations, 1978 (E F 5)
Savanna afforeatation in Africa, 1977 (EF)
China: forestry support for agriculture, 1978 (E)
Forest products prices 1960-1977, 1979 (E/F/S}
Mountain forest roads and harvesting, 1979 (E)
1. Logging and transport in steep terrain, 1985 (E}
AGRIS forestry — world catalogue of information
and documantation services, 1979 (E/F/S)
China: integrated wood processing industrias, 1979
{EF S)

Economic analysis of forastry projects, 1979

{E F S)

1. Economic analysis of forestry projects:

case studies, 1979 {(E §)

2. Economic analysis of forestry projects: readings,
1980 (C E}

Forest products prices 1960-1978, 1980 (E/F/S)
Pulping and papar-making propertias ol
fast-growing plantation wood species

- Vol. 1, 1980 (E)

Pulping and paper-making properties of
fast-growing plantation wood species

- Vol. 2, 1980 (E}

Forast trae improvement, 1985 (CEF §)

A guide to forest saed handiing, 1985 (E S )
Impact on soils of fast-growing species in lowland
humid tropics. 1980 (E F S}

Forast volume estimation and yield prediction

- Vol. 1. Voluma estimation, 1980 (C EF S)
Forast volume estimation and yiald pradiction

- Vol. 2. Yield prediction, 1980 (C E F S)

Forest products pricas 1961-1980, 1981 (E/F/S)
Cabts logging systems, 1981 (C E}

Public forestry administrations in Latin America,
1981 (EB)

Forastry and rural deveiopment, 1981 (E F 5)
Manual of forest inventory, 1981 {EF)

Small and madium sawmills in developing countries,
1981 (E 5}

World forest products, demand and supply 1990
and 2000, 1982 (EF S)

Tropical forast resources, 1982 {E F S)

32
33
34
35
s
37

38
39

41
42
43
44/1

4442

44/3
45
46
47

48
49

50
50/1

511
5211
52/2
53

54
55

56
57
58
59

80y

61
82

63
64
65

&6
&7

&8
69

Appropriate technology in forestry, 1982 {E)
Classification and definitions of forest products,
1982 (Ar/EF/S)

Logging of mountain forests, 1982 (E F S}
Fruit-bearing forest tress, 1982 (E F S}

Forestry in China, 1982 (C E)

Basic technology in forast operations, 1982 (E F 5}
Conservation and development of tropical forest
ragources, 1982 (E F S)

Forast products prices 1962-1981, 1982 {(E/F/S)
Frame saw manual, 1982 {E)

Circular saw manual, 1983 {E)

Simple technologies for charcoal making, 1983
{EF S)

Fuelwood supplies in the daveloping countries,
1983 {(ArEF S)

Forest revenua systems in developing countiies,
1983 {(EF S)

Food and fruit-bearing forest species

- 1. Examples from eastern Africa, 1983 {(EF S}
Food and fruit-bearing forest spacies

- 2. Examples from southeastern

Asia, 1984 (EF S)

Food and fruit-bearing forast species — 3. Examples
from Latin America, 1986 (E S}

Establishing pulp and paper mills, 1983 (E)
Forest products prices 1963-1982, 1983 (E/F/5)
Technical forestry education — design and
implementation, 1984 (E F 5}

Lend evaluation for forastry, 1984 (C EF S)
Wood extraction with oxen and agricultural
tractors, 1986 (EF 5)

Changes in shifting cultivation in Africa, 1984 {E F)
Changes in shifting cultivation in Africa

- gavan case-studies, 1985 (E}

Studies on the volume end yield of tropical forest
stands - 1. Dry forest formations, 1989 {(EF)
Cost estimating in sawmilling industries: guidslines,
1984 (E)

Field manual on cost estimation in sawmilling
industrias, 1985 {E)

Intensive multiple-use forest management in Kerala,
1984 (EF 5)

Planificacién del desarrollo forastal, 1984 (S)
Intensiva multiple-use forest managemant in the
tropics, 1985 (E F S)

Breeding poplars for disease resistance, 1985 (E}
Coconut wood - processing and use, 1985 (E S}
Sawdoctoring manual, 1985 (E S}

The ecofogical affects of eucalyptus, 1285
(CEFS)

Monitoring and evaluation of participatory forastry
projects, 1985 (E F S)

Forest products psices 1965-1984, 1985 (E/F/S)
World list of institutions engaged in forestry and
forest products research, 1985 (E/F/S}

Industrial charcoal making, 1985 (E)

Tree growing by rural people, 1985 (Ar € F 5)
Forest legislation in selected African countries,
1986 (EF}

Forastry axtension organization, 1986 (C E )
Soms medicinal forast plants of Africa and Latin
America, 1986 (E)

Appropriate forest industries, 1986 (E)
Management of forest industries, 1986 (E)



70

FA

72
73

74

75

76
77

78
79
80
81

82
83

g5
86
87
a8
89

90
0|

Wildland fire rmansgement terminology. 1986
{E/FIS)

World compendium of forestry and forest products
research institutions, 19886 {E/F/S)

Wood gas as engine fuel, 1986 (E)

Forest products: world outlook projections
1985-2000, 1986 (E/F/S)

Guidelines for forastry inforrmation processing,
1988 (E)

An operational guide to the monitoring and
evaluation of social forestry in India, 1986 (E}
Wood presarvation manual, 1986 (E)

Databook on endangered tree and shrub species
end provenances, 1986 (E}

Appropriate wood harvasting in plantation forests,
1987 (B)

Small-scale forest-based processing enterprises,
1987 (EF S)

Forestry extension methods, 1987 (E}

Guidslines for forest policy formuletion, 1987 (C E)
Foraest products prices 1967-1986, 1988 (E/F/S)
Trade in forest products: a study of the barriers
faced by the developing countries, 1988 (E)
Forest products: world outlock projectians
1987-2000 - product and country tables, 1988
(E/FIS)

Forestry axtansion curricula, 1988 {E/F/S}
Forastry policies in Europe, 1988 (E}

Small-scale harvesting operstions of wood and
non-wood forest products invelving rurael people,
1988 (E F §)

Management of tropical moist forests in Africa,
1989 (E F P}

Review of forest managament systems of tropical
Asia, 1989 (E)

Forastry and food security, 1989 (ArE S)

Design manual on basic wood harvesting
tachnology, 1989 (E F 5}

{Published onty as FAQ Training Series, No. 18}

92 Forestry policies in Europe — an analysis, 1989 (E)

93 Energy conservation in the mechanical forest
industries, 1990 (E S)

94 Manual on sewmill operstional maintenanca,
1930 (E)

a5 Forast products prices 1969-1988, 1990 (E/F/S)

96 Planning and managing forastry research: guidelines
for managers, 1990 (E)

97 Non-wood farest products: the way shead,
1991 (ES)

98 Les plantations & vocation de bois dmuvre en
Afrique intertropicale humide, 1291 (F}

89 Cost control in forast harvesting and road
construction, 1992 (F)

100 Introduction to erganomics in forestry in developing
countries, 1992 (E)

101 Aménagement et conservation des fordts denses en
Amérique tropicale, 1992 (F}

102 Research management in forestry, 1931 (E)

103 Mixed and pure forest plantations in the tropics and
subtropics, 1992 (E)

104 Forest products prices 197 1-1990, 1992 (E}

105 Compendium of pulp and papar training and

research institutions, 1992 (E)

Availability: Deéember 1992

Ar = Arabic Muktil — Multilingual

C - Chinasa " Out of print

E - English m In preparation
F - French

P = Portuguese

5 - Spanish

The FAO Tachnical Papars are available through the authorized
FAQ Sales Agents or directly from Distribution and Sales Section,
FAQ, Visls dells Tarmes df Caracalla, 00100 Roma, italy.



