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author's preface

Forest management attempts to control the structure and dynamics of
forest communities to achieve specific objectives. These range from the
aim of maximizing production of timber of a certain size and quality on
a unit area of ground, through such objectives as the protection of the
soil on a hillside, to the preservation of a landscape or local climate.

Agriculture and urbanization have developed within a forest matrix. Up
to recent times in Europe, and even now in less developed regions of the
world, the first stage of development has been the removal of the natu­
ral forest for agriculture and human settlement. The forest has always
been in the background, supplying its benefits of goods and services,
without fear of its disappearance.

Suddenly, it seems, man has become conscious of the receding forest
the danger that this poses. On many maps the forests are nothing
than relict islands within intensively cultivated and populated
scapes.

This new consciousness is a spur to action to ensure the maintenance of
the forest, where it still exists, and to replace tree cover on suitable
land through tree plantations, where it has disappeared.

Knowledge of the growth rates of trees, either in the natural forest or
in artificial plantations, is the basis of forest management. Trees
interact with each other and with their surroundings as they grow. The
silviculturist can control this development through selection of species
and of improved seed sources, through better planting techniques and
tending, through spacing, thinning and pruning and the time and pattern
of felling.

Unless the effects of these treatments are 'monitored' there can be no
scientific management of the forest or plantation. Neither will there be
any mechanism by which timely remedial action can be taken when the
management has been inappropriate. This is the justification for the
publication of this 'field manual'.

It has been found, in practice, that continuous forest inventory (the
conventional way of monitoring the growth of trees and tands) requires
clearly defined procedures that will be followed through, and beyond,
the rotation of the stand. The manual attempts to supply such procedures
to the selection and setting up of sample plots, their consistant meas­
urement and re-measurement and to the preliminary stages of data proc­
essing.
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The routines included here do not, however, have to be applied rigidly.
Every inventory is different, having different problems to solve and
objectives to meet. The manual will probably be most useful to those
planning and designing a specific inventory for the first time. Many of
the routines may be adapted. In some cases the details given may be
excessive for a particular application and should be modified. The
'model' field forms, for example, should be treated as check lists to
ensure that all aspects of the inventory are taken into account at the
planning stage. Many applications would use data loggers in the field.
The field forms would, in these cases, be used as the basis for program­
ming the input formats for the loggers.

Short-rotation, monospecific, forest plantations are increasing in
extent (there may be over 35 million ha of them in the tropics) as a
consequence of the rapidly declining areas of natural forests. There is
growing concern over their ecological effects. Good management must,
therefore, concern itself not only with the efficient production of
forest produce but also demonstrate that the traditional beneficial
influences of the forest are not being jeopardized through intensive
'economic' management of plantations. 'Monitoring' includes, therefore,
the study over time of changes in the total biomass productivity and the
physical and chemical nature of the soils under the plantations. Some
indications of ways of doing this are included here. Some recent devel­
opments, however, such as the use of isotopes for the assay of nutrient
uptake by roots, are not.

Monitoring the water use of different species under varying management
patterns is of great importance in many tropical areas, but is beyond
the scope of this manual. Recent field experience, on which parts of the
recommendations are based, have been carried out within industrial and
social forestry plantations of eucalypts and other exotic species in
Southern India in association with the Institute of Hydrology, Walling­
ford, UK, who can advise on methods of monitoring the water use of
forest stands.

The PPR package (for Permanent Plot Records) is a tool box of programs,
mostly in both compiled and interpreted BASIC, that has been developed
over a long period at the Oxford Forestry Institute for processing
permanent sample plot data. It is now available for use on IBM-compati­
ble personal computers and may be obtained at a small charge (to cover
administrative expenses) by completing the order form at the back of the
manual. While care has been taken to check all the programs for errors,
no responsibility can be accepted for any errors that remain, or for
problems that may arise when used with data sets for which the programs
have not been designed.

The output from most of the PPR programs can be sent to serial files for
further processing on spreadsheets, statistical packages or database
programs. Only brief references are made to the use of such software in
the manual. A tpPR Operators Manual' giving worked examples of most of
the programs is in preparation.
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Summary

Procedures for monitoring the growth of forest plantations, principally
in the tropics, are presented.

These include methods of setting up a system of both, temporary and
permanent sample plots located objectively within managed plantations
and replicated field experiments. The experiments test the effects of
silvicultural management on tree- and stand-growth patterns. Together
the information collected provides the basis for the management of the
plantation (in the form of volume and yield tables and functions) and
for detecting site change, for example when applied to related studies
on tree water use and nutrient cycling.

Methods for collection of data in the field and its processing using
small personal computers is suggested.

Recommendations for the assessment of above- and below-ground phytomass
production are given in addition to procedures for measuring and
recording the conventional tree and stand variables.

While it is assumed that the reader has some familiarity with forest
mensuration and sampling techniques, attention is drawn to particular
sources of error that are likely to arise in practice.

Chapter one details the scope of the manual and the objectives of a
growth monitoring system in forest plantations. Chapter two is an
elementary summary of the steps to be taken in planning a continuous
forest inventory. Chapter three gives details on how to layout the
different types of sample plots in the field wi th step by step
instructions on how to record the measurements and observations. This
is followed by details of summarizing the data file, with information on
spreadsheets, databases and other packages. The final chapter argues
that a number of complimentary controlled experiments are required to
test the effects of stand density, fertilization and other treatments in
order to understand the results of the continuous forest inventory
correctly. Some model texperimentalt plans are provided.

Model field forms are included as an aid memoire to planners of
continuous inventory and monitoring programmes.
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1

general
introduction

1.1 Aims of this manual

This document is designed as a guide to the planning and implementation
of a continuous forest inventory with permanent sample plots in natural
and planted forest stands managed for industrial and social purposes, in
tropical and subtropical regions. It assumes that the reader has a basic
understanding of forest mensuration, and has some experience in
inventory techniques. A list of texts for background is provided for
those wishing to refresh their knowledge.

Continuous forest inventory is a component of an environmental monitor-
~ ing system and may include assessment of dynamic changes, not only of

the above ground woody growth, but also of the chemical and physical
states of the site and rates of energy flows within the ecosystem (see
Figure 1.0). I t is a task normally given to the research authori ty
within a forestry organization, though it could arguably be considered
an integral part of good forest management. If the latter is accepted,
there is need for a detailed guide to the procedures involved in setting
up and maintaining a consistent monitoring system based on past
research. If the task is left to the research department it is helpful
to have a set of procedures outlined in detail as a baseline for further
research and applications under, perhaps, a new set of objectives and
conditions.

In either of the above cases, whether the establishment of plots for
monitoring is considered part of standard management practice, or wheth­
er it is considered as part of a research project, the work must be
coordinated, planned and executed by trained specialist staff. This
manual is directed to those with such a responsibility. However, it is
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hoped that it will also be of interest to managers and planners who may
thereby appreciate the place and importance of monitoring forest growth
and site change under forest plantations in both industrial and rural
development programmes.

1.2 Forest types to which the procedures may apply

The procedures outlined are applicable to forest stands of simple struc­
ture, whether natural or artificial, but do not cover the inventory or
growth monitoring of tropical high forest types. 'Plantations', for the
purposes of this manual, do not include line-planting within a matrix of
high forest or scattered or irregular planting patterns wi thin pre­
existing forest types. The only natural forest types specifically
included are stands predominantly of conifers wi th some broadleaved
species, such as the pine and oak forests of Central America and Mexico.
Plantations are normally assumed to be dense plantations, usually even­
aged, established on c~eared or open ground and comprising one or a few
dominant species. Monitoring of the growth of the tropical high forest
types (including enrichment planting within them) on the one hand, and
of complex mixtures of species and age classes associated with annual
crops on the other, require different techniques from those outlined
here. For the former the reader is referred to Synnott (1979), and for
the latter to the recent publications of ICRAF (1984). Nevertheless,
most of the' recommended procedures could be adapted to these forest
types by anyone with experience in continous forest inventory, through
suitable adaptation of plot sizes and the variables assessed.

The field experience behind the recommended procedures has been obtained
in the coniferous plantations of tropical pines in the highlands of east
and central Africa, in fast-growing short rotation plantations of wattle
and eucalypts in Africa and India, and in the natural pine forests of
Mexico and Honduras.

1.3 Outline of the manual

Four aspects of a monitoring programme are dealt with in the following
chapters:

Planning
Implementation
Data capture and analysis
Experimental plots for supplementary information.

These chapters include a review of the general principles on which a
continuous monitoring programme should be based with model procedures
that may be adapted to any specific situation.

The manual contains some information that was previously included in a
special supplement applying the general recommendations to a field
project in Karnataka, Southern India. The project was designed to
monitor the effect of short-rotation forest plantations (especially of
eucalypts) on the water and nutrient relations of a range of sites. A
number of experimental designs applied in that project have been
included in the Appendices as they may have applications, wi th
appropriate modifications, in other moni toring projects. It is
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recommended that supplements be issued to cover applications of the
recommended methods for specific monitoring projects.

Chapter 2 reviews th~main steps involved in planning a continuous
forest inventory (CFI) : defining the objectives, selecting the sampling
design, choosing the type of plot and deciding which variables have to
be assessed to satisfy the objectives.

In Chapter 3 an attempt has been made to outline the operations involved
at the various stages of establishing and evaluating sample plots in the
field so that the plots and trees can be relocated when necessary for
recurrent measurements of growth and the assessment of site change.

Chapter 4 provides an outline of the steps most generally followed in
producing summaries of the data collected and their analysis in the form
of simple yield models. This chapter is in the form of a guide to a
package of programs for microcomputers that, though under continuous
development, does already provide a tool for a forest management organi­
zations setting out to implement a CFI monitoring system. This package
is an essential complement to the manual and may be purchased from the
author using the order form enclosed.

The last chapter includes some suggestions for designs of field experi­
ments for evaluating the reaction of forest stand and tree growth to
silvicultural treatments, in particular to spacing, thinning and ferti­
lizing.

The emphasis throughout is on the use of recurrent sampling of the
forest or plantation by means of plots objectively located and subject
to the normal management operations applied to the forest or plantation
as a whole. In order to develop a general model of stand growth, as
distinct from merely describing the observed behaviour, some supplemen­
tary information is needed. In particular data of two main types are
required. These types may be called 'tree data' and 'site-treatment re­
sponse data':

(i) tree data: includes the many inter-relationships within an
individual tree often known, inaccurately, as "allometric" rela­
tionships. These may include stem volume, crown radius, branch volume,
weight, calorific value, root mass, etc., in relation to height or
diameter (dbh) or other easily measurable variable. These
relationships are important for the construction of various
management tables and development of models which describe the
partitioning of photosynthetic products between the different parts
of a tree. Data for management tables are normally obtained from
destructive sampling of individual trees wi thin plots associated
wi th the permanent sample plots described in Chapter 3, and some
suggested procedures are included in that section.

(ii) site-treatment response data: the growth responses of a given
genotype (species, provenance, or progeny) to silvicultural management
on a given si te. These growth responses include changes in stand

* for abbreviations see Appendix 1.
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density (controlled through spacing and thinning), modification of
soil nutrients (by fertilizing), and modification of moisture
relations (through drainage or irrigation). Assessment of response
to stand treatment can only be obtained by means of carefully
designed, usually long-term, field experiments. Recommendations of
suitable experimental designs are therefore given in Chapter 5 as an
introduction to this subject. This manual does not however aim to
cover the design and analysis of silvicultural experiments in general.

If the proposed growth model is intended to cover mixed-species stands
or even to attempt to describe the growth of trees growing in associa­
tion with other crop types, as in many agro-forestry systems, a third
type of supplementary data will be needed. These we may call tspecies­
interaction data' .

(iii) species-interaction data: the competition or cooperation
between two species growing on the same site in mixtures of
various patterns. This needs careful testing in field experiments.
Examples are included in the tKarnataka Supplement t but not in the
main text as generally they will not be required in a CFl.

1.4 Objectives of a continuous forest inventory:

- to provide information on stand growth for the efficient
management of the forest or plantation

- to estimate the potential production of the site
- to provide data on the effect of management of the forest stand on

the physical, chemical and biological properties of the site. This
is particularly relevant for the study of the effects of intensive
cultivation of fast-growing monocultures.

- to quantify the effects of silvicultural treatment on growth and
yield

- to monitor changes in site productivity over successive rotations
of tree crops under management.

1.5 Some definitions

In describing tree and stand growth the~p is the possibility of
confusion through ill-defined use of the terms growth, yield, production
and productivity. The following definitions are used in this manual for
these and related terms:

Biomass all matter, living or not, organized in a permanent
manner as a constituent of a living organism.

Fertility the current productive potential of a site to produce
crops on a sustained basis.

Increment : growth of diameter, basal area, height, volume,
quali ty or value of a tree or stand. I t is normally used in the
restricted sense of 'rate of growth t or increase within a given
period, usually of one year, or as a periodic annual increment which
is the average rate of growth observed over a number of years.
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Leaf area index (LAI): the ratio of total leaf surface to total ground
surface.

Phytomass the living vegetative component of biomass. Biomass is
often used, incorrectly, to refer to phytomass.

Primary productivity : the rate by which energy is captured by the
activi ty of producer organisms - photosynthetic or chemosynthetic ­
in the form of organic substances which can be utilized as food
material.

Plant productivity is the measure of energy accumulation by the
plant component of the ecosystem over a specific time period and given
area expressed variously as:

cals per m2 ~f vegetation per year
joules per m per year
tonnes (yield) per ha per year

It is assessed usually as Production.

Production : the amount of accumulated organic matter on a given area
at one time. The ecologist defines production as the quantity of
organic matter in a given area at one time. This is firectly related
to the total biomass and is usually expressed as glm . To the farmer
or forester it can mean the usable quantity of crop produced by the
end of the growing season expressed as tonnes per ha.

GPP - gross primary production: is the assimilation of organic
matter by a plant community over a specific time interval,
including that used by plant respiration.

NPP - net primary production: is the increase in plant material
observerd as plant growth measured by dry weight. NPP is the rate of

- accumulation of vegetable tissue less the material respired, that is,
the growth of phytomass in unit time.

Secondary production: is the
animal material measured by
consumers and decomposers.

rate
dry

of accumulation of plant and
weight at the trophic level of

Potential forestry production: is an arbitrarily defined portion of
the phytomass production, or yield. It usually refers to the
production of stem-wood (that is excluding leaves, branches, stumps
and roots).

Utilizable forest production: is always less than the potential
forestry production. As it depends on the vagaries of the market it
cannot be defined in this context.

Site : an area considered in terms of its environment. It may be
classified qualitatively into site types or quantitatively into site
classes. Site quality is used in a general sense to refer to the
potential of the site, that mayor may not carry a forest crop, to
support an expected rate of growth of a given species under optimum
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management. Site productivity is often used synonymously with site
quality. In this manual the former term will be used in the general
sense to refer to the potential of a site while the latter will imply
that quantitative assessments of at least some of the site factors
influencing growth have been attempted. Cf. fertility.

Site index: the dominant height of an even-aged plantation at a
given t index' age. I t is obtained from site index curves which are
representations of the relationship between dominant stand height and
age for different sites and stand densities. Site Index Curves are
widely and traditionally used for growth prediction of even-aged
forest stands

Yield : fores t produce, ac tual or es timated , that may be harves ted
from a specified area over a stated period. Yield is the simplest
index for assessing productivity and production.

Yield class : the maximum mean annual volume increment, irrespe§tive
of age. which a stand of trees can attain, usually expressed as ID Iha.

1.6 Types of permanent sample plots

Quantitative data may be obtained both through observation and experi­
ment.

There is a clear distinction to be
made between the observation of field
sample plots growing under normal
management conditions (as described in
Chapter 3) and silvicultural
experimental plots (Chapter 5). The
former are referred to as sample
plots, both temporary and permanent,
and the latter as experiments.
Further subdivisions are of course
possible and those to which reference
is made below are included in the
classification of plot types given in
Tables 1.1 and 1.2.

Individual treatment plots within a
silvicultural experiment are 'perm­
anent sample plots' in a sense but
wi th the objective of estimating
treatment response on a given site.
PSP, on the other hand, provide
dynamic information of growth under
the actual conditions pertaining in
practice. Both sources of data are
required for calibrating stand growth
and management models.

Figure 1.1
A 'permanent' sample plot
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Table 1.1

CLASSIFICATION OF FIELD STUDY PLOTS (1)
----------------------------------------------------------------------
Key Description

Observation plots

T Temporary sample plots on which basal area and dominant height are
estimated.

Object: Growing stock data; mapping stand variation as basis for
stratification.

Pl Conventional permanent sample plots on which tree diameters and
selected heights are measured on more than one occasion.

Object: Tree and stand increment data for construction of site­
index curves and yield models.

P2 Productivity plots. These are a subsample of Pl plots in which
available soil moisture, foliar, litter and soil nutrients are
measured in order to monitor water relations and nutrient
cycling. A few additional measurements on individual trees are
required such as tree positions, crown height, etc.

Object: to relate growth to the site conditions and to detect
site change over time.

Destructive sampling

D Destructive sample plots on which trees are felled for volume
estimation and branches and foliage are removed for detailed
measurement, root excavation etc.

Object: to obtain data for estimating volume and 'allometric
functions' used in predicting many tree and stand parameters from
simple field measurements in plot types T, P1 and P2.

Water-use study plots

El Intensive water-use study plots. These will be selected
subjectively in fully-stocked stands or in annual crops.
Neutron probe measurement may be made at frequent intervals,
usually daily. An automatic weather station may be installed at
at these sites.

Object: to develop a general water use model applicable to a wide
range of species and sites.
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Table 1.2

CLASSIFICATION OF FIELD STUDY PLOTS (2)

Key Description

Experimental plots

E2 Spacing and thinning trials. Replicated designs are
recommended for evaluating the growth response of planted tree
crops to initial spacing and subsequent thinning. The treatments
should cover the extreme conditions of unrestricted growth of
individual trees and maximum stand density with density-dependent
mortality.

Object: to observe growth of the individual tree in relation
to stand growth under controlled stand densities for deriving
stand density functions for use in growth models.

E3 Experimental plots designed to investigate the effect of
different species on run-off and the physical properties of
the soil, the effect of crop density on the productivity of
different crop components and other crop/site interactions
that are not included in the intensive study plots nor in
the observation plots. Ad hoc experimentation without direct
links to the general growth and water use models are not be
included. Plots falling in this category include existing
silvicultural and agro-forestry experimental plots within
which additional measurements, in particular of water use,
are desirable in order to test the applicability of general
models to a wide range of conditions.

Object: to quantify the effect of plant and site interactions
under specific crop combinations and spacing, and to provide
data on the effect of species and treatment on soil
properties.

E4 Intensive production plots. Close spacing and intensive
cultivation may be used to assess an accelerated effect of a tree
stand on the soil, and to provide a field laboratory for the study
of nutrient cycling and the sustainability of high productivity.

Object: to
cultivation
time.

detect site change associated with
of monocultures within the shortest

intensive
possible
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Figure 1.2
Height growth data from Pi plots

1.7 Data collection and analysis

The manual is a guide to the collection of field data required for
satisfying one or more of the objectives defined in Section 1.3 above.
The choice of variables to be recorded should depend on the objectives
of the monitoring system being applied. The hierarchy of plot types
given in Tables 1.1 and 1.2 indicate various intensity levels for the
study of stand growth and site change. The intensity at which a forest
or plantation should be monitored will depend on the degree of urgency
for the information as recognized by management set against the
availablity of resources that are available for carrying out the
programme.

Suggestions are given in Table 2.1 for
the choice of variables that might be
assessed wi thin each of the proposed
observational plot types.

Procedures are given in Chapter 3 and
model field forms are included in a
separate section. These should provide
material for the implementation of a
moni toring programme. In some cases t

for example if a new programme is
being drawn up, it may be appropriate
to follow the proposed methods
closely. In other cases, where
existing plot procedures have been
well tried, the proposals presented
here may suggest possible additions or
improvements to the existing system.
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The manual differs from earlier publications on the subject of plot
procedures in providing an introduction to microcomputer software for
the processing of the data from most of the field forms presented. As
this is an area of rapid change there may be a large number of editions
of the programs that are mentioned for different machines. Enquiries
from readers will be welcomed by the author as to the availability of
the current software. A description of one of the first set of programs
developed for the data capture and processing of tree and stand data
from permanent sample plots is given in Chapter 4.

1.8 Results expected

From temporary plots or from the first measurement of permanent plots:

growth summaries of individual plots at each assessment (e.g.
Appendix 14, following page 157)

- tree and stand stem volume tables to various diameter limits
- phytomass tables for estimating branchwood, foliage weight and area,

bark percentage and, possibly, root weight, from tree diameter and
height

- plot maps for ease of relocation of individual trees and estimation
of 'competition' indices.

From subsequent assessments of permanent plots:

- site index curves and functions for grouped plots {in strata,
Figures 1.2 and 1.3}

- yield summaries by strata
- data base of the site variables that have been assessed linked to a

data base of the crop growth for the testing of correlations
between growth, site and treatment.

This will lead, after a period of observation, to the modelling of the
growth observed in terms of site and treatment.

Where complementary experiments have been installed (E type plots) the
treatment effects will be modelled more precisely.

It
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V

C
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Figure 1.3
Site class curves
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1.9 Management implications

The continuous fores t inventory proposed for moni toring si te change
should be considered part of management rather than merely another
research project. The data are designed to provide a feed-back of
information to test management predictions and, if appropriate, lead to
modifications of management practice (Figure 1.4).

THEORETICAL

Modify?

Sub - models:

r-------------t REGENERATION

_------1 STAND GROWTH t I

CONTINUOUS INVENTORY

DATA BASE

PRODUCTION FORECJ\STS

ECONOMIC FORECASTS

THINNING & FELLING PROGRAMS

REGENERATION PROBABILITIES etc.

Figure 1.4
Feed-back to management
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planning

2 Introduction

This chapter sets the scene for the field studies. Go to Chapter 3
for practical field instructions.

2.1 Defining the population

'Population' in the statistical sense has a precise meaning that must be
clearly defined for a particular inventory or monitoring programme. This
should be distinguished from the concept of a forest stand as a
'population' of trees of varying species and size. This refers to the
natural, or ecological units that are being sampled. The natural
population will be defined as a forest type of a given species
composition and structure, for example: 'even-aged plantation of
Pinus patula occurring above an altitude of 1500 m in Malawi'. This is
descriptive but not very precise as a number of provenances may be
included that perhaps should be identified. Furthermore this description
does not define what characteristics of the plantation are to be
measured. It is often assumed that total bole volume will be of greatest
interest. For management purposes stand density may be of more
importance in the younger age classes while the Utilization Officer
needs information on the variation of wood density in the different
parts of the stand.
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A population is therefore defined as 'any set of individuals (objects or
sampling units) having some common observable characteristic'. The
population is the 'aggregate' from which the sample is chosen.
'Population' may be used, in different contexts, to refer to the
measurements of the unit or to the unit itself.

Examples of' populations ' include, number of trees per unit area,
number of trees per sample unit, branchwood volume per tree, total bole
volume per sample unit, and diameters of all trees.

Any of these could be the 'reference population' that is to be sampled.
The limits of the reference population have to be defined for any
particular surveyor monitoring programme. The last example is
meaningless unless qualified.

BOLE VOLUME

DIAMETER CLASS

LEAF AREA

Figure 2.1
Defining the 'population'

2.2 Parameters, variables and sample units

A population is characterized by certain constants which are known (to
statisticians) as parameters. The mean and variance of the diameters
measured within a sample plot are examples. If the diameter distribution
can be assumed to be 'normal' these parameters provide a sufficient
quantitative description of this aspect of the stand of trees being
sampled. The tree diameters vary one from another in a random manner and
so 'diameter', in this example, is called a variable. For a given
population the mean and variance, however, are constant. Thus a sample
survey will be summarized in the form of a number of parameters that
describe the population of interest quantitatively (the mean) with a
known precision (derived from the variance).
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The object of sampling is to estimate these parameters. The choice of
sample unit to estimate the parameters of a particular population is one
of the most important decisions to be made in planning the programme.

The basic sampling unit proposed is a plot of known area as in most
continuous forest inventories. Two-phase sampling, or the use of
subsamples for the measurement of subsidiary variables (usually costly
or difficult to assess) are frequently used in sampling for growth
studies. For example, individual trees within a fixed-area plot might be
selected, using some objective method, to provide a subsample for volume
and foliage weight assessments. Branches might be selected within a tree
for obtaining data of branch weight. This would represent a third phase
of subsampling within the plot.

2.3 Sampling design

A search for the optimum design at least cost is essential to the
planning stage of a conventional forest inventory. The criterion of
precision (sampling error) is not necessarily appropriate for
determining the sampling design and sample size for monitoring forest
growth. In most situations the cost of establishing and
maintaining the necessary number of permanent sample plots
required to give an acceptable precision for the estimate of the
mean of, say, total volume increment per unit area, will be
unacceptably high. However, a satisfactory design can be achieved if
the permanent sample plot is considered as a subsample wi thin a
primary sample of temporary inventory plots, whether the primary sample
has been established in reality or not.

Within the range of alternatives between simple and stratified, single­
stage and. multi-stage, systematic and random sampling that may be
considered appropriate for a particular forest type, no single design
can be recommended. The choice depends on the variability of the
population, accessibility and the relative costs of locating and
measuring an individual sample unit. A discussion is outside the scope
of this manual but reference should be made to the standard references
cited. Notes on the various types of sampling are given briefly in the
following sections.

2.3.1 Subjective and objective sampling

To ensure that an acceptably precise estimate of stand parameters is
calculated from any sample plot data base, it is important that the
sampling frame be located objectively rather than subjectively. A
subjective design, where sample units are chosen deliberately by the
designer, would ensure an initial bias where there is no need for one.
Loetsch and HaIler (1973) state that "under no circumstances" should
sample plots be subjectively selected.

2.3.2 Systematic sampling

Objective sampling designs for growth and yield studies tend to be
either random or systematic. A systematic approach consists of select­
ing a sample of N units from which a unit is selected at random from
the first K units and every subsequent K-th unit (Cochran, 1963).
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Although the first sample unit is randomly chosen all other samples
are selected according to a strict pattern. In practical terms the
positioning of the first sample unit determines the location, usually
laid out in grid fashion, of all other selected units (Figure
2.2). Systematic desi~1s are normally used for forest inventories,
particularly those carried out in areas being surveyed for the
first time (FAO, 1981). They are attractive in that all parts
of the population appear to be covered, and the unit cost per
plot sampled is relatively low. Disadvantages associated wi th
this type of sampling are that it is not possible to calculate
the precision of any estimates and, more significantly when
considering growth studies, the sampling intensity and related
costs are excessive to requirements (Alder, 1980). Systematic
sampling can also lead to biased estimates if the interval
between sample uni ts coincides wi th some naturally occurring
periodicity within the population.

Figure 2.2
Systematic sampling
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2.3.3 Simple random sampling

A simple random design can be defined as the equal probability of
selecting a sample of any combination of N units from the given
population. This is illustrated below. Sample units can be selected
with replacement (they have an equal probability of being selected

again), or without re­
placement (once selected
they cannot be sampled
again). The latter condi-
tion assumes an infinite
size of population yet is
the one adopted for most
forest sampling designs.
Clearly any population
is not of an infinite
size. Therefore when
calculating precision of
estimates a correction is
made, the 'finite popula­
tion correction'. This
however can usually be
ignored when the sampling
fraction does not exceed
5% (Cochran, 1963). One
criticism of simple
random designs is that,
sometimes, significant
areas of the population
remain unsampled as shown
in Figure 2.3.

Figure 2.3
Random sampling

2.3.4 Stratified random sampling

Prior knowledge about a population can be used to increase
the precision and efficiency of a sampling design. If units
of the population can be grouped together into sub-populations or
strata on the basis of similarity in some characteristic then, once
delineated, each strata can be sampled independently. Group
estimates are then combined to give a population estimate.
If the within-stratum variation among units is less than the
between-strata variation among uni ts the total population
estimate will be more precise than if sampling had been random
throughout the entire population (Freese, 1962, see Figure 2.6).
Stratification, as shown in Figure 2.4, helps to avoid any very
irregular distribution of selected uni ts throughout the
population. It is often used with simple random designs and also
provides ~stimates of means for each stratum. One constraint is that
within each stratum two samples must be selected. A stratum does not
have to be a single consolidated unit within the population but can be
fragmented.
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Figure 2.4
Stratified random sampling

2.3.5 Multistage designs

A recognized cost effective method of sampling is termed multistage.
This is characterized by sub-dividing the population into a frame of
primary uni ts . A number of selected primary uni ts are sub-divided
still further into secondary units. Sample units are selected
from wi thin these, or the process is carried a step further and
selected secondary units are subdivided into tertiary units
from which the final sample uni ts are chosen. The final
selected units may be arranged as illustrated in Figure 2.5. In
comparison with a simple random design, a multistage of the same
sampling intensi ty reduces the cost of locating and physically
getting to the sample units. More selected primaries with fewer
secondaries lead to a higher cost but greater precision. Fewer
primaries wi th more secondaries cost less but also give less
precise estimates. One disadvantage of multistage designs is that
only some of the sub-divisions are sampled; in stratified designs
all are sampled.
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Figure 2.5
Multistage designs

2.3.6 Sampling with partial replacement

At the second and subsequent assessments a review of the information
provided by all plots should be undertaken to ascertain whether
some plots may be discarded or replaced by new plots either in
newly planted areas or on sites under-represented by existing
plots. This is known as sampling with partial replacement (SPR).
It will increase the efficiency of the sampling design by
reducing the number of Pl plots that must be retained permanently,
with little loss of prec~sion of growth estimates.

2.3.7 Use all available data when designing the inventory

The sample design need not be the same in all districts and units. It
should take account of existing inventories and related studies (for
example in Honduras - such as those in the ESNACIFOR school forest, or
the USAID Site Productivity Project). Use should be made, whenever
feasible, of existing data or of data being collected in other
projects. Where sample growth plots exist, even if intended for other
purposes, it will be unlikely that new CFI plots will be needed if
these can provide the essential minimum data on stand growth. The
subsampling for P2 (productivity) plots can be made on any existing
sampling pattern.
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2.4 Methods of stratification

Stratified random sampling is suggested in the section above as being
the most appropriate design for the allocation of Pi plots. The basis of
stratification should be some characteristic of the population that is
derived independently from the observed growth variables. Examples are
species, planting year, soil type, topography or climatic zone. A char­
acteristic that can be extracted from aerial photographs, topographic or
soil maps is often convenient (Figure 2.8). Where no such basis for
stratification exists it may be possible to group the units of the
population on the basis of some site factor assessed during the invento­
ry but independently of the growth data using a post-stratification
procedure. Estimates of growth rates for the stratified sample are
likely to be more precise than for an unrestricted random sample.

Part of a map of a plantation forest in East Africa is shown in Figure
2.7. This would provide one of the sources of information for planning
the inventory, first with temporary sample (T) plots, if required, and
then for the location of continuous forest inventory (Pi) and productiv­
ity (P2) plots.

Figure 2.8 shows the same map divided into two strata, one on each side
of the central ridge. Stratum A could represent a zone of higher
rainfall than B. The area could also have been stratified on the basis
of altitude, soil type, species, age of plantation, or many other
criteria.
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Figure 2.6
Stratification and variance
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Figure 2.7
Map for planning the inventory

Figure 2.8
Stratifying the inventory area on topographical features
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2.5 Selection of variables

A decision made at the planning stage about what is and what is not to
be measured is crucial. It is easy to decide to collect as much
information as possible from a sample plot or a felled tree in the
expectation that it will be useful at some later stage. This can lead to
unnecessary cost, and usually does, unless specific plans for the
processing of the data and its application to a research or management
problem are also laid down at this stage. On the other hand, failure to
assess a variable may result in limiting the useful options available to
the monitoring programme. For example, should crown length be measured
in Pl plots sited in an even-aged plantation? This is not necessary
for estimating the normal stand growth parameters but, for the
application of many growth models crown length has been found to be a
significant predictive variable. Of greater importance, because of the
high cos t involved, is the decision to measure si te variables,
such as some physical properties of the soil, or not. The decision
obviously depends on the objectives of the monitoring programme (see
section 1.3), but there will remain an element of 'star gazing' in
deciding whether the inclusion of an additional variable can be
economically justifiable.

Table 2.1 gives a check list of variables that may be considered
necessary for inclusion in a monitoring programme. These are listed with
reference to the various plot types given in Table 1.1.

2.6 Sample size

The sample size refers to the number of sample units at each stage, or
each phase, of sampling. The total number of tree diameters, or of any
other variable, measured in an inventory will depend also on the size of
the sample unit chosen at each stage or phase. A brief note on size of
plot, being the primary sample unit recommended for a eFl, is given in
Section 2.8 below. The number of sample units (plots) of each of the
three observational plot types described in Table 1.1 (T, Pi and
P2) and the des tructive sample plots (type D) depends on policy,
resources available and the variabili ty of the forest being
monitored. The following suggestions may be used as a general guide.

2.6.1 Number of r plots required

The number of temporary (T) plots per stratum may be determined by
the estimated variability of the population (usually total stand
volume, dominant height or basal area) and the sampling error
percentage that is acceptable to management ninety-five times out of a
hundred. The optimum number of plots in the sample will also depend
on the relative cost of locating the plots to the cost of measuring
variables within the plots. In most practical situations the desired
optimum number is constrained by the funds available for the
inventory (see the example in Appendix 10).
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Table 2.1

Check List of Variables
to be recorded on observation and destructive sample plots

+Plot type:
--------------
P1 P2 D CA
----- ... --------

Living organic matter

Stand Age * * * *
Mean diameter * * * *
Distribution of diameter * * * *
Dominant height * * * *
Mean height * * * *
Height/diameter relation C C C C
Total bole volume C C * C
Utilizable volume C *
Branch volume C * C
Above-ground phytomass C * C

Tree Total height * * * *
Diameter over bark (ob) at 1.3 m * * * *
Diameter under bark (ub) at 1.3 m - *
Diameters (ob/ub) at other hts C * C
Diameter of sapwood at 1.3. ID * * *
Diameter of sapwood below crown * *
Bole volume C C * C
Bole weight C * C
Neighbour-tree weighted distance * *

Crown and foliage Crown length * * *
Crown diameter C * C
Branch diameters *
Heights of branch bases *
Leaf area index C * C
Total crown weight C C C
Foliar samples for analysis * * *

Understorey vegtn Total weight C * C
Species abundance * * *

(+) see Tables 1 and 2 on pages 5-7. CA = catchment area study.
C = values estimated from regression; R = value obtained from records
* = values measured on this plot type.
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Table 2.1 (continued)

Check List of Variables
to be recorded on observation and destructive sample plots

Plot type:

Pi P2 D CA

Root systems

Dead organic matter

Leaf litter

Dead branches,
fallen wood, bark.

Soil

Density of roots at var.depths
Dimensions of coarse roots
Fine root weight
Root samples for analysis

Weight on successive occasions
Nutrient content

Weight on successive occasions
tt

*
*
*
*

*
*

*
*

*
*
*
*

*

*
*
*
*

*
*

*
*

Physical properties

Chemical properties

Climate

Precipitation

Drainage (water level in pits)
Organic matter content
Depth of humus
Depth of AO,A1 horizons
Depth to limiting horizon
Texture
Structure
Consistency
Permeability
Bulk density
Available moisture capacity
Actual moisture content
Effective rooting depth

Total nitrogen
Potassium
Calcium
Available phosphorus
Cation exchange capacity
Base saturation
Carbon/nitrogen ratio

Annual
Growing season
Monthly means
Stem flow
Through fall
Chemical analysis

* *
* *
* *
* *
* *
* *
* *
* *
* *
* *
* *
* *
* *

* *
* *
* *
* *
* *
* *
* *

R R *
C C *
R R *

*
*
*

----------------------------------------------------------------------
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Table 2.1 (continued)
Check List of Variables

to be recordedon observationand destructivesample plots

Plot type:

Pi P2 D CA

Temperature

Humidity

Radiation

Windspeed

Topography

Annual
Degree days
Monthly means
Monthly maxima
Monthly minima
Frost days

Saturationdeficit
Potential evapotranspiration
Relative humidity at 0900 hrs

Latitude
Aspect
Measurements

Mean monthly at 2 ID

above ground

R
C
R
R
R
R

R

R
*

R

R
C
R
R
R
R

R
R
R

R
*

R

R
R
R
R
R
R

R
R

R
*

*
*
*
*
*
*

*
*
*

R

*
*

*

Altitude
Local topographicposition
Slope, angle and type
Exposure

Hydrology

R

*
*
*

R
*
*
*

R
*
*
*

*
*
*
*

Ground water

Run-off

Silvicultural notes

Soil water depletion rates
Nutrient content
Rate
Nutrient content

*
*
*
*

Phenologicalobservations
Pestsand diseasesobserved
Chlorosis
Dates of thinnings
Intensity and type of thinnings
Dates and height of pruning
Fertilizer inputs and dates
Unplanned removals
Termite activity
Common fungal species
Principal mycorrhiza species

*
*
*
*
*
*
*
*
*
*
*

*
*
*
*
*
*
*
*
*
*
*

*
*
*
*
*
*
*
*
*
*
*

*
*
*
*
*
*
*
*
*
*
*
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