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Observations and 
measurements

Christoph Kleinn (lead author), Netra Bhandari and Lutz Fehrmann

THIS CHAPTER DISCUSSES THE FOLLOWING POINTS:

• Methods for collecting observations at different sampling 
locations selected based on a given sample design.

• General aspects of different observation units, such as points, 
lines and areal plots. 

• The different types of variables typically assessed in forest 
inventories.

Abstract
Observations and measurements are the basis 
for all data analysis and estimations in forest 
assessments. This chapter is concerned with 
the response design of forest assessments, 
sometimes also termed observation design, and 
covers the following questions: (i) What types 
of variables are typically assessed in national 
forest assessments? (ii) How are observations 
and measurements made on population 
elements selected from the population by the 
sample design? and (c) What can be done in 
forest assessments to achieve high-quality 
data. 

Observations and measurements in NFAs 
are typically gathered in the field (either 
on field plots or through interviews) or via 
remotely sensed data. The decision as to 
which variables to observe in a particular 
NFA is relatively simple (though in practice 
sometimes not so easy) – the NFA must 
focus on those variables required to generate 
the target information. All variables need 

to be defined in an unambiguous manner 
and the measurement procedure itself must 
be defined in detail. There needs to be a 
clearly defined measurement protocol (often 
referred to as a field manual) for the successful 
implementation of the inventory in the field. 
The choice and organization of appropriate 
methods, instruments and tools influence the 
reliability and quality of the measurements. 
It is important to train field crews before 
field inventory practice, and supervise 
and independently cross-check field work, 
measurement devices (calibration) and the 
data delivered. 

1. Introduction
The design components of a sample-
based inventory can be subdivided into: (i) 
sample design, (ii) response design and (iii) 
estimation design, following a logical and also 
a temporal order. This chapter is concerned 
with the response design, sometimes also 
termed the observation design, and examines 
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how observations and measurements made 
on population elements are selected from the 
population by the sample design. Following 
this process, estimators are applied to the 
set of observed values, eventually producing 
estimations that constitute the results of the 
sampling study (estimation design).

Measurements and observations for 
NFAs are drawn from several different 
sources: maps, aerial photographs, satellite 
imagery and the field. Increasingly, Lidar is 
emerging as a source of remotely sensed data 
competitive with satellite imagery. While this 
chapter focuses on measurements in the field, 
the general observations on data quality and 
measurement strategies also hold for other 
forms of measurement.

2. Variables typically 
assessed in NFAs

2.1 Types of variable
Observations produce values for variables 

and are made on defined observation units. 
The term attribute is frequently used in 
the same sense as variable, where the term 
“attribute” refers more to the characteristic 
of the object, and “variable” has a statistical 
connotation defining the characteristics as 
random variables that take on observable 
values.

For the purpose of NFAs variables may 
be classified according to different criteria, 
including:

• Classes of variables in a statistical sense 
(depending on the scale on which they 
are observed). Here, “measurements” 
may yield a metric value (for metric 
variables such as distance, diameter or 
height) or a classification into one out 
of a set of two or more categories (for 
categorical variables such as species, 
forest type and soil type). 

• A distinction between directly observed 
and derived variables. Some variables 
are directly measured/observed, such as 
diameter at breast height (dbh) or tree 

species, and some are derived/modelled, 
such as volume and biomass, and most 
observations of change (see chapter on 
Modelling for Estimation and Monitoring 
p. 111).

• A distinction between status and change 
variables. The majority of measurements 
give a status value for a given attribute. 
Only a few change attributes can be 
measured directly at one point in time. 
Typical examples include increment 
borings, where the change (increment) 
of dbh over a certain period can be 
measured directly, and the measurement 
of length of terminal shoots of coniferous 
trees. The estimation of changes for other 
variables (e.g. carbon stocks) is therefore 
based on measurements taken at two 
points in time.

The number and range of attributes typically 
covered in an NFS is wide. Traditionally, 
biophysical variables are observed, but 
there is a tendency to complement the 
data on the biophysical resource with 
stakeholder-oriented data on forest use. 
Tropical inventories also increasingly assess 
sociological and local economic variables for 
areas in the vicinity of plots. For example, 
a homeowner living close to a plot may be 
interviewed for purposes of assessing the 
degree to which indigenous populations use 
the forest. In addition, extension of the scope 
and goal of forest inventories both towards 
information provision for criteria and 
indicator (C&I) processes, and multiresource 
inventories/landscape inventories, leads to 
an extension of the types and number of 
variables included. The number of attributes 
observed on each plot can be as high as over 
250 and, in most cases, is not less than about 
100. It includes concept areas such as: “land 
use, forest area and forest type area”, “growing 
stock”, “carbon balance”, “wood production”, 
“non-wood forest products”, “biological 
diversity in production forests”, “soil erosion” 
and “water conservation in forests”.1

1 For more information see:  
www.pefc.org/ramme2.htm
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2.2 Typically employed 
data sources 
As NFAs are complex and usually expensive 
undertakings, it is important to make efficient 
use of the various sources of information. 
Fieldwork (i.e. sample-based observations 
from field plots and interviews) and analysis 
of remote sensing data constitute the main 
sources of up-to-date data and information.

A multitude of other sources of information 
are used in the planning, implementation 
and analysis of an NFA. These include maps, 
previous inventory reports and documents, 
research studies and expert knowledge. 
However, these are rarely used to retrieve data 
for analysis.

Photographs of plots and their surroundings 
provide additional possibilities to document 
the current situation in a comprehensive 
manner, and allow changes to be described 
qualitatively at a later point in time. 
However, such methods are not applied 
frequently, as they require efficient data and 
image management, and standard analysis 
procedures are often unavailable.

2.3 Which variables should 
be included in an NFA?
The decision concerning which variables to 
observe in a particular NFA is strategic. The 
assessment must focus on those variables 
required to generate the target information. 
In many forest inventories and NFAs more 
variables are observed than are eventually 
analysed and reported. While there is a 
“general documentation character” to all 
forest inventories, and such data can be helpful 
for subsequent and unforeseen information 
demands, it can also be a waste of resources. 

It is advisable to mainly include those 
variables for which a direct use is known and 
on which the inventory will report directly 
(e.g. “forest type”). Variables used as an 
input for models should also be included. 
For example, NFAs do not usually report on 
“tree height”, but it is used as input for various 

derived variables such as “volume/biomass/
carbon” and “forest structure”.

Ideally, analysis methods for all variables 
should be known a priori. It is useful to 
simulate the analysis before starting data 
collection, as this helps to identify additional 
variables for inclusion and can determine 
which variables are less useful and should be 
excluded.

It is important to emphasize that staff (field 
crews and image interpreters) must be able 
to make measurements/observations with 
reasonable effort. Furthermore, they should 
be able to acquire the respective knowledge 
in training activities with reasonable effort. 
For example, field observations of specific 
soil and site attributes will probably be 
limited to a few variables, unless a soil expert 
accompanies the field crew. The same holds 
for more comprehensive inventories of lower 
plants, specific non-wood forest products or 
wildlife. It is probably overambitious to expect 
field crews to be capable of identifying all tree 
species in a moist tropical forest, unless the 
team includes an expert dendrologist, which 
is likely to make the exercise more costly.

2.4 Defining the variables: 
the measurement protocol 
To guarantee overall interpretable results,  
the variables need to be defined in a 
comprehensive manner. The inventory 
staff dealing with measurements and data 
must therefore have access to clear and 
understandable definitions. These definitions 
are usually written in an inventory manual. 
Many such manuals exist worldwide and can 
be adapted to create a new inventory manual. 

All variables need to be defined technically 
in an unambiguous manner. The measurement 
procedure must also be defined in detail. A 
definition that lacks an indication of how to 
carry out the measurement is incomplete, 
and may lead unwittingly to results that are 
inconsistent. Typical examples include the 
variables dbh and forest. 

For the variable “dbh” a complete definition 
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comprises the following:
• The height at which the dbh is to be 

measured (1.3 m)
• How to proceed in cases where 1.3 m is 

an impossible height to measure (usually 
presented as a set of drawings)

• The measurement unit to be taken and 
the scale (e.g. centimetre, to the first 
decimal)

• The measurement device to be used and 
what to observe while using it.

For the variable “forest”, quantitative (e.g. 
minimum crown cover, minimum width, 
minimum height, minimum area of a forest 
patch, etc.) and qualitative (e.g. definition 
of tree, vegetation types, etc.) criteria are 
usually defined. In a small number of cases, 
a definition is also needed for a procedure to 
measure “crown cover” or “stand width” in a 
concrete case. 

For categorical variables, each occurring 
category (class) needs to be considered, either 
as a separate category, or aggregated with 
others into one class. For some variables it 
is recommended to use the class “others” for 
unforeseen cases. The class descriptions should 
allow field crews to make rapid and clear 
decisions, and the classes themselves should 
be meaningful for the analysis. Regarding 
measurement procedures, variable thresholds 
and measurement protocols are increasingly 
considered in the larger context of the ability 
to report in a manner comparable/compatible 
with international processes (Tomppo et al., 
2010). 

3. Measurements

3.1 Basic measurements
The measurements carried out in forest 
inventories are usually of the following types:

• Measurement of distance/length
• Measurement of angles
• Measurement of areas (using maps or 

remotely sensed data)
• Measurement of position (satellite 

navigation)

• “Measurement” of condition class (i.e. 
classification – assigning an object to a 
defined set of condition classes).

Measurement of distance/length
Length measurements are made for individual 
tree characteristics (diameter and height 
also correspond to distance/length), plot 
establishment (e.g. the radius of a circular 
plot) and when navigating to the chosen 
plot location. Distance/length measurements 
can be made directly or indirectly. Direct 
measurements of tree heights can reasonably 
only be done with small trees, usually 
regeneration trees. Direct measurement 
involves placing a ruler or a stick with metric 
subdivision next to the tree and recording 
the height. Indirect linear measurement is 
accomplished by using techniques such as 
geometry and trigonometry to calculate the 
length. Many measurement techniques and 
devices are available, which vary widely in 
cost and accuracy. 

Different options are available to measure 
distance, including estimation by “calibrated” 
pace (pacing), measurement by tape 
(horizontal measurement) or measurement 
by mechanical-optical devices (Blume-Leiss, 
Suunto). Higher speed and accuracy (at 
higher cost) are obtained with instruments 
that use laser or ultrasonic technology (e.g. 
Vertex). These calculate distance based on 
interferometry of wavelength or the time that 
a sound impulse takes to travel the distance to 
the target object.

The most commonly used instruments for 
measuring dbh are callipers and diameter tape. 
Tree height is measured indirectly through a 
simple trigonometric or geometric approach 
using mechanical-optical or electronic 
devices, such as the Spiegel Relascope, or 
hipsometers (e.g. Blume-Leiss, Haga, Suunto, 
Silva, Vertex, etc.).

In all cases, length measurement needs to 
follow clear definitions. Distances measured 
in the field are usually meant to be horizontal 
distances and need to be corrected in sloped 
terrain. Tree height is the vertical distance 
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between the highest and lowest point of the 
tree, and not necessarily the length of the 
oblique/curved stem.

Measurement of angles
Slope angle and bearing are basic components 
of various measurements. Slope angle 
measurement is necessary to measure tree 
height, to determine a factor for slope 
correction of plot area, and to reduce slope 
distances to horizontal distances.

Measurement of areas (using maps or 
remotely sensed data)
Direct measurements (as opposed to sample-
based estimations) of areas are carried out only 
with maps and remotely sensed data, usually 
after having digitized the corresponding 
polygons. Measurement of areas is rarely 
carried out in the field, although this can be 
accomplished with the assistance of GPS or 
electronic distance meters in combination 
with a digital compass. If, for example, the 
plot area needs to be determined, as it falls 
outside the present condition class, then the 
normal approach would be to avoid direct 
measurement and instead use distance 
measurements to calculate the area.

Measurement of position (satellite 
navigation)
Satellite navigation uses distance 
measurements via a set of satellites to 
determine three-dimensional positions. Three 
basic functions are important for NFAs: (i) 
navigation, or “finding the way to the sample 
plot in the field”; (ii) position, or “determining 
the position of sample points or other 
reference points in the field”; and (iii) tracking, 
or “monitoring the movement of people”. The 
latter can be used to document the access path 
to a plot, thereby helping to ensure that field 
crews reached the correct target sample plot 
location. 

Regarding GPS receivers, the highest-grade 
receivers affordable should be considered. 
Plot locations are increasingly registered 
via remotely sensed data such as satellite 
imagery pixels or Lidar pulses. Higher-grade 

GPS receivers greatly facilitate this process. 
McRoberts (2010) showed that approximately 
half of inventory plots registered via GPS 
receivers with an accuracy level of 10-20 m are 
associated with incorrect Landsat pixels.

“Measurement” of condition class 
(classification)
For categorical variables, measurement 
concerns the assignment of a response to one 
of a set of defined classes. Here, the complete 
set of possible “values” (classes) needs to 
be defined. Typical examples include the 
variables “forest type” or “tree species”.

Subjective estimations of values/
guesses
Not all measurements follow objectively 
reproducible observation procedures. 
Sometimes, guesses are a quick method for 
data provision. However, for obvious reasons 
their use should be restricted to those variables 
where more objective and reproducible data 
acquisition techniques are not feasible.

Measurements of some NFA relevant 
variables
The concrete set of variables to be covered 
by a specific NFA depends on the specific set 
of objectives. The variables can be grouped 
into major subject areas. As an example, 
a comprehensive comparative study of 
European National Forest Inventory Systems 
(European Commission, 1996) used the 
following grouping of variables:

• Geographic and topographic variables
• Ownership variables
• Variables on wood production
• Variables of site and soil
• Variables concerning forest structure
• Variables concerning regeneration
• Variables concerning forest condition
• Variables concerning accessibility and 

harvesting
• Variables describing forest ecosystems
• Variables concerning non-wood forest 

products.
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4. Observation 
units and their 
characteristics

Once the sample design is complete, 
objects are selected for observation. Each 
selected object constitutes one independent 
observation for estimations of the mean, 
variance and variance of the mean (Cochran, 
1977; Gregoire and Valentine, 2008). 

The “objects” selected for observation in 
NFAs usually comprise one of the following 
types:

• Individual elements (e.g. tree) 
In NFAs we usually employ an areal 

sample frame, selecting the position of our  
observation units on a map. The 
observation units can be characterized by its 
dimensionality:

• points: dimensionless observation units,
• lines: one-dimensional observation 

units, and 
• areas, fixed or variable: two-dimensional 

observation units.
Each object has its specific characteristics 

discussed in the following.

4.1 Individual elements
The selection of individual elements as 
observation units is not a major issue in the 
context of NFAs. This is mainly done when 
not all tree variables can be observed on 
all individual trees within a plot (e.g. tree 
height). Subsampling of individual trees can 
be performed to obtain these measurements. 
In these cases, a common way to determine 
which trees to measure is to use a non-
sampling approach (e.g. the five trees closest 
to the plot centre or a certain number per 
main tree species will be measured for height).

The issue of selection and observation of 
individual elements can also arise during 
interviews. Here, individual “elements” are 
selected for observation (e.g. forest owners, 
forest users, etc.).

4.2 Points (dimensionless 
observation units)
Sample points are commonly used to estimate 
the area of condition classes in remote sensing 
imagery. This is also the case in the field where 
the centre of a plot is a sample point in which 
values of categorical variables are observed. 
These may be values of binary variables (e.g. 
forest/non-forest, burned/not-burned) or 
of a categorical variable with more than two 
classes (e.g. forest type, soil type, ownership). 

4.3 Lines (one-dimensional 
observation units)
Lines are one-dimensional observation units 
without width. Narrow strips, sometimes 
erroneously also referred to as lines, do have 
a width and full under the “area” type (see 
section 4.4, p. 47). Line sampling can be 
applied with remotely sensed data, as well as 
in field sampling. A common application in 
NFAs relates to the use of cluster plots, where 
the connecting line between the subplots is 
used as an observation unit.

A limited set of observations can be made 
regarding lines: 

• Lines can be used as a tool to select 
individual elements from a population. 
For example, once a sample line is laid, 
measurements can be taken where 
it intersects with understory shrubs. 
However, this application is not a 
common in the case of NFAs.

• The number of intersections of a sample 
line with one-dimensional features in 
the forest or landscape allows the total 
length of these features to be estimated. 
This is based on a technique called “line 
intersect sampling”.

• The proportion of sample line length 
that passes through a particular 
condition class allows for estimation of 
areas and area proportions. This is based 
on a technique called “line intercept 
sampling”.



47

4.4 Fixed or variable 
areas (two-dimensional 
observation units)
Sample plots are probably the most important 
observation units in forest inventories. A 
variety of plot types are used for this purpose. 
All plot types include a set of trees for one  
single selection step of the sampling 
procedure. Plot-related variables (e.g. forest 
type, topographic variables, soil variables) and 
tree variables are usually observable on a plot. 

It should be clearly understood that, for 
plot and tree variables, the entire plot is the 
observation unit, and each plot delivers one 
independent observation for estimation (i.e. 
the plot mean or the plot total). 

Fixed area plots
Fixed area plots are probably the most 
frequently applied and for many situations 
constitute the most practical, efficient and 
easiest to process plot design option. As 
soon as the plot position is located, plot and 
tree-related measurements are made. Tree 
measurements are taken for all trees included 
in the sample, based on the stipulated plot 
shape and size, while plot measurements are 
taken at defined locations within the plot 
area. The most common shapes are circular, 
rectangular and square plots. There is no 
standard plot size. In temperate and boreal 
regions, sizes of 500 m² and 1 000 m² are 
common; in the tropics, larger area strip plots 
are usually employed, for example, 20 m x 
250 m. 

Nested plots, regeneration plots
It is inefficient to work with a single plot area 
for all tree dimensions. Natural forests, in 
particular, often have very many small trees 
and only a few bigger trees on a given area. 
Therefore, different sample areas are used 
for different tree dimension classes. Plots are 
also of different sizes. While the whole plot is 
referred to as such, smaller plots are termed 
subplots, microplots or regeneration plots 
(when used to observe regeneration). For 

practical reasons, these subplots are usually 
contained within the plot area, and so are 
referred to as nested plots. Nested plots can 
be designed for any plot shape and may also 
combine different plot shapes. In the tropics, 
for practical reasons, subplots for larger trees 
frequently take the form of strip plots, while 
smaller circular plots are used to observe 
regeneration.

There is some discussion as to whether 
subplots, for example, for regeneration 
measurement, may be placed completely or 
partly outside the “main” plot. There is no 
objection to this from a methodological point 
of view. However, in rare cases this subplot 
section might fall under another forest type, 
which can complicate data recording.

It is not a good idea to place regeneration 
plots in the centre of a circular plot or directly 
on the central track of a strip plot, as there is 
a strong chance that the regeneration plants 
will be disturbed or otherwise damaged by the 
field crew.

Variable area plots for horizontal 
point sampling
The concept of different plot sizes for different 
dbh classes can be extended to allow every 
dbh a specific-size circular plot. The resulting 
plot design is known under a variety of 
names – variable area plots, relascope plots or 
Bitterlich plots after the Austrian inventor of 
the method, Walter Bitterlich. A sample point 
is selected and all trees that appear wider than 
a defined angle (from the perspective of that 
sample point) are included in the sample. 
This means that the strictly size-proportional 
selection of sample trees is made indirectly by 
establishing that particular view angle.

A simple count of the included trees produces 
a design-unbiased estimation of basal area per 
hectare. If the focus is the number of trees 
per hectare, the dbh of all sample trees must 
also be measured. It is important to note that 
this design is very efficient for estimation of 
basal area, while it is less recommendable if 
estimates on density (number of trees per 
hectare) is targeted.
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Different measurement devices have been 
developed to carry out relascope samples. 
A simple stick with a small plate at the end 
works as well as the thumb on the extended 
arm. In some regions, wedge prisms are used. 
The relascope offers many more additional 
functions.

Some variations on relascope plots have 
been developed (e.g. strip relascope sampling, 
vertical point sampling), but have little 
practical relevance for NFAs at present.

Point-to-object, object-to-object 
plots
Mainly known from ecological applications 
and lesser from NFAs are observation units 
in which not all the trees on a predefined 
plot area are included, but a fixed number of 
k closest trees to each sampling location. The 
number of trees per observation unit is then 
constant, but the “plot size” varies depending 
on density. A model-based approximation of 
a reference area for a particular observation 
might be defined by the distance to the n-th 
tree defining the radius of a virtual circular 
plot. This is a very practical and rapid method 
in the field; however, unbiased estimations 
are only possible if the spatial arrangement of 
trees is random. As this is usually not the case 
in forests, systematic errors are to be expected, 
particularly if the spatial distribution of trees 
is clustered.

Boundary trees, border plots and 
slope correction

Boundary trees. In the case of fixed area plots, 
it may not be immediately obvious whether a 
tree is actually in the plot or not. Verification 
can be time consuming, particularly as the 
aim is to minimize the number of trees to be 
controlled. Circular plots are optimal in this 
sense, as the circle has a minimum perimeter 
for a given area, and therefore a minimum 
number of boundary trees. Rectangular plots 
are much less optimal, as their perimeters are 
much longer for the same area.

In this context, a clear definition must 
explain which trees are to be included and 

excluded. In most cases, the virtual centre 
axis of the stem defines its position: if it falls 
within the plot area, then the tree is included. 
The same is true for highly oblique trees, even 
if the projection of its dbh lies outside the plot 
boundary. Conversely, an oblique tree that 
hangs over the plot is not included if its centre 
axis lies outside the plot area.

Border plots. Border plots partly overlap 
the boundary of different target condition 
classes (e.g. forest type). These plots are an 
issue of concern, especially when the study 
refers exclusively to the target condition class 
(e.g. forest). If the inventory extends to all 
vegetation and land-use classes (landscape 
type of tree inventory), border plots will 
occur more sparsely and only at the edge of 
the sample frame.

Sample plots are established if their 
defined reference point (the centre for 
circular or square plots or the starting point 
for rectangular plots) falls into the target 
condition class (e.g. forest). If a sample point 
falls outside, a plot will not be established, 
although part of it might be in forest.

Several options are presented in the 
literature for dealing with border plots. The 
mirage method is accepted to be practical 
and unbiased: the section of the plot that falls 
outside the forest is mirrored back into the 
forest and trees in this mirrored-back section 
are included in the sample twice. 

Some have discussed the option of leaving 
out border plots or shifting them until they lie 
completely within the forest. This approach 
will produce systematic errors of unknown 
magnitude and should not be applied.

Slope correction. Where a plot is defined as 
covering 1 000 m², this area refers to the map 
plane, as is the case for all area values used in 
forestry. In the case of slopes, it is important 
to use horizontal distances when measuring 
distance. The field crew can either hold the 
distance tape strictly horizontal (or use an 
instrument that measures horizontal distance 
automatically), or employ a “slope correction” 
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which guarantees that the area measured in 
the field will give the defined plot area when 
projected to the horizontal. The larger the 
actual area measured on the slope, the bigger 
the slope angle. In the case of circular plots, 
the procedure is to calculate the area of the 
ellipse by projecting the circle from the map 
plane onto the slope. The radius of the area-
equivalent circle is then determined and used 
for the field plot. 

Slope corrections need to be applied to all 
types of lines and area observation units. 
Some measurement devices automatically 
correct for slopes, for example, the relascope 
for variable plot sampling. Slope correction 
factors should be included in every forest 
inventory field manual.

5. Optimization of plot 
design

5.1 Fixed area plots
The approach used for sample design 
optimization is also used for plot design. 
Optimization is usually undertaken for one 
principal variable, often growing stock. In 
the case of NFAs, however, many variables 
are observed and are considered to be of 
importance. In such instances it is often 
advisable to make a formal optimization along 
a key variable (usually volume) and make 
a pragmatic decision taking into account 
general experiences from other NFAs.

The aim of the sampling exercise is to achieve 
the highest possible precision for a given 
cost (or the lowest cost for a defined level of 
precision). The response design contributes 
to this target by attempting to capture as 
much information as possible in each single 
observation unit.

It is obvious that, for a given sample size, 
larger plots yield more precise results, as 
more information is collected (at a higher 
price). However, for plots of a fixed size (e.g. 
1 000 m²) it is possible to vary the plot shape, 
which may also have a significant effect on 
precision.

The overall objective of plot design is to 
maximize variability, notwithstanding practical 
and budget limitations, by encompassing as 
many different conditions as possible. (This 
is different from designed experiments, 
where the conditions in an experimental 
plot should be as homogeneous as possible). 
High variability within a plot minimizes the 
differences between plot values of a sample, 
which in turn leads to smaller standard error.

With respect to plot shape, given the same 
plot area, the following statistical conclusions 
can be made:

• Elongated rectangular plots (strip plots) 
may be preferable to compact shapes, 
such as circles or squares.

• Cluster plots with spatially disjoint 
subplots are better than single plots.

However, the gain in statistical efficiency 
relates exclusively to the structure of the 
forest to be sampled (i.e. with the spatial 
autocorrelation of the variables of interest). 

Of course, certain practical aspects are of 
equivalent or even greater importance (see 
chapter on Organization and implementation, 
p. 13). In cluster plots the field crews spend 
much time walking, while in strip plots the 
number of boundary trees to be carefully 
checked is much higher than in circular plots 
of the same area (because of the minimized 
perimeter). In the case of circular plots, field 
implementation is more straightforward, as 
these are defined by locating a single centre 
point.

Visibility in the stands is also an important 
issue. Strip plots are preferred for poor 
visibility, as they allow observations to be 
made at relatively short distances from both 
sides of the central track. Circle plots are 
preferred for good visibility, as they enable 
faster measurement progress. 

A valid (though uncommon) approach is 
to combine, in the same survey, plots of the 
same area but different shapes. It should be 
stressed, however, that the plot shape should 
not be determined only in the field, and should 
make adjustments, for example, for terrain 
conditions. 
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Empirical evidence has found that about 
15–20 trees per plot is a good value for plot 
size. Having an idea of diameter distribution 
(e.g. from earlier inventories) can help to 
determine sizes of plots and subplots for 
different dbh classes.

Cluster plot optimization
Cluster plots are employed in most NFAs, 
mainly for practical reasons. Transport is 
commonly expensive, so it is important to 
capture as much information as possible at a 
specific location as possible (Tomppo et al., 
2010). Single large plots are highly inefficient, 
so the plot area is subdivided, and cluster plots 
of spatially disjointed subplots are established 
(sometimes also called tracts). The entire 
cluster of plots, arranged in a fixed geometric 
configuration, is the observation unit, yielding 
one single observation for estimation (Köhl 
et al., 2006). The spatially disjointed areas 
constituting the cluster are subplots of this 
cluster plot. It is important to note that the 
whole set of subplots in a fixed configuration 
is selected by only one sample location (one 
selected sample point based on the underlying 
sample design). As in a probability sample, 
the sample size refers to the number of 
independently selected elements; the subplots 
cannot therefore be treated as individual 
observations. In consequence, the whole 
cluster delivers only one observation.

Optimizing a cluster plot design involves 
considering a number of criteria and balancing 
practical and statistical aspects. Decisions 
need to be taken regarding the following 
points and may require trade-offs:

• Geometric spatial configuration of 
subplots: subplots may be arranged in 
a number of ways including a square 
tract, a half square (L-shape), on a line, 
triangle, cross, etc. 

• Spatial distance between subplots: the 
larger the distance between the subplots, 
the statistically more efficient the plot 
design; however, more time is used 
walking between subplots.

• Type of subplots and size of subplots: the 

same considerations hold as those made 
for single plots.

As a cluster plot typically has a much larger 
spatial extent, it is more likely that such a 
plot will intersect the boundary of the sample 
frame. 

6. Temporal 
versus permanent 
observations
Observation units, viz. sample plots, are either 
measured once in an inventory (temporary 
plots) or repeatedly in subsequent inventories 
(permanent plots). In the latter case, exactly 
the same plot is being visited again. Permanent 
plots are established to allow for efficient 
estimation of changes. 

Plots need to be registered and marked so 
that they can be found at a later date (see 
chapter on Organization and implementation, 
p. 13). This is usually done with the use 
of visible or invisible markers in the 
field, a sketch map, distance and bearing 
measurements to reference objects, and/or by 
GPS measurements. In order to generate “time 
series” of tree measurements, the individual 
trees also need to be recorded in a manner that 
allows later measurements to be attributed to 
exactly the same tree. Tree markers, such as 
numbered aluminium tags, can be used for 
this purpose (although these can be easily 
removed). Alternatively, the tree position can 
be recorded using a reference system (e.g. 
distance and bearing to plot centre of circular 
plots; length, side and perpendicular distance 
from the central track of a strip plot). 

Once the tree positions are recorded, the 
next step is to spatially record/map other 
features (e.g. stand boundaries, dead wood, 
etc.) so as to produce a mapped plot design. 

The creation of “permanent” plots requires 
a thorough and consistent approach to 
documentation, data management and project 
management.
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7. Concluding remarks

7.1 Data quality
Observations and measurements are the 
basis for all data analysis and estimations in 
forest assessments. It is therefore imperative 
to guarantee a high level of data quality. Data 
quality means that:

• Each single measurement is made with 
care and accuracy. 

• All measurements of a particular 
attribute follow the same specifications 
(in terms of definition and measurement 
procedure).

Measurement errors are usually not 
considered when accounting for errors in 
forest inventories. For the statistical analysis it 
is commonly assumed that all measurements 
are taken without error. Similarly, the 
uncertainty associated with model predictions 
of individual tree volume and/or biomass 
is also usually ignored (see the Chapter on 
Modelling for Estimation and Monitoring). 
That means that the error figures that statistical 
estimations provide must generally be taken 
as nominal errors, being a lower bound of 
real measurement errors. However, studies of 
error budgets for a large area forest inventory 
(Gertner et al., 1992) suggest that the standard 
error originating from the sample design is, in 
fact, the error component with the greatest 
relative relevance.

The following points can help forest 
assessments achieve good data quality:

• Assessment and measurement 
protocols: ensure complete and clear 
documentation and descriptions.

• Staff: undertake careful selection and 
training of field crews.

• Supervision: ensure oversight and 
control of fieldwork, measurement 
devices (calibration) and data delivered.

• Verification: undertake careful checks 
and calibration of measurement devices.

• Plausibility: undertake final checks when 
data are entered into the database.

7.2 Non-response
Non-response is a sampling “feature” that 
forms a default point of discussion in the 
social sciences, where data collection is 
based mainly on interviews. In this context, 
observations cannot be taken for a subset of 
sampled “elements” because the persons do 
not respond. 

Similar situations can occur in forest 
inventories. For example, sample plot 
locations may be inaccessible, or clouds and 
shadow may preclude observations for certain 
sections of satellite imagery. It is important to 
treat those cases correctly as non-responses 
and possibly apply imputation techniques. It 
is not good practice to shift those plots, for 
example, to more easily accessible areas, or to 
simply ignore them (Patterson et al., 2011).

7.3 Practical issues
It is important to keep in mind that fieldwork 
to gather data is often physically extremely 
demanding. Data quality depends heavily 
on the motivation of the field crews. It is, 
therefore, important to ensure optimal 
working conditions for all involved (including 
travelling and lodging) to the extent possible.

Self-study exercises
1. Explain why a major statistical planning 

criterion for the choice of a plot design is 
to capture as much of the given variability 
of the target variable as possible inside 
each observation.

2. List some target variables that could be 
estimated based on one-dimensional 
line elements as observation units.

3. Explain the rationale of a nested plot 
design, in which trees of different 
diameter classes are included in subplots 
of different area size (smaller trees in 
small plots, large trees in large plots).

4. If an NFA is being carried out for the first 
time, what sources of information might 
form a suitable basis for a decision on 
plot design options?

5. A decision-maker contests the reliability 



52

of the results in an inventory report on 
the grounds that only 0.001 percent of 
the country’s forest area was observed in 
the field. How can the reliability of the 
results be defended?
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