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OVERVIEW 

The study of carbon stored in forests is based on the assessment of biomass stocks found in various 

vegetation types, along with the carbon stored in the soil. While it is not possible to directly measure the 

mass of carbon or vegetation in a forest area without harvesting and weighing all tree and vegetation 

biomass, indirect measurement methods and sampling techniques can be applied to reliably estimate 

biomass stocks.  Allometric equations are the dominant indirect measurement method for estimating tree 

biomass stocks. 

For countries or regions where allometric equations have not yet been developed, options include 1) 

verifying existing equations for applicability to their own national forests and 2) exploring the need and 

subsequent process of developing country-specific allometric equations. The object of this manual is to 

provide guidance on the field methods to examine applicability of existing equations and for developing new 

allometric equations through destructive sampling.  

This guidance covers an overview of existing potentially applicable equations, verifying existing equations, 

as well as procedures and concepts for developing a new allometric equation including sampling design, 

implementation, and recommended field methods. Although this document does provide an overview on 

creating new allometric equations, it is not meant to provide comprehensive guidance on how to statistically 

analyse collected data to create new equations. 

1. TREE BIOMASS ESTIMATION  

Overview of Allometric Equation Approach  

The biomass of a tree is proportional and can typically be directly related with the size of certain 

morphological features of the tree.  This relationship or ‘allometry’ can be described in models or equations, 

allowing for the biomass to be inferred by supplying the model with measurement of certain parts of the 

tree. For example, the diameter of the trunk (measured as diameter at breast height; 1.3m DBH), has been 

found to be highly correlated with the total aboveground biomass (Brown et al. 1989, Brown 1997, Chave et 

al. 2005, Stas 2011).   

To create an allometric equation for estimating aboveground tree dry biomass, a study is conducted where 

trees across a specific geographic, species, and tree size range are destructively harvested to estimate their 

biomass. Morphological features of the specific tree that are easy to measure, such as tree height and trunk 

diameter, are compared to the tree’s total dry aboveground biomass. A range of equation types and 

variables are examined to determine which combination creates the most accurate and unbiased predictors 

of dry biomass. This equation can then be used to estimate the biomass of other trees without damaging 

them. The quantity of carbon can then be estimated by converting biomass to carbon using the IPCC default 

carbon fraction of 0.47. Belowground tree root biomass is commonly estimated as a ratio of the 

aboveground tree biomass. 
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When developing or assessing the applicability of an equation, destructive sampling should take place across 

the across the area of interest. The approach for collecting sample data must consider the fact that tree 

allometry may vary across the area of interest as trees within different forest types and land use histories 

may vary in morphology.  Thus, it is recommended that the area of interest be stratified. Stratification can 

be based on ecological factors such as soil, climate, and species composition, as well as anthropogenic factors 

such as human disturbance, management practices, and land use history.   

The field measurements necessary to apply allometric biomass equations varies, and are highly dependent 

on forest type and conditions. Common variables within allometric equations include:  

• Diameter at breast height (DBH)  

• Height  

• Species   

• Wood density  

• Site quality  

• Age  

• Crown width  

• Climate (environmental stress factor)  

• Basal area  

  
Of these variables, DBH measurements and wood density values are generally the most easily attained and 

reliable inputs. Although height has been shown to produce less biased estimates of above ground biomass 

(Rutishauser et al., 2013, Chave et al., 2014; Banin et al., 2012; Feldpausch et al., 2011), accurately measuring 

tree heights in closed-canopy forests often challenging because it is difficult to decipher between adjacent 

trees (King & Clark 2011; Primack & Corlett 2011; Chave et al., 2014, Larjavaara & Muller-Landau 2013) and 

because measuring angles in an accurate, consistent manner in hilly topography is even more difficult to do. 

As a result, existing methods to estimate height result in estimates with high degrees of random and 

systematic error.  There is therefore a lack of consensus as to whether height measurements collected 

through ground inventory should be used as a predictor of AGB in tropical forests (Larjavaara & Muller-

Landau 2013), and this may be a particularly relevant consideration in geographies where the terrain is hilly. 

Species-specific equations may increase accuracy, although this may not always be the case (Rutishauser et 

al., 2013; Fayolle et al., 2013). Relationships between diameter and tree height have been found to vary 

across environmental conditions, reducing importance of species type in determining accuracy of equation 

(Banin et al 2012, Feldpausch et al., 2011 in Fayolle et al., 2013).  In addition, Chave et al., (2005) showed 

that a single equation including trunk diameter, wood specific gravity, and total tree height already provides 

an accurate estimate of above-ground biomass, and that including site, successional status, continent or 

forest type only slightly improves the quality of the fit. Including wood density allows for the incorporation 

of a species-specific factor into an overall equation. Similarly, including climatic factors can allow equations 

to address differences based on elements unique to different regions.  
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Existing Aboveground Biomass Equations   

A selection of published equations are summarized in Table 1. If an existing allometric equation is selected, 
it must be verified as appropriate for use with local data, as described in the next section. 

 
The variables used in these equations include:  
 

AGB=Total aboveground biomass (kg)  
D=DBH (cm)  
H=Height (m)  
ρ=Wood density (g/cm3)  
BA=Basal area (cm2)  
E=Environmental stress (unitless)  

Calculated as E = (0.178 * TS – 0.938 * CWD – 6.61 * PS) * 10-3  

Where  
TS = temperature seasonality  
CWD = climatic water deficit  
PS = precipitation seasonality  

  

Table 1 Potentially applicable allometric equations 

 Geography/Life Zone/ 
Vegetation type 

Equation n R2 (adj) RSE 
Tree size 

Source 

1 Tropical Forests 
 

Dry 

AGB = 34.4703 - 8.0671 * 
D + 0.6589 * D2 

32 0.67  

5<D<130c
m 

Brown et al 
1989 

2 

Tropical Forests 
 

Moist 

AGB = 38.4908 – 11.7883 
* D + 1.1926 * D2 

168 0.78  

3 AGB = exp(-3.1141 + 
0.9719 * ln(D2 * H)) 

168 0.97  

4 AGB = exp(-2.4090 + 
0.9522 * ln(D2 * H * ρ)) 

94 0.99  

5 H = exp(1.0710 + 0.5677 * 
ln(D)) 

382
4 

0.61  

6 

Tropical Forests 
 

Wet 

AGB = 13.2579 – 4.8945 * 
D + 0.6713 * D2 

69 0.90  

7 AGB = exp(-3.3012 + 
0.9439 * ln(D2 * H)) 

69 0.90  

8 H = exp(1.2017 + 0.567 * 
ln(D)) 

69 0.74  

9 

Tropical Forests 
 

Dry 

AGB = exp(-2.187 + 0.916 
* ln(ρ * D2 * H)) 

316 0.99  

5<D<133c
m 

Chave et al 
2005 

10 AGB = ρ * exp(-0.667 + 
1.784 * ln(D) + 0.207 * 
(ln(D))2 – 0.0281 * 
(ln(D))3) 

316 0.99  

11 Tropical Forests 
 

AGB = exp(-2.977 + ln(ρ * 
D2 * H)) 

134
9 

0.99  
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12 Moist AGB = ρ * exp(-1.499 + 
2.148 * ln(D) + 0.207 * 
(ln(D))2 – 0.0281 * 
(ln(D))3) 

134
9 

0.99  

13 

Tropical Forests 
 

Wet 

AGB = exp(-2.557 + 0.940 
* ln(ρ * D2 * H)) 

143 0.97  

14 AGB = ρ * exp(-1.239 + 
1.980 * ln(D) + 0.207 * 
(ln(D))2 – 0.0281 * 
(ln(D))3) 

143 0.97  

15 

Pantropical 

AGB = 0.0673 * (ρ * D2 * 
H)0.976 

400
4 

 
0.3
57 

5<D<156c
m 

Chave et al 
2014 

16 AGB = exp(-1.803 – 0.976 
* E + 0.976 * ln(ρ) + 2.673 
* ln(D) – 0.0299 * (ln(D))2) 

400
4 

 
0.3
61 

 

Given the multitude of allometric equations available, generalized pan-tropical equations, such as Chave et 

al 2005, are extremely useful. The validity of this equation has been confirmed in studies across the tropics, 

although a degree of uncertainty associated with climatic variations was present in the model. Chave et al. 

(2014) subsequently published an improved allometric equation inclusive of a variable representative of 

climatic effects on tree growth that is applicable to a wide variety of forest types as it was developed using 

destructive sampling data from 4004 trees representing a wide range of climatic conditions and vegetation 

types.   

As stated, most allometric equations require data on DBH and some also use wood density as an input, 

including Chave et al. (2004 & 2005). Brown et al (1989) and Chave et al. (2005 & 2014) offer pantropical 

equations both with and without height measurements required.   

The Chave et al (2014) allometric equation is particularly flexible and therefore often recommended for 

estimating biomass tropical forests.  In cases where height data are not available, it can be derived using an 

allometric relationship for height was developed based on DBH and an environmental stress factor. This 

environmental stress factor is a function of temperature seasonality, climatic water deficit, and precipitation 

seasonality and was developed using global datasets (see http://chave.ups-

tlse.fr/pantropical_allometry.htm for data layers). In cases where neither height nor an environmental stress 

factor are applicable, the appropriate equation from Chave et al (2005) may be used.   

While the environmental stress factor offers a valid way to derive height, Chave et al. (2014) recommends 

the use of locally-derived diameter-height relationships, where available. This can be done by measuring the 

DBH and height of a selection of trees within the area of interest, across the range of species and sizes. A 

relationship between diameter and height can then be developed and used within existing allometric 

equations.   Alternatively, Feldpausch et al. (2012) offer asymptotic Weibull height-diameter functions that 

could be used to derive height, based on DBH measurements.  

In some cases, the Chave et al. (2014) equation may not be appropriate and geographically-specific 

equations may be more accurate in reflecting specific growth patterns or conditions.  This may be true where 

http://chave.ups-tlse.fr/pantropical_allometry.htm
http://chave.ups-tlse.fr/pantropical_allometry.htm
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forest types are highly dependent on management types, specific growth patterns, and unique species 

compositions such as young regenerating forests, areas of shifting cultivation mosaic, areas undergoing 

heavy selective cutting resulting in stunted trees, and abandoned plantations. Furthermore, in forest areas 

with a dominance of lianas, palms, and/or bamboo, it is recommended that equations specific to these 

vegetation types be used along with the equation(s) selected to estimate the biomass in the trees.  Some of 

the forest types for which specific allometric equations may need to be developed are discussed below. 

Dry dipterocarp forests, otherwise known as deciduous dipterocarp forests, are typically more open and are 

sometimes characterized as woodlands rather than forest.  These types of forests become increasingly open 

along gradients of environmental stress and therefore canopy cover can range from more closed canopy to 

savannah woodlands (Rundel 1999).  The limited and relatively unique species composition whose biomass 

varies according to environmental stresses may warrant the use of specific allometric equations for this 

forest type.   

Shifting cultivation mosaics are complex ecological systems that are highly dependent on local management 

practices.  Factors that affect the growth form of trees in shifting cultivation mosaics include the dominance 

of coppicing (resprouting from existing root stalks) and/or seed derived tree growth, average fallow time, 

terrain, and land use history. It is common for coppicing trees to regrow with multiple stems, a morphological 

variation that may cause significant allometry differences.  At the minimum, trees in shifting cultivation areas 

will be on average smaller than trees in other forest types and thus may be less accurate at estimating the 

biomass of small diameter trees.   

The biomass stocks of bamboo, although technically a grass, can also be estimated through allometric 

equations.  For obvious reasons, allometric equations for bamboo typically require measurement inputs that 

are different from trees such as culm diameter rather than diameter at breast height.  As bamboo species 

may vary in structure and biomass content, it may also be appropriate to apply species-specific equations, 

especially if common bamboo species are found to contain relatively high amounts of biomass per unit area.  

The allometry of palms results in diameter not being highly correlated with biomass. Palm equations often 

include measurements of palm height, although number and length of palm fronds are sometimes also 

included (Table 3). Depending on the variability of palm growth forms, species or genus specific equations 

may need to be developed.  

The biomass of woody shrubs can also be measured through the development of allometric equations. The 

variables in such equations will be very dependent on the growth form, however examples include height, 

number of stems, and canopy area. This can also include shrub crops, such as tea. Where forest land cover 

types do not contain large amounts of shrubs, it is not recommended for shrub equations to be created. 

Instead, shrubs can be measured as part of non-tree vegetation in destructively sampled ‘clip plots’ during 

the forest inventory.  
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Root Biomass Equations 

Root biomass, typically referred to in this context as below ground biomass (BGB) is an important component 

of stored carbon in forests. However, as with aboveground biomass, it is not practical to measure the BGB 

directly because it is extremely laborious to extract, dry, and weigh the entire root structures of trees.  For 

these reasons, it is also very difficult and resource-intensive to develop specific forest type or country-

specific allometric equations for root biomass. Instead, it is acceptable for below-ground biomass to be 

indirectly using available equations that reliably predict root biomass based on shoot (i.e. aboveground) 

biomass.  

Published root:shoot ratios are summarized in table 3 below.  The ratio developed by Mokany et al. (2006; 

also reported in the IPCC 2006 GL) offers specific ratios based on forest type and climate zone and are 

applicable when the aboveground biomass estimate (shoot) is reported at the stand level (not for individual 

trees).  For an individual tree, Mokany et al. (2006) propose the following relationship (R2=0.78):  

𝐵𝐺𝐵 = 0.26 ∗ 𝐴𝐺𝐵 

 Where: 

BGB = below ground biomass carbon of one tree 

 AGB = aboveground biomass carbon of one tree  

Table 3. Root to shoot ratios for tropical forests 

Geography Ratio to AG biomass Source 

Tropical/subtropical moist 

forest/plantation 

• IF AGB > 62.5 t C/ha: 

BGB =0.235* AGB  

• IF AGB ≤ 62.5 t C/ha: 

 BGB =0.205* AGB 

Where: 

BGB = below ground biomass 

carbon 

AGB = aboveground biomass 

carbon 

Mokany et al. (2006) 

Tropical/subtropical dry 

forest/plantation 

• IF AGB > 20 t C/ha: 

BGB =0.275* AGB  

• IF AGB ≤ 20 t C/ha: 

 BGB =0.563* AGB 

Global tropical forests 0.18 Gremer & Sauerborn, 2007 

Pasoh Forest Reverve, Peninsular 

Malaysia 

0.18 Niiyama et al. 2010 

Tropical forests 0.221 

n=17 

R2=0.816 

Luo et al. 2012 
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Angiosperms (global) 0.205  Reich et al., 2014  

Gymnosperms (global) 0.192  

 

The Mokany et al. root:shoot ratios are commonly applied for estimating belowground biomass in tropical 

forests and thus it is recommended that these ratios be applied unless a specific study has been conducted 

for the area of interest that has produced root estimates significantly different from those estimated using 

Mokany et al. (2006).   

Verify existing equation or develop a new equation? 

The use of an existing allometric equation is often the most cost-effective approach, in light of the fact that 

a wide range of allometric equations are available that were developed based on expansive datasets 

representing a great number of trees.  If this approach is chosen, the applicability of any existing allometric 

equation must nevertheless be verified.   

Since live trees contain the majority of biomass in most forests, the careful assessment and verification of 

models applied to derive estimates of live tree biomass is perhaps the most important step in forest biomass 

inventories.  Chave et al. (2005) confirms that while there are multiple sources of error in the estimation of 

aboveground biomass in tropical forests (see below section on error), model error from the use of an 

allometric equation to convert direct measurements to biomass estimates has been shown to be a significant 

source of error.    

The basic initial step when exploring which allometric equation to employ is developing a full understanding 

of the population of trees that were destructively harvested to produce the model.   This includes 

considering: 

• Range in diameter and height  

• Species  

• Geographic range 

• Soil type, particularly if trees grew on atypical, non-zonal soil (e.g., very sandy spodosol or highly 

organic histosol) 

• Tree density   

As all of these variables have a significant impact on growth behavior and aboveground biomass, the 

allometric equation selected to estimate the aboveground biomass of the population of interest must have 

been developed by studying trees with comparable biophysical characteristics and growth conditions. 

If an existing allometric equation is deemed potentially appropriate, its applicability can be verified through 

measurement or limited destructive sampling and additional series of statistical tests.  Destructive sampling 

typically involves harvesting a representative sample of trees (at least five, including at least three of these 

to have DBH >50 cm, but preferably more) from the forest strata of interest so that the biomass can be 
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directly measured (i.e., dry weight of sample trees).  Strict protocols must be followed during the destructive 

harvesting process to ensure scientific integrity (see SOP Destructive Sampling of Trees in Appendix 2).  

Alternatively, existing databases may offer relevant measurements for the geographic area of interest that 

can be used to test the applicability of the model. For example, the BAAD (Biomass and Allometry Database) 

database provides data on woody plant measurements of at least 678 species from 176 different studies 

(Falster et al 2015). This database includes measurements from individual plants (rather than stand 

averages), direct measurements of biomass (i.e., data derived through destructive harvesting, rather than 

estimated using allometric equations), and offers appropriate associated metadata (location, light, 

management, vegetation type, etc.).   

It is recommended that multiple methods of statistical analysis be employed to determine the adequacy of 

the chosen allometric equation (Tedeschi 2006). As a first step, the biomass of the harvested trees can be 

plotted along with the curve of biomass against diameter as predicted by the allometric equation. The 

predictive accuracy can be assessed by calculating the error between the predicted biomass and the biomass 

from the harvested tree and by plotting the residuals (Pickard et al 2012). Ngommanda et al (2014) used 

three validation criteria in assessing the applicability of site-specific equations compared with pantropical 

equations: relative bias, relative root mean square error, and the proportion of observations outside an 

approximate confidence interval for predictions (e.g. 95% confidence interval).  

In general, if the measured biomass of harvested trees are evenly distributed both above and below the 

predicted biomass using the equation, the equation has demonstrated that it is a good predictor for tree 

biomass in the area of interest.  

In situations where all examined biomass equations produce very biased estimates, it is recommended that 

additional field data be developed and either used to develop a new equation or to calibrate existing 

equations. The estimates of carbon stocks, both at the tree and at the site level, will include a certain amount 

of error (See section on error). It is recommended that the error associated with the use of the allometric 

equation be incorporated into calculating total biomass error.  

Error and Uncertainty in Allometric Equation Estimates 

It is not possible to avoid errors entirely when conducting forest inventories or biomass estimation. It is 

important, however, to know how to identify sources of error and minimize them. There are numerous 

sources of potential error in estimating biomass and carbon stocks. Types of error include the following: 

• Sampling error – the difference between a population value and a sample estimate, measured as the 

standard error of the sample estimate 

• Measurement error – the difference between a measured value and the true value errors in collecting 

data from the plots 

• Model error – error due to the use of models such as allometric equations or diameter-height 

relationships 
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Sampling error is the easiest of these to quantify, while measurement and model error can be difficult to 

identify. Measurement error can be estimated by comparing two sets of repeated measurements for a 

limited percent of the sample. Model error can be estimated based on goodness-of-fit of the original model, 

or by validating the models used and estimating error through use of destructive sampling or conversion 

factors.  

Estimating overall error when multiple error sources are combined can be done by either simple propagation 

of errors of through the use of a Monte Carlo analysis. 

The following equation is used for error propagation, as recommended by IPCC: 

𝑈𝐸 =
√(𝑈1 ∗ 𝐸1)2 + (𝑈2 ∗ 𝐸2)2 + … (𝑈𝑛 ∗ 𝐸𝑛)2

(𝐸1 + 𝐸2 + … 𝐸𝑛)
 

Where: 

     UE  = percentage uncertainty of the sum of the quantities (half the 95% confidence interval divided by the 

total (i.e. mean) and expressed as a percentage) 

     Un  = percentage uncertainty associated with each source 

     En = the uncertain quantity (e.g. biomass of the tree or of the stand) 

The Monte Carlo approach is recommended by IPCC (2006) as an advanced alternative to simple error 

propagation. A Monte Carlo analysis selects random values of the data being evaluated and uses them in 

calculations, repeating this many times to build the overall probability of obtaining the mean outcome. It is 

a method for iteratively evaluating a deterministic model using sets of random numbers from a given 

distribution for each parameter as inputs. Using this model it is possible to substitute a range of values for 

any factor with uncertainty, thereby creating a stochastic model. A deterministic model yields the same 

result with each recalculation, while a stochastic model introduces probability and randomness so that the 

results are different with each recalculation. If sources of errors are uncorrelated and have a normal 

distribution, then simple error propagation (deterministic model) is acceptable. It is advised to use a 

stochastic model when the functions are complex or nonlinear, uncertainty is high, there are multiple 

sources of uncertainty, correlations exist between datasets, or distribution is not normal. 

Developing New Allometric Equations 

There may be a need to develop a new allometric equation in cases where (1) efforts to verify an existing 

equation have resulted in the conclusion that the equation is not appropriate, (2) where there are many 

trees with unique forms or densities, or (3) where forests dominated by a unique and limited set of specific 

species (e.g., only 1-2 species).  The development of a new equation necessitates that at least 30 trees 

covering the full range of diameter classes are harvested.  If the regression based on the 30 trees does not 

result in a statistically significant relationship (high r-squared value), then additional trees will need to be 

harvested.  

Harvesting a sufficient number of trees to develop new regression equations is very time and resource 
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intensive.  As such, it is worthwhile to thoroughly assess whether existing equations from the literature could 

be used. If destructive sampling is undertaken for the purpose of developing a new equation, an overview 

an approach using sample data to create an allometric equation is offered in Appendix 1 (as taken from Dietz 

and Kuyah, ‘ICRAF 2011 Guidelines for establishing regional allometric equations for biomass estimation 

through destructive sampling with notes in bold from authors of this manual, Destructive Sampling 

Guidance’.)  SOPs for destructive harvesting of trees, saplings, palms, bamboo, and non-tree woody biomass 

are also included in Appendix 3. 

Summary 

In conclusion, different equations render different estimates for biomass because each are designed to 

reflect specific forest and climate types.  Any existing allometric equations that may be applicable to the 

species or vegetation type of interest should be properly investigated to explore whether it is appropriate 

to apply species-specific or vegetation-type specific allometric equations.  Some extent of destructive 

sampling will likely be necessary for the development a new biomass regression equation or for the 

verification of an existing one. The field measurement design and field measurement methods for 

destructive sampling for both these procedures is covered in this manual, including accessible methods to 

conduct preliminary statistical analyses. Both verification of existing equation and development of a new 

equation have uncertainty and error associated with them that should also be quantified. 

 

2. DESTRUCTIVE SAMPLING - FIELD MEASUREMENT DESIGN 

The previous chapter provided an overview of how tree biomass is estimated and the use of allometric 

equations. This chapter talks specifically about the field measurements and the design of such 

measurements in order to destructively sample and estimate the biomass of trees. This guidance is 

applicable to both the verification of existing equations and the development of new equations. The major 

difference being the quantity of trees destructively sampled.  

Existing data on land cover type, DBH ranges, and climatic variables will guide the sample design for both 

the verification and development of allometric equations. In particular, spatial delineation of land cover 

classes serves as the foundation for effectively sampling and estimating forest carbon in a country.  

Stratification for Destructive Sampling 

Sampling design should allow for the sample population to be truly reflective of the population the allometric 
equation is supposed to reflect. Generally, this means a large quantity of sample sites are chosen at random. 
However, because destructive sampling is very resource intensive, stratification of the population into 
homogeneous landscape types (strata) can and should be utilized instead. This will reduce the overall 
sampling effort. Key tenants when considering sampling distribution for the purposes of field data collection 
include how representative the sample is of the:  
 

i.forest type   
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ii.topographic conditions  

iii.present tree classes  

 
Recent national forest surveys and data from national inventories should inform sampling to ensure 

appropriate coverage of all land classes.   

Sampling Distribution DBH and Topographic Conditions 

Once the strata have been chosen, the range of DBH class sizes to be sampled should be selected. Pre-

existing data on tree measurements in the area are very useful in selecting the DBH ranges to be sampled. 

For example, if a significant percentage of the landscape is comprised of trees of small DBH, the selected 

range should include these DBH sizes. Similarly, the selected range should also capture trees of larger DBH 

found within the population (forest areas being sampled).  

Large trees significantly influence total forest biomass and therefore must be captured in destructive 

sampling. For example one tree with a DBH of 100 cm and wood density of 0.6 t/m3 contains about 13.7 t 

biomass (based on moist equation in Chave et al. 2005) and can account for up to 20% of the total biomass 

of a scaled sample plot (i.e. t/ha) (Walker et al. 2015).  As such, while sufficient data should be collected to 

reflect the full range of tree sizes, there should be particular attention focused on destructively harvesting 

trees from the larger end of the DBH spectrum.  It is suggested that at least half of the sampled trees have 

DBHs that fit in the upper quantile of the DBH range.  

The sites selected to be sampled within each stratum should be done so randomly (See Determine Sampling 

Locations using stratified two-stage sampling SOP below in Appendix 2). This will create a statistically robust 

stratified random sampling design. Trees within each class size should be randomly selected as well without 

attention paid to species. This will provide a generic allometric equation for the area. Following, the species 

type that does show up most often in the sampling can assume to be a dominate species and can be crossed 

reference with any species abundance data for the area, if available.  

As field sampling campaigns are typically highly resource intensive, it makes sense to carefully plan which 

data are to be collected, with a focus on inclusivity.  It makes sense to more comprehensively collect other 

types of input data required for any subsequent Forest Inventory (e.g., deadwood, wood density, sapling 

weight, nontree vegetation, etc.) while teams are already deployed to the field to take advantage of the 

fixed costs and economy of scale associated with field work.  The location for such sampling could be located 

in association with locations sampled for destructive tree sampling. This effort can serve to provide the 

necessary data for an analysis of the role of carbon pools beyond live tree biomass and/or if there is a desire 

to include additional carbon pools in the National Forest Inventory.  

Whether sampling is undertaken to verify an existing model or to develop new equations, the sampling effort 

should be designed so that the biomass evaluation is appropriate to use for the entire country. It will be 

important to avoid concentrated sampling (i.e. all in one location), but the constraints of limited resources 

available should be considered carefully in the plan. A reasonable overall strategy to sampling should be to 

target sampling locations in areas that are more easily accessible, and where there is a presence of multiple 
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strata.  A detailed structure for 2-stage sampling design is offered in the SOP Determining Sampling Locations 

using stratified two-stage sampling included in Appendix 2. 

Before data collection, an assessment of existing data on trees in each strata should be conducted and DBH 

values should be divided into four classes: 

Class 1: below lower quartile of DBH range 
Class 2: Trees falling between lower quartile and median of DBH range 
Class 3: Trees falling between median and upper quartile and of DBH range  
Class 4: above upper quartile of DBH range 
 

For either verification or development of a new biomass regression equation, at least five separate sites 

should be sampled per stratum.  In general, to verify the applicability of an existing selected biomass 

regression equation, it is recommended that >5 samples of each forest class be destructively sampled. Trees 

sampled should be in the larger size classes. If a new biomass regression equation is to be developed, at 

least 30 samples covering the full range of sizes need to be harvested.  This must include the largest diameter 

trees found for each forest type. Data to collect per sampling location are described below for both 

verification of the applicability of an existing equation, as well as for the development of a new equation.   

Table 2 Recommended number of sampling to take place per sampling location when verifying the 

applicability of an existing equation 

 Tree  Saplings Non-tree woody 
vegetation clip 
plots 

Dead wood 

 1 tree DBH Class 2 or 3   6 samples from various 
stages of decomposition  1 tree in DBH class 4 

TOTAL 2 trees 10 sapling 10 samples 6 samples 

 

Table 3 Recommended number of sampling to take place per sampling location when developing new tree 

allometric equation 

 Tree  Saplings Non-tree woody 
vegetation clip 
plots 

Dead wood 

 1 tree DBH Class 1   6 samples from various 
stages of decomposition  1 tree DBH Class 2 

 2 trees DBH class 3 

 2 trees DBH class 4 

TOTAL 6 trees 10 saplings 10 samples   6 samples 

 
If palms or bamboo exist in the forest types sampled, separate sampling must take place for these vegetation 

types.  
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A finalized sampling design should include a map of the locations where sampling will take place along with 

a table listing exactly what data will be collected in each location.  

Once field crews have arrived at the GIS derived GPS location, the trees to sampled must be selected 

randomly. For example, a 10 m wide transects in a North, South, East, and West direction can be taken from 

the GPS location. The first appropriate tree (e.g. meeting the DBH range for that sampling location) 

encountered along this 10 m wide transect shall be selected for destructive sampling. This can be repeated 

for the other trees to be sampled at this location.  As stated in the standard operating procedures below, 

prior to initiating destructive sampling, all tree variables must be measured using the same measurement 

methods that would be used during the Forest Inventory. The respective standard operating procedures 

should be followed for such methods. 
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APPENDIX 1: GENERAL GUIDANCE ON DEVELOPING NEW 

EQUATIONS - EXCERPT FROM ICRAF’S ‘GUIDELINES FOR 

ESTABLISHING REGIONAL ALLOMETRIC EQUATIONS FOR 

BIOMASS ESTIMATION THROUGH DESTRUCTIVE SAMPLING’ 

The data processing guidance provided in the ICRAF ‘Guidelines for establishing regional allometric 

equations for biomass estimation through destructive sampling’ (2011) developed by Dietz and Kuyah (2011) 

is presented below. This text is taken directly from this manual 

Box 1. Excerpt from: ICRAF ‘Guidelines for establishing regional allometric equations for biomass 

estimation through destructive sampling’ (2011) 

Data setup: 

1. Transfer field data and laboratory datasheets to an Excel spreadsheet 

2. Review field data and clean typos. 

3. Create scatter diagrams and identify outliers or questionable data to potentially verify 

4. Assess the relationships between measured variables and measured biomass using either Excel 

or statistical software:  

Excel: 

o ‘Normalize’ or transform the data using natural logarithm to attain a linear graphic 

relationship (x2 = ln (x1))  

o Multiply the estimate by a correction factor to the biomass estimates to address error 

introduced in the normalization. The equation for doing this is below: 

 

𝐶𝐹 = exp
𝑅𝑆𝐸2

2
 

    Where: 

 CF  Correction Factor 

 RSE  Residual standard Error 

  If using statistical software package: 

5. Apply the 'generalized linear models of regression analysis' option on logarithmized data. There 

are many model forms that have been tested extensively in terms of identifying an equation to 

fit these types of data from destructive tree sampling. We suggest starting with the form chosen 

in Chave et al. (2005) and (2014). and restricting statistical analysis to this form unless a fit is 

not found. 
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6. Run regression analysis of the power function in the form of y = a + xb, with its linear equivalent,  

y = ea x xb when deriving it from a logarithmic form where y is the dependent and x is the 

independent variable, while a is the intercept coefficient and b is the slope coefficient.  

7. Optional: Use multiple regression to test the influence of additional explanatory variables on the 

model fit and accuracy. The variables that influence allometric equations for trees is well known. 

Run regression analysis based on the variables that were decided to be included and were 

captured in field sampling. 

8. A combination of diameter, height, and/or wood density can be fitted either independently or 

using their compound derivatives (e.g. dbh2 x H or dbh2 x ρ) as a single predictor. 

9. Select the best fitting model according to the highest r2 for equations with a single explanatory 

variable and adjusted r2 for equations with two or more explanatory variables. 

10. Validate the regression using holdout samples1. 

11. Apply the F test to determine significance of the regression.  

12. Determine the predictive accuracy of the equation by calculating the error (%) between the 

predicted biomass produced by the equation and the actual biomass calculated for each 

harvested tree (Chave et al. 2005). The equation for calculating the error is: 

 

𝐸𝑟𝑟𝑜𝑟 (%) = (
𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝐴𝐵𝐺 − 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐴𝐺𝐵

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐴𝐺𝐵
) ∗ 100 

 

 

In addition, a more detailed approach on exploring fit and validation through statistical methods is given in 

the Manual for building tree volume and biomass allometric equations. From field measurements to 

prediction (Picard et al. 2012). 

                                                           

1 Holdout samples are randomly selected destructively harvested trees from each diameter class (typically one 
representative per diameter class).  used to validate the equation under development.  
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APPENDIX 2: STANDARD OPERATING PROCEDURES (SOPs) 
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SOP Determining Sampling Locations using stratified two-stage sampling 

This sampling design consists of selecting primary sampling units (PSUs) at the first stage and then selecting 

secondary sampling units (SSUs) at the second stage of sampling. This ensures that any location has an equal 

probability of being sampled.  

The initial sampling units are chosen by using a systematic sampling with a random start approach. A ‘grid’ 

is placed across the area to be sampled in a randomly selected orientation. The grid cells will then serve as 

the ‘primary sampling unit’ (PSUs). Once the PSUs are chosen, a particular location within the PSU is 

randomly chosen to initiate field sampling. This is referred here to as the SSU1. 

Thus, the definition of these terms is: 

• PSU-grid cell: an individual grid cell of a known and defined size (e.g., 5 x 5 km square) within the 
grid that has been superimposed across the area to be sampled. PSU-grid cell is given a unique ID. 
This ID number will then be used within the identification of a PSU. 

• PSUi – this is the spatial extent of the stratum i within a given PSU-grid cell. The label of the PSU shall 
correspond to the PSU-grid ID and include stratum notation (here denoted as i). 

• SSUi – this is a point, representing the sampling location where destructive sampling will take place. 
The SSUi is located within selected PSUi. 

 

The following steps 2 to 4 to implement two-stage list sampling design shall be repeated for each stratum 

separately.  The entire gridded area shall be used to determine selected PSUs for each stratum and thus each 

PSU-grid cell shall have an equal probability to be selected during the list sampling selection for all stratum. 

If one PSU-grid happens to be selected for both strata A and B, this is allowable. There will then a PSUA for 

stratum A and a PSUB for stratum B, and thus two SSU points located within the boundary of this PSU, one 

for stratum A and one for stratum B.  

STEP 1: Create PSU-grid (3 x 3 km) 

First, the size of the grids needs to be defined (Figure 1). The size of the grid cells takes into consideration 

other field surveys that may have occurred to facilitate a future national forest monitoring system (NFMS) 

for the country. The PSU-grid cell size shall be small enough so that a sufficient quantity of PSU-grid cells will 

be available for sampling yet large enough to ensure both that the field cluster plot design can fit within a 

PSU selected and that sample plots are well distributed across the landscape.  

To create a PSU-grid across the area to be sampled, a raster dataset with desirable cell size (3 km) needs to 

be created in ArcGIS. If the grid layout does not need to be aligned with other sampling grids taking place, 

then the orientation of the grid shall be chosen randomly. The raster will be converted to polygon shapefile 

to maintain, unique identification number (ID) for each PSU-grid (PSU_ ID). 
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Figure 1: Example of selected PSU-grids in dashed lines and selected PSUs (polygons) with SSUs (dots) 

assigned within. Note, some PSU-grids may randomly be selected for two different stratum. 

STEP 2: Create a list of PSUs for the stratum of interest 

To create PSUis for each stratum, use Intersect function in ArcGIS to combine the PSU-grid shapefile with 

land use map. Next calculate the area of each PSUi for each stratum in ArcGIS. If the area of the PSUi is less 

than the minimum area in the forest definition, exclude that PSUi in the two stage list sampling procedure 

(in consideration of the minimum threshold area for defining forest, thus only PSUs with area greater than 

such threshold should be included in the PSUs grid list.). A list of all PSUs should be created and the attribute 

table exported as DBF table, maintaining record of PSUi_ID and area in hectares. 

STEP 3: Select PSUs with probability proportional to size 

To ensure all locations within a stratum have an equal probability of being measured, the probability that a 

given PSUi will be selected must be made proportional to its area. To select PSUis with probability 

proportional to their size, use the list of PSUs from Step 2 and calculate the cumulative area of each stratum 

associated with each PSU. Cumulative area is defined as sum of all PSUs in the list up to and including the 

PSU itself. Once the cumulative areas are calculated, a random number between the smallest and the largest 

cumulative area should be generated. To select a PSU for forest sampling, the random number should be 

less than PSU’s cumulative area and larger than the cumulative area for the previous PSU in the list. 

All of the operations conducted in Excel are explained below: 

1. After opening the DBF file in Excel, calculate the cumulative area for each PSU in a new column.  
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2. In the next column, create a list of random numbers between the minimum and maximum 
cumulative area of the PSUs grid list shall be generated created using following formula: 

 

=RAND ()*(B - A) + A 

Where: 

B is the maximum cumulative area, and  

A is the minimum cumulative area for the list of PSUs 

Once the random numbers have been created, convert the formula in each cell into a number to prevent 

new random numbers from being generated.  

To select a PSUi for sampling, the random number should be compared to the cumulative PSU area. The PSUi 

shall be selected when the random number is smaller than the PSU cumulative area and greater than the 

previous PSU in the list cumulative area. For example, if the random number is 26,446.42 and the cumulative 

area for PSUi with ID=1151 is 32,689.23 ha and the cumulative area for the previous PSU is equal to 22,758.71 

ha, the PSU ID=1151 will be selected, because 26,446.42 (random number) < 32,689.23 (PSUi cumulative 

area) and 26,446.42>22758.71 (cumulative area of the previous PSU in the list) 

A table of selected PSUis following the order of random number generated shall be created containing 

information on PSU ID, PSUi area, PSUi cumulative area, the order of the generated random number and 

random number itself. 

STEP 4: Assign sampling location  

The table of selected PSUs in Excel shall be imported to ArcGIS and joined to the land use classes PSUs 

shapefile to identify the selected PSUs. Generate random points to identify the location where sampling will 

take place. Accessibility constraints may also be incorporated. 

Determining trees to destructively sample 

Once the sampling point has been randomly identified from the above process (stratified two-stage 

sampling), assign each sampling location the tree size classes to be sampled. Navigate to the sampling 

location and find the GPS point. From the GPS point, using a compass, find direct north and start walking 

north. Destructively sample the first tree of the tree size class within 20 m of the line walking north. If the 

randomly selected tree of the correct size class cannot be safely felled, select the next closest tree within 

the same size class.  

SOP Use of a clinometer 

A clinometer is a piece of equipment used to measure angles. This equipment is widely used in the field for 

multiple reasons, among them: measuring slope of the terrain, and measuring tree height.  Usually a 

clinometer has two sets of units for measuring angles: 
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Right side: percent (%) 

Left side: degrees 

The Clinometer will indicate the units. For example, if using a Suunto® Clinometer, look into the clinometer 

and tilt your head back to look all the way up. The right side will say %. 

To measure an angle using a clinometer: 

1. Holding the clinometer string, bring it up to your dominant eye (the string on the clinometer should be 

below the eye piece, stretching downward) 

2. Keep both eyes open and simultaneously aim at the object you want to measure in the distance and look 

at the numbers through the clinometer 

3. Record the % or degrees at the point that crosses what you are measuring. 

 

 

 

Figure: Measuring angle degrees or % using clinometer 
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SOP Measurement of Height 

Field equipment: 

Clinometer 

Laser Range Finder or >50m measuring tape 

Relascope (optional) 

The height of trees, palms, and other things is usually done by creating two right triangles. The distance from 

the object and the person measuring is measured and two angles are measured. The actual height is then 

calculated using trigonometry during data analysis.  

1. Walk around the tree and find the best location to view the top of the tree. 
2. Stand far enough away from the tree so that the top of the tree is less than 90 degrees above the line of 

sight. 
3. Measure total tree height (see Figure below): 

a. Always stand up-slope of the tree. Standing down-slope of the tree should only take place when 
no other option exists. 

b. Using clinometer, measure the angle in % to top of the canopy of the tree (a%) 
c. Using clinometer, measure the angle in % to base of the tree (b%) 
d. Using Laser Range Finder or measuring tape, measure distance from eye of person measuring 

tree to the tree (distree) in meters. Be certain that the distance measured is horizontal and not 
along the slope. Record the horizontal distance to the nearest 0.01 meter 

4. Repeat measurements in another location, thus measuring tree height in two locations. 
5. If you are not able to stand far enough from the tree so that the top of the tree is less than 90% above 

you, then take the measurements (a) and (b) in degrees (units on left side of clinometer). CAREFULLY 
NOTE ON THE DATA SHEET THE CHANGE IN UNITS! Tree height must be calculated differently if degrees 
are used! 

 

 

Figure Tree height field measurements 

Disttree= _____ (m) 

% a = _______ (%) 

% b = _______ (%) 
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SOP Destructive Sampling of Saplings 

Field Equipment: 

Handsaws 

Machetes 

DBH tape 

Clinometer 

5 kg scale 

~500 g scale 

Durable, but thin plastic sheeting ~2 m x 2 m 

Durable plastic tarp  ~2 m x 2 m 

Cloth or paper sample bags for subsamples 

Flagging tape 

Marker (to label bags and samples) 

 ‘Calibration weights’ (see below) 

 

Laboratory Equipment: 

Drying oven 

Laboratory scale 

 

The biomass of saplings can be estimated by counting the number of saplings in each tree-plot and then 

using an estimate of the ‘weight of the average sapling’ to estimate total sapling biomass. Therefore, the 

weight of an average sapling must also be estimated through destructive sampling. The same definition of 

sapling as presented in SOP Measurement of Trees shall be used. 

Prior to Field Sampling  

Create ‘calibration weights’ to calibrate hanging scales: Prior to going into the field, the scales that will be 

used to weigh samples must be calibrated. The ideal approach is to calibrate the scales that will be used in 

the field with the laboratory scale that will be used to measure the dry weight of subsamples.  

1. Ensure the laboratory scales are calibrated 

2. Medium hanging scale (5 kg): 

a. Find an item that weighs about 3 kg and does not change weight when wet (metal tool 
of some sort). Weigh this item using the laboratory scale 5 times. Record weights and 
take average weight. 

b. Calibrate hanging field scale using this item and the average recorded weight. This can 
take place at a base camp and therefore does not have to take place at the site of the 
destructive sampling. Do this every day prior to weighing items in field. 

3. Small hanging scale (~300 g): 
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a. Find an item that weighs 100-250 g and does not change weight when wet (metal tool 
of some sort, stack of coins taped together). Weigh this item using the laboratory scale 
5 times. Record weights and take average weight. 

b. Calibrate hanging field scale using this item and the average recorded weight. This can 
take place at a base camp and therefore does not have to take place at the site of the 
destructive sampling. Do this every day prior to weighing items in field. 

Field Measurements 

At the beginning of the fieldwork campaign, saplings must be harvested and weighed to calculate the weight 

of an ‘average’ sapling. Saplings harvested should span a range of typical sapling types (species, diameters, 

heights, etc.). At least 30 individual saplings must be weighed. If saplings vary significantly from one land 

cover type/stratum to another, weights should be measured for each stratum. 

1. Calibrate hanging scales at start of each day with ‘calibration weights’. 

2. At each tree destructive sampling location, 10 saplings shall be chosen at random. These can be 
randomly selected along the 10 m wide transect used for selecting the large tree to be harvested, 
or in another location.  

3. For each sapling:  

a. Cut sapling at base 

b. Weigh empty piece of plastic sheeting. Record weight of plastic sheeting. 

c. Place all of harvested sapling on plastic sheeting and weigh. Record weight of sapling. 

d. Select a representative subsample of sapling.  

e. Weigh the subsample bag empty. Record weight. 

f. Weigh the subsample bag with the subsample inside. Record weight. 

g. Label the subsample bag with the sapling name, identification number, subsample 
identification number, and weight of subsample 

h. Until samples are taken to the laboratory, place samples in location that allows air drying 
to occur. 

i. Later, the subsample will be oven dried to constant weight at 70C, weighed, and the ratio 
of dry weight to fresh weight will be calculated.  
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SOP Destructive Sampling of trees 

Field Equipment: 
Professional chainsaw operator 
Chainsaw 
Handsaws 
Machetes 
DBH tape 
Clinometer 
Laser Range Finder or measuring tape (to measure height) 
Tree corer 
50 kg scale 
5 kg scale 
~300 g scale 
Durable, but thin plastic sheeting ~2 m x 2 m 
Durable plastic tarp  ~2 m x 2 m 
Cloth or paper sample bags for subsamples 
Flagging tape 
‘Diameter fork’ (see below) 
Marker (to label bags and samples) 
10 m of rope, 1 – 2 cm thick (to tie up scale and to weigh branches) 
‘Calibration weights’ (see below) 
Laboratory Equipment: 
Drying oven 
Laboratory scale 

 

Prior to Field Sampling  

1. Create ‘calibration weights’ to calibrate hanging scales: Prior to going into the field, the scales that 
will be used to weigh samples must be calibrated. The ideal approach is to calibrate the scales that will 
be used in the field with the laboratory scale that will be used to measure the dry weight of 
subsamples.  

a. Ensure the laboratory scales are calibrated 

b. Large hanging scale (50 kg):  

i. Find an item that weighs about 10-30 kg and does not change weight when wet (e.g. 
metal tool of some sort) or over time. Weigh this item using the laboratory scale 5 
times. Record weights and take average weight. 

ii. Calibrate hanging field scale using this ‘calibration weight’ item and the average 
recorded weight. Do this every day prior to weighing items in field. This can take place 
at a base camp and therefore does not have to take place at the site of the destructive 
sampling.  Ideally the item used to calibrate the scale should be a piece of field or 
base-camp equipment of an appropriate weight. 

c. Medium hanging scale (5 kg): 
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i. Find an item that weighs about 3 kg and does not change weight when wet (metal tool 
of some sort). Weigh this item using the laboratory scale 5 times. Record weights and 
take average weight. 

ii. Calibrate hanging field scale using this item and the average recorded weight. This can 
take place at a base camp and therefore does not have to take place at the site of the 
destructive sampling. Do this every day prior to weighing items in field. 

d. Small hanging scale (~300 g): 

i. Find an item that weighs 100-250 g and does not change weight when wet (metal tool 
of some sort, stack of coins taped together). Weigh this item using the laboratory scale 
5 times. Record weights and take average weight. 

ii. Calibrate hanging field scale using this item and the average recorded weight. This can 
take place at a base camp and therefore does not have to take place at the site of the 
destructive sampling. Do this every day prior to weighing items in field. 

2. Create Diameter Fork: Create a diameter fork that has two openings equating to the size classes 
that will be used during destructive sampling (see Figure below). For example: 20 cm wide and 10 
cm wide. Or create different diameter forks – eg one 20 cm opening and another with a 10 cm 
opening. The ‘diameter fork’ can be made out of plastic or aluminum, anything that is relatively 
stiff and will not break apart easily.  

 

Figure Example of a diameter fork 

  

20 cm 

10 cm 
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Destructive Sampling of Trees 

Prior to cutting down any tree, it is essential to obtain all necessary permits and secure authority to cut down 

the trees. Where possible, it is highly advisable to implement the destructive sampling of trees in locations 

where trees are being commercially harvested. It is recommended that a professional undertake the task of 

cutting the tree down.  Felling trees is dangerous work, and everyone participating should observe the 

highest safety standards.  To minimize the risk, it is recommended that information on the condition of the 

bole be ascertained by the chain saw user (generally common practice by professionals).  If for example, the 

center of a tree is rotten, cutting into it with a chainsaw can cause the tree to collapse suddenly.  If possible, 

have the tree cutter fell the tree in a location that will make measurements easy to obtain but above all in a 

safe location.  People who are not cutting the tree should receive direction from the professional tree cutter 

and stand very far away from the tree in case it starts to fall in an unexpected direction.   

If the diameter of the tree to be measured is less than 20 cm, then the size classes of tree components can 

be altered to include leaves, twigs, and branches <10 cm in diameter, and branches 10-20 cm in diameter. 

Prior to Tree felling  

Before the tree is cut down, measure all tree parameters used in all potential biomass regression equations 

that may be applicable (e.g. DBH, total height, height to first branch, species). Care must be taken to measure 

all tree parameters using the exact same methods that would normally be used in the field. 

1. Assign one person to record the data 

2. Measure all the tree parameters that will be potentially used in the allometric equation to be developed  
and those in existing equations (eg DBH, DSH, H) for the tree to be destructively sampled prior to felling. 
For trees with more than one stem, the parameters for each stem must be measured separately and the 
weight of each stem must be measured separated. The height of the bole prior to branching must also 
be measured. It is important that the diameter tape is used properly using the following steps to ensure 
consistency of measurements:  

a. Record the name of the tree, based on tree naming system developed prior to field data collection. 

b. Tree Pole placement: For each tree, place the Tree Pole (1.3 m plastic pole) against the tree to 
indicate the location of measurement (eg DBH).  Placement of the Tree Pole depends on the slope of 
the ground, leaning angle of the tree, and shape of the tree bole (see Figure below for correct 
placement of diameter tape).   

i. Slope: Always place tree pole and measure diameter on the upslope side of the tree 

ii. Leaning tree: Always measure the height of a measurement (1.3 m) parallel with the tree, not 
perpendicular to the ground. Therefore, if the tree is leaning, measure underneath the lean, 
parallel with angle of tree. If a tree is not straight, a tape measure must be used to measure the 
bole distance from ground to DBH. 

iii. Dead tree: If a tree is in dead class 1 (see SOP Measurement of Standing Dead Wood), mark as 
dead on data sheet. Trees are considered alive if there are green leaves present.  Even if there 
are only one or two green leaves present the tree is considered alive.  However, in deciduous 
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forests during a season when trees drop their leaves (ie dry season) a branch or the stem must 
be cut to verify that the cambium is alive in order to determine if the tree is alive or dead. 

iv. Multi-stem tree: If the tree is multi-stemmed with forking below the point of measurement (eg 
1.3 m), measure the diameter on each stem and tag the stems that exceed the minimum 
diameter for the nest.  Record it as if each stem were a different tree on the data sheet, but with 
a note that the stems make up one tree. 

 

 

 

Figure: Proper placement of diameter tape 

v. Buttressed tree 

1. If the buttress is shorter than 1.3 m, measure the DBH at the standard (1.3 m) height. 

 

 

 

1.3 m 

1.3 m 

1.3 m 1.3 m 

0.3 m 

0.3 m 
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2. If the buttress is taller than 1.3 m, measure the diameter at 30 cm above top of buttress 
as shown in figure below. In cases where buttress is too tall and out of reach, the 
following procedure shall be followed:  

i) Use portable retractable ladder and lean ladder against tree to allow for 
measurement of DBH 30 cm above from the top of the buttress. 

ii) If ladder is unavailable, and taking into consideration the safety of field crew, climb 
the tree to take measurement 30 cm above the top of the buttress. In fluted 
buttress, it is possible to carve steps on the buttress itself to allow climbing to top 
of buttress. Extreme caution should be employed and climbing should only be 
performed when conditions are deemed safe by field crew leader. 

iii) If ladder is unavailable, and climbing is considered unsafe, retractable poles should 
be use. Poles shall be placed against the tree, at the edge of its circumference, 
projecting the diameter at exactly 30 cm above top of buttress down to the ground. 
An observer is required to ensure poles are properly placed at the very edge of 
tree’s circumference in a way that linear distance between poles represents the 
diameter of tree at 30 cm above end of buttress. The linear distance between the 
two poles shall be measured. At least two measurements shall be taken on 
opposite sides of tree using this method, and then averaged to estimate tree DBH. 

Note: The distance between poles shall be measured linearly, and thus proper 

measuring tape shall be used. Poles can be made from tall saplings found outside 

the sampling plot in the forest or by linking Tree Poles together (e.g. with pvc 

connectors). 

c. Diameter measurement: Tree diameter should be measured to the nearest 0.1 cm (eg diameter of 
10.2 cm not 10 cm).  

i. If the diameter tape has a hook, push the hook into the bark of the tree slightly to secure it and 
pull the tape to the right.  The diameter tape should always start left and be pulled right around 
the tree, even if the person taking the measurement is left-handed. As the diameter tape wraps 
around the tree and returns to the hook the tape should be above the hook. The tape should 
not come around the tree below the hook.  The tape should not be upside down; the numbers 
must be right side up. (see Figure below) 

ii. If a liana or vine is growing on a tree that is going to be measured, do not cut the liana to clear a 
spot to measure the tree’s diameter.  If possible, pull the liana away from the trunk and run the 
diameter tape underneath. If the liana is too big to pull away from the trunk, estimate the 
diameter of the liana and subtract from total tree diameter.  Cutting a liana from a tree should 
only be done if there are no other options.  The same standard should be followed for any other 
type of natural organisms (mushrooms, epiphytes, fungal growths, termite nests, etc.) that are 
found on the tree. 

iii. Place chalk mark on the tree to indicate to crew members that the tree has been measured. 
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Figure: Measurement of diameter using a diameter tape and tree pole 

d. Other tree parameters: Measure all other tree parameters included in the biomass regression 
equation to be used. If the allometric equation to be used requires height as an input for each 
tree/palm measured, two measurements of height should be taken to improve the precision of 
measurements, especially if it is difficult to identify the top of the tree/palm measured. See SOP 
Measurement of Height on how to measure tree height. 

Tree Felling 

1. Calibrate hanging scales at start of each day with ‘calibration weights’. 

2. A chainsaw operator must undertake the task of cutting the tree down and cutting the tree into 
components 

3. After the tree is cut down the following measurements need to be made (see Figure below): 

a. Length of tree (from the stump to the top of the crown) (in meters to the nearest 0.01 m) 

b. Length of bole (from the stump to the first main branch) (in meters to the nearest 0.01 m) 

c. Diameter of stump (in cm to the nearest 0.1 cm) 

d. Diameter at breast height  (in cm to the nearest 0.1 cm) 

e. Diameter at the center of bole (in cm to the nearest 0.1 cm) 

f. Diameter at top of bole  (in cm to the nearest 0.1 cm) 

g. Where possible, after these measurements are made, the chainsaw operator should cut, 
or mark, the length of the bole that would be extracted for timber. 

h. Length of the commercial log and the diameter at both ends of the log (in meters to the 
nearest 0.01 m) 
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Figure Location of measurements following cutting down of tree 

 

4. Attach a 50-kilogram (kg) scale to either a tripod or a strong branch (if the tree is smaller, a smaller 
scale can be used) 

5. Divide tree into size classes and estimate weights: 

a. Bole:  The bole is the main trunk of the tree, from the stump to the first major branch.  To 
estimate bole biomass, volume measurements will be taken and a density value applied.   

i. Measurements to estimate volume of bole (see Figure below): 
a) Measure the total length of the bole 
b) Measure the diameter at ~5 m intervals along the bole to the first branch. 

Record the diameter and the length of each interval. Be sure to measure the 
diameter at the bottom and the top of the bole. 

 

 

Figure Measurements of diameter and length along the bole of tree 

1.  

ii. Estimate Wood Density:  
a) If verifying applicability of existing equation AND published wood density of 

species exists, the published wood density estimates will be used. No field 
measurements of wood density shall be taken. (See SOP Wood Density Reyes 
et al. 1992) 

c) 
b) 

e) f) 

a) 

d) 
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b) If creating new equation OR no published wood density of species exists, 
samples must be taken to estimate wood density. Disk samples must be 
taken from the main bole at several locations along its length. 

i) Cut 5 disc samples from different sections of bole(if a commercial 
log will be extracted from tree then it may be difficult to obtain a 
sample from several places—instead collect a sample from top of 
the stump and bottom on the crown.) 

ii) Record the dimensions of the disc (see Figure below).  If the discs are 
too big to fit into any of the cloth or paper subsample bags, after the 
dimensions are measured carefully cut the disc into pieces and place 
the pieces into one bag.  Try to minimize the wood fiber loss when 
cutting the discs.  It is better to avoid cutting the disc if possible. 

 
Figure: Wood disc measurement locations 

 

iii) If the discs are too large and heavy to return to the laboratory they 
can be subsampled: either halved or quartered.  Field sheets need to 
be annotated to this effect.  The volume of the subsection will be 
estimated as either a quarter or half of the total volume estimated 
from the diameter and thickness measurements. 

iv) Until samples are taken to the laboratory, place samples in location 
that allows air drying to occur. 

v) Take discs to laboratory to estimate density. The fresh weights of 
disc samples do not need to be taken. 

vi) Subsamples must be dried until a constant weight and weighed. To 
estimate density, divide dry subsampled weight by fresh volume of 
subsample.  Alternatively, density may be estimated using the water 
displacement method. The calculated density will be used to 
estimate the weight of the entire bole.  

 

b. Buttress: 
i. If there is a buttress, the weight will need to be estimated.  
ii. Cut the buttress into pieces and weigh on the scale. Record weight of each piece 
iii. Take 2 sub-samples: 

a. Cut two ‘pie pieces’ out of the buttress (be sure both the center and edge of the 
buttress is included in a ‘pie piece’) 

b. Weigh each ‘pie piece’  
c. Label each subsample and record weight 
d. Take subsample from field. Until samples are taken to the laboratory, place 

samples in location that allows air drying to occur.  Bring to laboratory and dry 
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subsample. Reweigh subsample. This subsample will be used to create a wet-to-
dry ratio. This ratio will then be used to estimate the dry weight of the entire 
buttress. 

 

 

c. Stump: 
i. If stump is relatively small: 

a. After the bole and the other parts of the tree are measured cut the stump as 
close to the ground as possible. 

b. Cut the stump into pieces and weigh on the scale. 
c. Take 2 sub-samples: 

i. Cut two ‘pie pieces’ out of the buttress 
ii. Weigh each ‘pie piece’  

iii. Label the subsample bag with the tree name, tree identification number, 
subsample identification number, and weight of subsample 

iv. Take subsample bag and subsample from field. Until samples are taken 
to the laboratory, place samples in location that allows air drying to 
occur. Bring to laboratory and dry subsample. Reweigh subsample. This 
subsample will be used to create a wet-to-dry ratio. This ratio will then 
be used to estimate the dry weight of the entire stump. 

ii. If it is too big to cut up and weigh, estimate the volume of the stump through 
measurements. Measure the diameter at the base and top of the stump, along 
with the length of the stump. Tree density obtained from the bole measurements 
can be used to estimate the density of the stump. 

 

d. Branches from 10-20 cm in diameter.  
i. Use the diameter fork to select branches that have a diameter from 10 to 20 cm. 
ii. Use a chainsaw or hand saw to cut the branches and place them in a pile on the 

large  plastic tarp 
iii. Weigh the branches.  

a. Take a ~2 m x 2 m piece of plastic and weigh only the plastic. Record this 
weight  

b. Branches can be then placed on plastic and weighed. 
c. Alternatively, some branches can be weighed directly on scale. 

iv. Record the weights of all branches on the data sheet, noting if branches weighed 
on plastic or if were weighed directly. 

v. Take 5 sub-samples: 
d. Each subsample should weigh about 200-500 g. Each subsample should be 

made up of a mix of the sizes of branches found.  
e. Weigh the subsample bag empty. Record weight. 
f. Weigh the subsample bag with the subsample inside. Record weight. 
g. Label the subsample bag with the tree name, tree identification number, 

subsample identification number, and total weight of subsample and 
subsample bag. 

h. Take subsample bag and subsample from field. Until samples are taken to 
the laboratory, place samples in location that allows air drying to occur. 
Bring to laboratory and dry subsample. Reweigh subsample. This subsample 



 

Allometric Equation Evaluation Guidance  38 

 

 

 

 

will be used to create a wet-to-dry ratio. This ratio will then be used to 
estimate the dry weight of all branches 10-20 cm in diameter. 
 

e. Leaves and branches < 10 cm in diameter: 
i. Lay a large plastic tarp on the ground.  Collect all the branches with a diameter <10 

cm and all leaves. Note: the leaves do not need to be removed from the branches. 
Place vegetation on plastic tarp. 

ii. Take a ~2 m x 2 m piece of plastic and weigh only the plastic. Record this weight 
iii. Put a pile of the small branches and leaves onto the plastic and weigh. Record 

weight 
iv. Repeat until all small branches and leaves have been weighed 
v. Take 5 sub-samples: 

a. Each subsample should weigh about 200-500 g. Each subsample should be 
made up of a mix of the sizes of branches and leaves.  

b. Weigh the subsample bag empty. Record weight. 
c. Weigh the subsample bag with the subsample inside. Record weight. 
d. Label the subsample bag with the tree name, tree identification number, 

subsample identification number, and weight of subsample 
e. Take subsample bag and subsample from field. Until samples are taken to 

the laboratory, place samples in location that allows air drying to occur. 
Bring to laboratory and dry subsample. Reweigh subsample. This subsample 
will be used to create a wet-to-dry ratio. This ratio will then be used to 
estimate the dry weight of all the leaves and branches <10 cm in diameter. 
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SOP Destructive Sampling of Bamboo 

Field Equipment: 

Handsaws 

Machetes 

DBH tape 

Clinometer 

5 kg scale 

~300 g scale 

Durable, but thin plastic sheeting ~2 m x 2 m 

Durable plastic tarp  ~2 m x 2 m 

Cloth or paper sample bags for subsamples 

Flagging tape 

Marker (to label bags and samples) 

 ‘Calibration weights’ (see below) 

 

Laboratory Equipment: 

Drying oven 

Laboratory scale 

 

To verify the applicability of an existing selected biomass regression equation, select >5 samples to be 

destructively sampled. When developing new biomass regression equations, at least 30 samples covering 

the full range of sizes need to be harvested (if the 30 individuals do not result in a significant equation with 

high r-squared, then additional individuals will need to be harvested). 

If a new equation is being developed an assessment shall be made to determine what sampling strategy may 

be used to estimate bamboo biomass. This will vary depending on the growth structure of a given bamboo 

species. For some bamboo types, it may be determined that bamboo biomass will be estimated using the 

SOP Measurement of Non-woody Vegetation. In this case a regression equation is not used and this step 

should not take place. 

1. If an existing equation is being verified all variables included in the equation shall be measured. If a 
new equation is being created, measure all variables that may serve as a good indicator of biomass. 
This would include such things as: diameter at 0.30 cm, DBH, total height of each stem, number of 
stems, and basal area of culm. Care must be taken to measure all parameters using the exact same 
methods that would normally be used in the field. 

2. Calibrate hanging scales at start of each day with ‘calibration weights’. 

3. Cut down all stems in sample 

4. Weigh each stem and re-measure each stem. Record weights and height of each stem. 

5. Weigh all stems 

6. Take total of 5 sub-samples of stems from sample: 
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a. Each subsample should weigh about 200-500 g. Each subsample should be made up of a 
mix of the sizes of stems.  

b. Weigh the empty subsample bag. Record weight of just the bag. 
c. Weigh the subsample bag with the subsample inside. Record weight. 
d. Label the subsample bag with the bamboo identification number, subsample number, and 

weight  of subsample 
e. Take subsample bag and subsample from field. Bring to laboratory and dry subsample. 

Reweigh subsample. This subsample will be used to create a wet-to-dry ratio. This ratio will 
then be used to estimate the dry weight of the bamboo. 

 

SOP Destructive Sampling of Non-tree woody vegetation (shrubs) 

Field Equipment: 

Handsaws 

Machetes 

DBH tape 

Clinometer 

5 kg scale 

~300 g scale 

Durable, but thin plastic sheeting ~2 m x 2 m 

Durable plastic tarp  ~2 m x 2 m 

Cloth or paper sample bags for subsamples 

Flagging tape 

Marker (to label bags and samples) 

 ‘Calibration weights’ (see below) 

 

Laboratory Equipment: 

Drying oven 

Laboratory scale 

 

Prior to the creation of a new non-tree woody vegetation equation, research shall be conducted to 

determine whether any non-tree woody vegetation equations applicable to the non-tree woody vegetation 

found within the land use class exist. It must also be determined if a species specific or a general ‘non-tree 

woody vegetation’ allometric equation will be created. 

To verify the applicability of an existing selected biomass regression equation, select >5 individuals to be 

destructively sampled. These individuals should focus on the upper range of sizes found in the sample 

population. When developing new biomass regression equations, at least 30 individuals covering the full 

range of sizes need to be harvested (if the 30 individuals do not result in a significant  equation with high r-

squared, then additional individuals will need to be harvested). 
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1. If an existing equation is being verified all parameters included in the equation shall be measured. If 
a new equation is being created, measure all parameters that may serve as a good indicator of 
biomass. Care must be taken to measure all parameters using the exact same methods that would 
normally be used in the field. This would include such things as:  

a. diameter of each stem at 0.30 cm 

b. DBH of each stem 

c. total height of each stem 

d. number of stems 

e. total height of non-tree woody vegetation 

f. diameter of the crown in North-South direction and East-West direction 

g. diameter at narrowest point and diameter at widest point. 

2. Cut down entire individual and weigh  

3. Take total of 5 sub-samples from sample: 

a. Each subsample should weigh about 200-500 g. Each subsample should be made up of a 
mix of the sizes of stems and leaves.  

b. Weigh the empty subsample bag. Record weight of just the bag. 
c. Weigh the subsample bag with the subsample inside. Record weight. 
d. Label the subsample bag with the non-tree woody vegetation identification number, 

subsample number, and weight  of subsample 
e. Take subsample bag and subsample from field. Bring to laboratory and dry subsample. 

Reweigh subsample. This subsample will be used to create a wet-to-dry ratio. This ratio will 
then be used to estimate the dry weight of the non-tree woody vegetation. 
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SOP Measurement and Estimation of Dead Wood Density Classes 

Field Equipment: 
Measuring tape 
Chainsaw or handsaw 
Cloth bags 
Permanent marking pen 
 
Laboratory Equipment: 
Drying oven 
Laboratory scale 
1L Graduated cylinder with milliliter markings and wide mouth 
Very fine elongated rod/needle 

--TO BE CONDUCTED ONE TIME ON EVERY STRATUM DURING FIELD SAMPLING-- 

In the field, dead wood is classified into three dead wood density classes. This SOP provides the field 

measurement, laboratory measurements, and data analysis methods that shall be used to estimate the 

average density that will be assigned to each dead wood density class.  

This field work and analysis needs to take place one time during a field sampling effort. This must take place 

for each stratum where dead wood will be measured. If only the standing dead wood pool is being measured, 

then only the density of ‘sound wood’ needs to be estimated. After the densities are determined, this SOP 

does not need to be repeated unless a new stratum is identified and measured. 

Prior to Field Sampling: 

1. Determine which type(s) of dead wood will be measured (standing and/or lying). 

2. Determine where samples will be collected. The location where samples are collected should be 
representative of the stratum, however it is not necessary for samples to be collected in a random 
distribution throughout the stratum. 

3. Randomly collect a small amount of around 30 samples of dead wood at various stages of 
decomposition from each of the stratum. These pieces will only be used to agree upon density 
classes and therefore can be collected close to any base camp directly prior to field measurements 
taking place. 

4. All dead wood will be classified into three density classes: sound, intermediate, and rotten. These 
classes can be determined using the ‘machete test’. The ‘machete test’ consists of raising the 
machete up to shoulder height and allowing it come down to the dead wood piece with the force 
of gravity. No additional force should be applied to the motion of the machete. 

a. Sound: : Machete does not sink into the piece (bounces off)—this does not necessarily 
mean the wood shows no sign of decomposition—lying  dead wood can lose all the 
sapwood and bark but yet the heartwood is still sound—this would be classified as sound 

b. Intermediate: Machete sinks partly into the piece, and there has been some wood loss 

c. Rotten: Machete sticks into the piece, there is more extensive wood loss, and the piece is 
crumbly—the key here is that the dead wood is decomposed throughout and very soft and 
crumbly 
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5. Agreement shall be made on which pieces of wood fit into which dead wood density class. All field 
team members must be trained on all agree on consistent classes of dead wood. 

 

Field measurements: 

Collect wood samples for each density class for density determination (dry weight per green volume). The 

number of wood samples will depend on the variability between tree species within the forest.  A 

minimum of 10 samples should be collected for each density class of each species group.  For example, for 

a forest containing mixed broadleaf and palm species , a minimum of 10 samples of dead wood from each 

tree group should be collected per density class—for a total number of 30 samples for broadleaf species 

and 30 for palms. 

1. For sound class of dead wood: 

a. Using a chainsaw or a handsaw, cut a complete disc from the selected piece of dead wood. 

b. Measure the diameter (L1 and L2) and thickness (T1 and T2) of the disc to estimate volume 
(Figure below).  The dimensions of the sample should be recorded on data sheet. The fresh 
weight of the disc does not have to be recorded. 

c. All samples shall be placed in a labeled cloth bag. 

d. Samples shall be stored in location in manner that allows for air drying to take place prior 
to laboratory measurements. 

e. This sample will then be taken to the laboratory 

2.  

Figure: Measurements to be taken on disc cut from coarse dead wood samples 

2. For intermediate and rotten classes:  
a. Collect a contiguous sample of the dead wood that is not too small nor too large (i.e. that 

fit in the graduated cylinder).  
b. Place sample in a bag, label the bag. Make sure sample doesn’t break into smaller pieces 

when transporting it. If the sample is very crumbly, it can be placed on a piece of clear 
plastic wrap (e.g. cling wrap as used in food storage), and tightly wrapped around the piece 
of wood. 

c. This sample will be taken to the laboratory. Carefully transport sample to laboratory where 
it volume will be measured. 

3. Train all field crew members on how different pieces of dead wood are should be classified, based 
on the sampling that was conducted.  
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Laboratory Measurements and Data Analysis: 

1. Dry Weight: Place samples in drying oven at 70oC until sample reaches constant weight (i.e. all 
moisture is evaporated). Record the dry weight (g). 

2. Volume: If the wood disc sampled from the field is a regular shape (eg circular disk) the ‘calculated 
volume’ method below can be used. If the wood disc is an irregular shape, the ‘water displacement 
volume’ method shall be used.  

a. Calculated Volume Estimate Method: 
i. Calculate the volume using the measurements taken in the field: 
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*
2

2*V 21

2

21

WidthWidth
DiameterDiameter

olume   

3.  Where: 

4.  Volume = Volume of sample;cm3 

5.  Diameter1 = First diameter of sample; cm 

6.  Diameter2 = Second diameter of sample; cm 

7. Width1 = First width of sample; cm 

8. Width2 = Second width of sample; cm 

ii. Calculate density using the following formula:  

9. 
Volume

weightDry _
Density   

10.  Where: 

11. Density = Density of sample; g/cm3 

12. Volume = Volume of sample; cm3 

 Dry Weight = measured dry weight of sample; g 

iii. Calculate the mean the density for that wood density class. 
b. Water Displacement Method: The most commonly used technique to measure the volume 

of irregularly shaped objects. 
i. Create a subsample from the wood sample brought from the field. This subsample 

must fit inside the graduated cylinder to be used.  
ii. Weigh the subsample created and record weight. 

iii. Fill the graduated cylinder to a known volume (e.g. 1L).  Make sure there is enough 
water to submerge the piece and enough empty room in the graduated cylinder to 
allow water to rise without spilling over. 

iv. Place dead wood sample inside the graduated cylinder. 
v. Using the very fine elongated needle, push sample under the water until 

completely submerged.  Make sure water doesn’t spill over or rise above the last 
milliliter marking on the graduated cylinder. 

vi. On the data sheet, record the volume of water displaced by submerging the 
sample.  That is the volume of the sample collected. 

vii. Calculate density using the following formula:  
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13. 
Volume

weightDry _
Density   

14.  Where: 

15. Density = Density of sample; g/cm3 
16. Volume = Volume of sample; cm3 

17. Dry Weight = measured dry weight of sample; g 

c. Calculate the mean the density for that wood density class. 
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SOP Destructive Sampling of Regenerating Vegetation / Fallow 

Cropland 

Regenerating vegetation following cropping is often comprised of a variety of vegetation types, and 

therefore will require destructive sampling of saplings, small diameter trees, as well as non-tree woody 

vegetation.  Prior to the undertaking of field data collection, a comprehensive assessment of shifting 

cultivation regimes should be conducted on shifting cultivation systems, fallow lengths, and geophysical 

conditions to determine appropriate strata.   This process may elucidate the need to create specific 

allometric equations for different types of fallow cropland altogether.   

At least five sites should be sampled per stratum, and vegetation classes should be delineated into woody 

herbaceous vegetation, bamboo, saplings, and trees.   To verify the applicability of an existing selected 

biomass regression equation, select >5 samples of each vegetation class (i.e. woody herbaceous 

vegetation, bamboo, etc.) to be destructively sampled. When developing new biomass regression 

equations, at least 30 samples covering the full range of sizes need to be harvested. If the 30 individuals 

do not result in a significant equation with high r-squared, then additional individuals will need to be 

harvested. 

 

Trees 

Although trees will likely be present in some fallow cropland areas, it is unlikely that large diameter trees 

will be growing in fallow cropland.  Trees across the range of diameter classes should be targeted for 

measurement, including the upper range of DBH sizes. 

Prior to Tree Felling 

1. Assign one person to record the data 

2. Measure all the tree parameters that will be potentially used in the allometric equation to be 
developed  and those in existing equations (eg DBH, DSH, H) for the tree to be destructively 
sampled prior to felling. It is important that the diameter tape is used properly and protocols for 
tree measurement defined in SOP Destructive Sampling of Trees are followed.  

Tree Felling 

1. Calibrate hanging scales at start of each day with ‘calibration weights’. 

2. A chainsaw operator must undertake the task of cutting the tree down and cutting the tree into 
components 
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3. After the tree is cut down the following measurements need to be made (see Figure below): 

i. Length of tree (from the stump to the top of the crown) (in meters to the nearest 0.01 m) 

j. Length of bole (from the stump to the first main branch) (in meters to the nearest 0.01 
m) 

k. Diameter of stump (in cm to the nearest 0.1 cm) 

l. Diameter at breast height  (in cm to the nearest 0.1 cm) 

m. Diameter at the center of bole (in cm to the nearest 0.1 cm) 

n. Diameter at top of bole  (in cm to the nearest 0.1 cm) 

o. Where possible, after these measurements are made, the chainsaw operator should cut, 
or mark, the length of the bole that would be extracted for timber. 

p. Length of the commercial log and the diameter at both ends of the log (in meters to the 
nearest 0.01 m) 

 

 

Figure Location of measurements following cutting down of tree 

 

4. Attach a 50-kilogram (kg) scale to either a tripod or a strong branch  

5. Divide tree into size classes and estimate weights: 

b. Bole:  The bole is the main trunk of the tree, from the stump to the first major branch.  To 
estimate bole biomass, volume measurements will be taken and a density value applied.   

iii. Measurements to estimate volume of bole (see Figure below): 
a) Measure the total length of the bole 
b) Measure the diameter at ~5 m intervals along the bole to the first branch. 

Record the diameter and the length of each interval. Be sure to measure 
the diameter at the bottom and the top of the bole. 

c) 
b) 

e) f) 

a) 

d) 
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Figure Measurements of diameter and length along the bole of tree 

18.  

iv. Estimate Wood Density:  
c) If verifying applicability of existing equation AND published wood density 

of species exists, the published wood density estimates will be used. No 
field measurements of wood density shall be taken. (See SOP Wood 
Density Reyes et al. 1992) 

d) If creating new equation OR no published wood density of species exists, 
samples must be taken to estimate wood density. Disk samples must be 
taken from the main bole at several locations along its length. 

vii) Cut 5 disc samples from different sections of bole(if a commercial 
log will be extracted from tree then it may be difficult to obtain a 
sample from several places—instead collect a sample from top of 
the stump and bottom on the crown.) 

viii) Record the dimensions of the disc (see Figure below).  If the discs 
are too big to fit into any of the cloth or paper subsample bags, 
after the dimensions are measured carefully cut the disc into 
pieces and place the pieces into one bag.  Try to minimize the 
wood fiber loss when cutting the discs.  It is better to avoid cutting 
the disc if possible. 

 
Figure: Wood disc measurement locations 
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ix) If the discs are too large and heavy to return to the laboratory they 
can be subsampled: either halved or quartered.  Field sheets need 
to be annotated to this effect.  The volume of the subsection will 
be estimated as either a quarter or half of the total volume 
estimated from the diameter and thickness measurements. 

x) Until samples are taken to the laboratory, place samples in 
location that allows air drying to occur. 

xi) Take discs to laboratory to estimate density. The fresh weights of 
disc samples do not need to be taken. 

xii) Subsamples must be dried until a constant weight and weighed. To 
estimate density, divide dry subsampled weight by fresh volume of 
subsample.  Alternatively, density may be estimated using the 
water displacement method. The calculated density will be used to 
estimate the weight of the entire bole.  

f. Buttress: 
iv. If there is a buttress, the weight will need to be estimated.  
v. Cut the buttress into pieces and weigh on the scale. Record weight of each piece 
vi. Take 2 sub-samples: 

a. Cut two ‘pie pieces’ out of the buttress (be sure both the center and edge of 
the buttress is included in a ‘pie piece’) 

b. Weigh each ‘pie piece’  
c. Label each subsample and record weight 
d. Take subsample from field. Until samples are taken to the laboratory, place 

samples in location that allows air drying to occur.  Bring to laboratory and dry 
subsample. Reweigh subsample. This subsample will be used to create a wet-
to-dry ratio. This ratio will then be used to estimate the dry weight of the 
entire buttress. 

 

g. Stump: 
iii. If stump is relatively small: 

d. After the bole and the other parts of the tree are measured cut the stump 
as close to the ground as possible. 

e. Cut the stump into pieces and weigh on the scale. 
f. Take 2 sub-samples: 

i. Cut two ‘pie pieces’ out of the buttress 
ii. Weigh each ‘pie piece’  

iii. Label the subsample bag with the tree name, tree identification 
number, subsample identification number, and weight of subsample 

iv. Take subsample bag and subsample from field. Until samples are taken 
to the laboratory, place samples in location that allows air drying to 
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occur. Bring to laboratory and dry subsample. Reweigh subsample. 
This subsample will be used to create a wet-to-dry ratio. This ratio will 
then be used to estimate the dry weight of the entire stump. 

iv. If it is too big to cut up and weigh, estimate the volume of the stump through 
measurements. Measure the diameter at the base and top of the stump, along 
with the length of the stump. Tree density obtained from the bole measurements 
can be used to estimate the density of the stump. 

 

h. Branches from 10-20 cm in diameter.  
vi. Use the diameter fork to select branches that have a diameter from 10 to 20 cm. 
vii. Use a chainsaw or hand saw to cut the branches and place them in a pile on the 

large  plastic tarp 
viii. Weigh the branches.  

i. Take a ~2 m x 2 m piece of plastic and weigh only the plastic. Record this 
weight  

j. Branches can be then placed on plastic and weighed. 
k. Alternatively, some branches can be weighed directly on scale. 

ix. Record the weights of all branches on the data sheet, noting if branches weighed 
on plastic or if were weighed directly. 

x. Take 5 sub-samples: 
l. Each subsample should weigh about 200-500 g. Each subsample should be 

made up of a mix of the sizes of branches found.  
m. Weigh the subsample bag empty. Record weight. 
n. Weigh the subsample bag with the subsample inside. Record weight. 
o. Label the subsample bag with the tree name, tree identification number, 

subsample identification number, and total weight of subsample and 
subsample bag. 

p. Take subsample bag and subsample from field. Until samples are taken to 
the laboratory, place samples in location that allows air drying to occur. 
Bring to laboratory and dry subsample. Reweigh subsample. This 
subsample will be used to create a wet-to-dry ratio. This ratio will then be 
used to estimate the dry weight of all branches 10-20 cm in diameter. 
 

i. Leaves and branches < 10 cm in diameter: 
vi. Lay a large plastic tarp on the ground.  Collect all the branches with a diameter 

<10 cm and all leaves. Note: the leaves do not need to be removed from the 
branches. Place vegetation on plastic tarp. 

vii. Take a ~2 m x 2 m piece of plastic and weigh only the plastic. Record this weight 
viii. Put a pile of the small branches and leaves onto the plastic and weigh. Record 

weight 
ix. Repeat until all small branches and leaves have been weighed 
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x. Take 5 sub-samples: 
f. Each subsample should weigh about 200-500 g. Each subsample should be 

made up of a mix of the sizes of branches and leaves.  
g. Weigh the subsample bag empty. Record weight. 
h. Weigh the subsample bag with the subsample inside. Record weight. 
i. Label the subsample bag with the tree name, tree identification number, 

subsample identification number, and weight of subsample 
j. Take subsample bag and subsample from field. Until samples are taken to 

the laboratory, place samples in location that allows air drying to occur. 
Bring to laboratory and dry subsample. Reweigh subsample. This 
subsample will be used to create a wet-to-dry ratio. This ratio will then be 
used to estimate the dry weight of all the leaves and branches <10 cm in 
diameter. 
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APPENDIX 3: DATA ANALYSIS METHODS 

Calculation of field measurements 

 (Text taken directly from: Goslee, K, SM Walker, A Grais, L Murray, F Casarim, and S Brown. 2014. Module 

C-CS: Calculations for Estimating Carbon Stocks. LEAF Technical Guidance Series for the development of 

forest carbon monitoring systems for REDD+. USAID funded LEAF project. Winrock International.) 

Destructive sampling of trees may be conducted to validate existing or develop new allometric equations. 

This section provides the necessary calculations to calculate tree biomass based on data collected during 

destructive sampling. Consult the SOPs for guidance on how to conduct destructive sampling. The steps 

required to validate or develop allometric equations are outside the scope of this module. 

Information required to complete the analysis: 

• Field data of relevant parameters, including tree species and DBH 

• Field data of volume and/or wet weight for relevant tree components: bole, stump, buttress, 

leaves, and branches2. 

• Wood density for each relevant tree component 

Calculation Steps: 

1. Calculate the biomass of the bole: 

A. Calculate the total volume of the bole by summing the volume of all of the sections. Note 

that the volume of each section is calculated using the equation for the volume of a 

frustrum. 

𝑉𝑂𝐿 = ∑
1

3
∗ 𝜋 ∗ 𝐿 ∗ ((

𝐷𝑇

2
)

2
∗ (𝐷𝑇 ∗ 𝐷𝐵) ∗ (

𝐷𝐵

2
)

2
) ∗ 10−6     (1) 

Where: 

VOL  = volume (m3) 
L  = length (cm) 
DT  = top diameter of section (cm) 
DB  = bottom diameter of section (cm) 
 

B. Use the density (calculated or found in literature) and the volume to calculate the biomass: 

                                                           

2 See SOP Destructive sampling of trees, saplings, palms, and bamboo in Walker et al, 2013. 
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𝐷𝑊𝑏𝑜𝑙𝑒 = 𝐷𝑒𝑛𝑠 ∗ 𝑉𝑜𝑙 ∗ 1000         (2) 

Where: 

 DWbole  = biomass of the bole (kg) 

 Dens  = bole density (g cm-3) 

 Vol  = volume (m3) 

2. Calculate the biomass of the stump, based on weight (A), volume (B), or a combination of weight 

and volume (C). 

A. To calculate biomass by weight multiply total wet weight by the dry-to-wet ratio obtained 

by drying samples. 

𝐷𝑊𝑠𝑡𝑢𝑚𝑝,𝑤 =  ∑ 𝐹𝑊𝑖 ∗ 𝐷𝐹𝑅(3) 

Where: 

 DWstump,w = biomass of the stump (kg), calculated by weight 

 WWi = wet weight (kg) of pieces of the stump, as scale allows 

DWR = dry-to-wet ratio, determined by taking the fresh and oven-dried weight of at least three 

subsamples, finding the ratio, and averaging across all samples 

B. To calculate biomass by volume, identify the shape the stump most closely resembles, 

frustrum, cube, or cylinder, use the appropriate volume equation, and multiply the volume 

by wood density. 

𝐷𝑊𝑠𝑡𝑢𝑚𝑝,𝑣 = 𝑉𝑂𝐿 ∗ 𝑊𝐷 ∗ 1000(4) 

Where: 

 DWstump,v = biomass of the stump (kg), calculated by volume 

 VOL  = volume (m3) 

 WD  = wood density (g cm-3)(see SOP Wood Density)  

Where volume is calculated based on shape: 

19. For Cube:   𝑉𝑐𝑢𝑏𝑒 (𝑚3) = 𝐿𝑒𝑛𝑔𝑡ℎ (𝑚) ∗ 𝑊𝑖𝑑𝑡ℎ (𝑚) ∗ 𝐻𝑒𝑖𝑔ℎ𝑡 (𝑚)(5) 
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20. For Cube:   𝑉𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 (𝑚3) = 𝜋 ∗ 𝑟𝑎𝑑𝑖𝑢𝑠2 (𝑚) ∗ 𝐻𝑒𝑖𝑔ℎ𝑡 (𝑚)(6) 

 

21. For Frustrum: 𝑉𝑓𝑟𝑢𝑠𝑡𝑟𝑢𝑚 (𝑚3) =
1

3
∗ 𝜋 ∗ 𝐻𝑒𝑖𝑔ℎ𝑡 (𝑚) ∗ 𝐿𝑎𝑟𝑔𝑒𝑅𝑎𝑑𝑖𝑢𝑠 (𝑚) ∗

𝑆𝑚𝑎𝑙𝑙𝑠𝑅𝑎𝑑𝑖𝑢𝑠 (𝑚)(7) 

 

C. To calculate biomass by both weight and volume, simply calculate DWstump,w and DWstump,v 

and sum them. This is useful when it is easier to take volume measurements for some of 

the stump and weight measurements for the rest.  

 

 

3. Calculate the biomass of the buttress: 

𝐷𝑊𝑏𝑢𝑡𝑡𝑟𝑒𝑠𝑠 =  ∑ 𝑊𝑊𝑖 ∗ 𝐷𝐹𝑅 

(8) 

Where: 

DWbuttress  = dry weight biomass of the buttress (kg) 

 WWi  = wet weight (kg) of pieces of the buttress, as scale allows 

 DWR = dry-to-wet ratio, determined by taking the fresh and oven-dried weight of at 

least three subsamples, finding the ratio, and averaging across all samples 

4. Calculate the biomass of the leaves and branches. This should be done separately for 

leaves and branches <10cm in diameter, for branches 10-20 cm in diameter, and for branches >20 

cm in diameter: 

𝐷𝑊𝑏𝑟𝑎𝑛𝑐ℎ = ∑ 𝑊𝑊𝑖 ∗ 𝐷𝐹𝑅      (9) 

Where: 

 DWlb  = biomass of the leaves and/or branches (kg) 

 WWi  = partial wet weight (kg) of leaves and/or branches, as scale allows 

 DWR  = dry-to-wet ratio, determined by taking the fresh and oven-dried weight of at 

least three subsamples, finding the ratio, and averaging across all samples 
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5. Sum the biomass of all tree components. 

𝐷𝑊𝑎𝑙𝑙 = 𝐷𝑊𝑏𝑜𝑙𝑒 + 𝐷𝑊𝑠𝑡𝑢𝑚𝑝 + 𝐷𝑊𝑏𝑢𝑡𝑡𝑟𝑒𝑠𝑠 + 𝐷𝑊𝑏𝑟𝑎𝑛𝑐ℎ 

(10) 

Where: 

 DWall  = biomass of the entire tree (kg) 
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APPENDIX 4: WOOD DENSITY FOR TROPICAL FORESTS FROM 

REYES ET AL. 1992 
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APPENDIX 5: DATA SHEETS 

DEAD WOOD DENSITY DATA SHEET       
Stratum: __________ Location:     
Date: ______/______/______ Data recorded by:      
Notes:   
 
Calibrating 1 kg scale:       Weight of sheet: _______ g 
Object weight:  ________ g 
Name of object: ___________ g 
Calibrating 300 g scale: 
Object weight:  ________ g 
Name of object: ___________ g 
  
A minimum of 10 samples should be collected for each density class at the beginning of the field sampling effort. Diameter 
and width should be recorded for each sample. Volume and Dry Weight to be measured in the laboratory.  
 

Photo # Dead 
Wood ID 

Wood Density 
Class: S, I, R* 

Diameter2 
(cm) 

Diameter2 
(cm) 

Width1 
(cm) 

Width2 
(cm) 

Volume 
(cm3) 

Dry  
weight (g) 

              

  

              

  

              

  

              

  

              

  

              

  

              

  

              

  

              

  

              

  

              

  

              

  

              

  

 
* S = sound, I = intermediate, R = rotten 
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DATA SHEET FOR SAPLINGS 
Stratum:__________ Location:     
Date:__________ Data recorded by:      
Notes:   
At least 30 saplings must be cut and weighed.  
 
Calibrating 1 kg scale:           Weight of sheet: _______ g 
Object weight:  ________ g 
Name of object: ___________ g 
Calibrating 300 g scale: 
Object weight:  ________ g 
Name of object: ___________ g 
 

Plot ID  Sapling ID  DBH Species Total Wet  
Weight (g) 

Weight of empty 
subsample bag (g) 

Subsample  
Wet Weight + Bag 

(g) 

    

  

  

 

  

    

  

  

 

  

    

  

  

 

  

    

  

  

 

  

    

  

  

 

  

    

  

  

 

  

    

  

  

 

  

    

  

  

 

  

    

  

  

 

  

    

  

  

 

  

    

  

  

 

  

    

  

  

 

  

    

  

  

 

  

    

  

  

 

  

    

  

  

 

  

    

  

  

 

  



 

 

DESTRUCTIVE SAMPLING DATA SHEET 
Plot ID:_______Location:__________GPS  Lat:_________ Long:___________ 
Date:___________ Team Leader:________Timestart:___________Time end:____________ 
Tree ID: _____________Stratum:_____________Photo ID: _______________________ 
 
MEASUREMENTS BEFORE TREE CUT 

 
Species: __________________ DBH: _______________ cm  
Tree Height: 

Height Measurement 1 Height Measurement 2 
 

Clinometer Height 
Measurement  (m) 

Distance to 
tree (m) 
  

Clinometer Height 
Measurement (m) 

Distance to 
tree (m) 
                            

             

 
MEASUREMENTS AFTER TREE CUT 
 

Bole measurements 
 
Diameter at bottom of bole:  _______cm 
Diameter at top of bole: _______cm 
Diameter at center of bole      _______ cm 
DBH of bole:   _______cm 
Length of bole:   _______m 
Length of tree:   _______m 
 
Starting at the bottom of the bole, divide the bole into 2-m sections and list the dimensions of each 
section below: 

Section 
# 

Lower 
diameter 
(cm) 

Upper 
diameter 
(cm) 

Length of 
section 
(cm) 

 Section 
# 

Lower 
diameter 
(cm) 

Upper 
diameter 
(cm) 

Length of 
section 
(cm) 

         

         

         

         

         

         

         

For density determination: 
Subsample disc 1  Subsample disc 2  Subsample disc 3 
Label: __________  Label: ________  Label: __________ 
L1: ________ cm  L1:  ________ cm  L1:  ________ cm 
L2: ________ cm  L2:  ________ cm  L2:  ________ cm 
T1:  ________ cm  T1:  ________ cm  T1:  ________ cm 
T2: ________ cm  T2:  ________ cm  T2:  ________ cm 
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If disc is cut, check below by how much. Only do this if absolutely necessary and you ensure you are 
taking either half (½) or a quarter (¼) of the weight of the subsample; this needs to be as precise as 
possible. 
Disc 1:          Disc 2:    Disc 3: 
     ½          ¼              ½          ¼     ½             ¼ 

Stump measurements 
Weight of plastic sheet A: ___________ g 
Weight of plastic sheet B: ___________ g 
Weight of plastic sheet C: ___________ g 
 
Calibrating 100 kg scale: 
Object weight:  ________ g 
Name of object: ___________ g 
**Directions for calibrating scale: Weigh object on a high quality digit laboratory scale. If there is a 
difference in weight between field scale and laboratory scale, adjust data below accordingly. 
Calibrating 51 kg scale: 
Object weight:  ________ g 
Name of object: ___________ g 
Calibrating 5300 g scale: 
Object weight:  ________ g 
Name of object: ___________ g 
If entire stump is weighed at once: Total fresh weight: ______kg  
Weight of plastic sheet (or sheet name): ______________ g   
If entire or a portion of the stump is weighed in sections (kg):  
 

Weight Sheet 
Name 

Weight Sheet 
Name 

Weight Sheet 
Name 

1.  4.  7.  

2.  5.  8.  

3.  6.  9.  

 
Subsamples for determination of dry:wet ratio: 

Tree ID  Subsample ID Total  
Wet Weight (g) 
* this is sample 
weight – bag 
weight 

Weight of empty 
subsample bag (g) 

Subsample  
Wet Weight + Bag (g) 

         

         

         

 
Volume estimates: If stump is cut and part of it is estimated by volume rather than weighing the whole 
stump, pick shape and note its dimensions: 
 

Frustum:   Rectangular Prism:   Cylinder: 

 

Dbottom    cm 

 

Length   cm 

 

Dia1   cm 

Dtop   cm Width   cm Dia1   cm 

  cm Height   cm H1   cm 
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 Height of 
stump        H2   cm 

 
Dimensions of disc sample for determining density:    

L1: _________ cm W1: ________ cm 
    L2: _________ cm W1: ________ cm 
 
If disc is cut, check below by how much. Only do this if absolutely necessary and you ensure you are 
taking either half (½) or a quarter (¼) of the weight of the subsample; this needs to be as precise as 
possible. 
Disc 1:          Disc 2:    Disc 3: 
     ½          ¼              ½          ¼     ½             ¼ 

 
Buttress Measurements: 
 
If entire buttress is weighed at once: Total fresh weight: ______kg    
If entire buttress is weighed in sections (kg):  
 

Weight Sheet 
Name 

Weight Sheet 
Name 

Weight Sheet 
Name 

1.  4.  7.  

2.  5.  8.  

3.  6.  9.  

 
 
Subsamples for determination of dry:wet ratio: 

Tree ID  Subsample ID Total Wet  
Weight (g) 

Weight of empty 
subsample bag (g) 

Subsample  
Wet Weight + Bag (g) 

         

         

         

Tree Crown Measurements: 
Leaves and branches <10 cm: 
If weighed at once: Total fresh weight: ______kg    
 
If leaves and branches weighed in sections (kg):  

Weight Sheet 
Name 

Weight Sheet 
Name 

Weight Sheet 
Name 

1.  4.  7.  

2.  5.  8.  

3.  6.  9.  

 
Subsamples for determination of dry:wet ratio: 

Tree ID  Subsample ID Total Wet  
Weight (g) 

Weight of empty 
subsample bag (g) 

Subsample  
Wet Weight + Bag (g) 
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Branches 10-20 cm: 
If weighed at once: Total fresh weight: ______kg    
If branches 10-20 cm weighed in sections (kg):  
 

Weight Sheet 
Name 

Weight Sheet 
Name 

Weight Sheet 
Name 

1.  4.  7.  

2.  5.  8.  

3.  6.  9.  

 
Subsamples for determination of dry:wet ratio: 

Tree ID  Subsample ID Total Wet  
Weight (g) 

Weight of empty 
subsample bag (g) 

Subsample  
Wet Weight + Bag (g) 

         

         

         

         

         

 
Branches >20 cm: 
If weighed at once: Total fresh weight: ______kg    
If branches >20 cm weighed in sections (kg):  
 

Weight Sheet 
Name 

Weight Sheet 
Name 

Weight Sheet 
Name 

1.  4.  7.  

2.  5.  8.  

3.  6.  9.  

 
Subsamples for determination of dry:wet ratio: 

Tree ID  Subsample ID Total Wet  
Weight (g) 

Weight of empty 
subsample bag (g) 

Subsample  
Wet Weight + Bag (g) 
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Volume Estimates: 
 
If volume is estimated instead of weight for branches >20 cm, then mentally divide the branch into 
sections and list the dimensions of each section below: 
 

Section 
# 

Lower 
diameter 
(cm) 

Upper 
diameter 
(cm) 

Length of 
section 
(cm) 

 Section 
# 

Lower 
diameter 
(cm) 

Upper 
diameter 
(cm) 

Length of 
section 
(cm) 

         

         

         

         

         

 
For density determination: Only need for branches you estimated volume for (did not weigh with 
scale). 
Subsample disc 1  Subsample disc 2  Subsample disc 3 
Label: __________  Label: ________  Label: __________ 
L1: ________ cm  L1:  ________ cm  L1:  ________ cm 
L2: ________ cm  L2:  ________ cm  L2:  ________ cm 
T1:  ________ cm  T1:  ________ cm  T1:  ________ cm 
T2: ________ cm  T2:  ________ cm  T2:  ________ cm 
  
If disc is cut, check below by how much. Only do this if absolutely necessary and you ensure you are 
taking either half (½) or a quarter (¼) of the weight of the subsample; this needs to be as precise as 
possible. 
Disc 1:          Disc 2:    Disc 3: 
     ½          ¼              ½          ¼     ½             ¼ 
 

NOTES FOR DESTRUCTIVE SAMPLING MEASUREMENTS 
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BAMBOO DESTRUCTIVE SAMPLING DATA SHEET    
   
Plot # or Name________Stratum: __________ Location:     
Date: ______/______/______ Data recorded by:      
Notes:   
 
Calibrating 1 kg scale:       Weight of sheet: _______ g 
Object weight:  ________ g 
Name of object: ___________ g 
Calibrating 300 g scale: 
Object weight:  ________ g 
Name of object: ___________ g 
 
A minimum of 30 samples (individuals) should be collected for each size class at the beginning of the 
field sampling effort. Size class is a guide to make sure sampling covers all stem sizes. You may group 
data into size classes when doing analysis if you think this is important for the allometric equation. 
Perhaps consider 10 per DBH size class. Diameter, height and weight should be recorded for each 
sample. Empty bag weight should be recorded.  
 
Possible Size Classes: 
  

2-3 cm 
 3-4 cm 
 4-5 cm 
 5-6 cm 

> 7cm 
 
Before cutting, measure: 
 
Basal Area around entire clump (cm): ____________ 
Number of stems in clump (#): _______ 
 
Record Below - Height of all stems (m): ____________ 
Record Below - Diameter at 0.3 of all steams (cm): ____________ 
Record Below – DBH of all stems (if decide)(cm): _____________ 
 
After cutting, measure for each stem: 
 
    

Clump  
ID # 

Stem # Height 
while 
standing 
(m) 

Diameter 
at 0.3 
(cm) 

DBH 
(cm) 

Height 
after 
cut 
(m) 

Total 
Stem 

Weight 
(kg) 
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Subsamples 
 
    Weights of Subsamples (kg)  

Clump ID Subsample 
weight 1  

Subsample 
weight 2 

Subsample 
weight 3 

Subsample 
weight 4 

Subsample 
weight 5 
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