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INTRODUCTION

Tropical forests have long been recognized to
harbor an outstanding proportion of the
terrestrial biodiversity, with at 45.000 of all
vascular plant species occurring in tropical
rainforests and at least 20.000 in Amazonian
rainforests alone (Slik et al. 2015). Recently,
the conservation value of tropical forests has
been expanded to include their important
contribution to the carbon cycle and their
potential role in mitigating or amplifying the
ongoing global climate changes (Brienen et al.
2015).

1 The Carbon Issue
Tropical forests are estimated to account for
an estimated 229 Pg of aboveground biomass
carbon (Baccini et al. 2012), or nearly half of
what is believed to be stored in vegetation
worldwide (Houghton et al. 2012). Combining
remote sensing approaches to forest in situ
inventory, estimates of carbon in the Amazon
basin alone varying from 86–96 Pg (with
about 20% uncertainty) (Saatchi et al. 2007).
Preservation of this major carbon stock and
the important role forest ecosystems play in
climate change are now fully recognized
through the elaboration of international
mechanisms like Reducing Emissions from
Deforestation and Degradation (REDD+).
An important challenge facing both forest
managers and forest scientists is to quantify as
precisely as may be possible the carbon stocks
at different spatial scales and their fluxes in
time (Langner et al. 2014).
Considerable efforts have recently been made
to develop new tools to monitor tropical
forest carbon stocks and fluxes using remote
sensing approach (Baccini et al. 2012; Asner et
al. 2012), together with new models of carbon

estimation from tree in situ measurements
(Chave et al. 2014) so that Above-Ground
Biomasses (AGB) of inventoried forest plots
are estimated with individual-tree-level models
applied to forest inventory data (Henry et al.
2015). These AGB estimates made from in situ
tree data are essential for at least two reasons.
First, time-series and spatially-explicit data are
required to compare the spatial and temporal
distributions of AGB. Second, the data
obtained with remote sensing technologies
must be calibrated against some reference
inventory plots (Réjou-Méchain et al. 2014).
Inventory data basically consist of the
Diameters at Breast Height (DBH) and some
taxonomic information, from the binomial
latin species names to local vernacular names,
for all the trees in a precisely known area
(Baraloto et al. 2013). Sometimes, tree heights
are measured in the inventoried area or in part
of it (Molto, Hérault, et al. 2013). Predicting
the AGB, or carbon content, of a given tree
requires a physical model that roughly
approximates the tree to a cone, which in turn
requires that its DBH, height, and wood
specific gravity (WSG) are known (Chave et
al. 2014). Those variables are relatively easy to
measure in the field, compared to measuring
the volume and biomass directly for each tree,
which is mostly not realistic. These physical
models are known under the term “Allometric
Equations”.

2 Allometric Equations
Allometric equations are statistical models for
calculating tree volume and biomass, using the
relationships
between
different
tree
characteristics. The word allometry refers to
the growth of part of an organism in relation
3
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to the growth of another part or of the whole
organism, in this report, a tree (Sterck &
Bongers 1998). Allometric equations work on
the principle that all trees in a population
develop with the same biological rules if they
are growing under the same environmental
conditions. This hypothesis sounds reasonable
within the same forest type, while accounting
for the natural variability related to the diverse
life-history of trees.
The choice between different allometric
equations has large implications for carbon
accounting (Mascaro et al. 2011; Keller et al.
2001). For many existing allometric equations,
the mathematical formula has been developed
based on data collected far away from the
Guiana Shield (Chave et al. 2014). If the
accuracy of those equations has only been
tested for directly-measured biomass data
from other parts of the world, there is a large
uncertainty when applying them on field data
from the Guiana Shield. Several factors vary
between different tropical forests in the
world, including species composition, wood
density of species, max height and heightdiameter relationships as well as crown size
(Goodman et al. 2014; van der Sande et al.
2015). Consequently, the total above-ground
biomass and its relationship with measurable
variables also differ.

3 Objectives
Given the importance of the Carbon issue in
future forest management, there is a need to
establish up-to-date allometric equations
and/or to verify and validate existing regional
or pantropical allometric equations for forest
types in the Guiana Shield. Considering the
cost and work required to developing new
allometric equations, it is very appropriate to
adopt a regional approach for it.
Thanks to literature review and in-country
missions, this work enables to identify which
allometric equations have been developed,
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tested and/or have been used in Suriname,
Guyana, Amapá and French Guiana. This
analysis will not be limited to equations that
are used in the region but might also include
some other equations that could be relevant
for the Guiana Shield context. All forest strata
will be considered and we will focus on the
aboveground biomass for which we will
formulate recommendations.
Short in-country missions enabled to meet
with possible users and developers of
allometric equations, as well as with people
involved in Forest Inventories (mainly
forestry services, REDD+ authority, research
institutes and private sector when relevant).
Objectives of those missions were to collect
information, to better identify and assess
existing human and institutional capacities
related to allometry and forest inventories, as
well as to identify needs and future projects in
terms of allometric equations.
This study report will be presented and
discussed during a regional meeting. The
specific objectives of the present report are to:
 Present the methodological framework
used to compile information on
allometric equations
 Present the database on allometric
equations and discuss it
 Identify key projects and organisations
in the four territories
 Analyse the current gaps in our
knowledge and the future perspectives
for collaboration between countries of
the Guiana Shield

4 Acknowledgements
In releasing this report, we would like to
express our sincere appreciation to the
individuals who shared their time, advice, and
constructive comments on preliminary
versions of this work. Their valuable input
and guidance are greatly appreciated.

METHODOLOGICAL FRAMEWORK

Two main sources of information were
underlying this synthesis on allometric
equations for the Guiana Shield. First, a
systematic review was performed to identify
the key published documents. Second, key
informant interviews were conducted with 18
persons in all the 4 territories (Amapá, French
Guiana, Guyana and Suriname).

is joined as a supplementary material to the
present report.
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1 Systematic Review

3
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1

We performed a systematic review and metaanalysis of published studies to investigate the
development and use of allometric and volumetric equations in the Guiana Shield. We
looked at Google Scholar, Web of Science
and Scopus databases to identify studies on
allometric and volumetric equations. In addition, we searched the library of the Campus
Agronomique de Kourou to identify studies
published locally and in native language only.
Key words included combinations of “Guiana
Shield”, “allometr*”, “volumetr*”, “biomass”,
“equation” and “carbon”. We also used references cited in the documents identified. We
looked at records from 1980 until 2015.

1.1 Collected Documents
Our literature review identified 78 studies.
Studies that were not reporting explicitly original, i.e. newly developed, mathematical formulations of either allometric or volumetric
equations were excluded (36 documents not
covered). Types of documents covered in the
study include books (6), scientific papers (8),
reports (19), PhD & Msc Thesis (4), working
paper (1) and slideshow supports (4). All these
documents were compiled into a database that

0

Amapa

French guiana

Guyana

Suriname

Pan-tropical
Figure 1 : Types of document covered in this synthesis
on allometric equations for the Guiana Shield

1.2 Trends in Time
The number of published documents dealing
with allometric or volumetric equations has
increased in time. Less than 4 documents
were collected over the 80s and the 90s,
compared to 21 for the 2010-2015 period.
This trend which is similar for each territory
reflects the emergence of the Carbon issue in
scientific
and
forest
management
communities together with the recognition of
the importance of the carbon cycle in shaping
the ongoing climate changes (Clark 2007).
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 Instituto Estadual de Florestas do
AmapáAmapá (IEF), The Forestry Institute of AmapáAmapá State
 Empresa Brasileira de Pesquisa Agropecuaria
(Embrapa),
Brazilian
Agricultural Research Corporation

25
20
15

The first appointment took place in IEF
buildings with Mr. Raphael Santana - Coordinator of the Service of Access to Forest Resources and Mrs. Alinny Lima - Manager of
the Environmental Services Department.

10
5

The second one took place in EmbrapaAmapá buildings in Macapá with Mrs.
Eleneide Doff Sotta, forest scientist.

0

Figure 2 : Numbers of collected documents by 10-years
time period.

2 Interviews
Persons in charge of either the development
of new or the current use of alreadydevelopped allometric equations were met
during 2-3 days mission in each country.
Basically, local knowledge from National
Forest Services as well as from Forestry
Researchers were of primary importance for
the study. Key resource persons who were not
present when the mission took place have
been contacted by email or by phone.

2.2 French Guiana
No specific interview was conducted in
French Guiana. Key resource persons are
regular collaborators of the authors of this
report. Clarification was sought on certain
aspect of the volumetric equations presently
used in the forest management in the permanent forest estate (Domaine Forestier Permanent). Key organizations are:
 Office National des Forêts (ONF),
The National Forest Service
 GIS Silvolab, French Guiana Scientific
Interest Group
 Guyane Energie Climat (GEC), association under the French Law 1901
 Cirad, French agricultural research and
international cooperation organization
working for the sustainable development of tropical regions

2.1 Amapá
Interviews in Amapá were conducted from 22
to 24 of April 2015. Two institutions were
visited:

2.3 Guyana
Interviews in Guyana were conducted from

Table 1 : List of key resource persons contacted by email or by phone.
Name

Country

Organisation

Title

Mr Vanessa Benn

Guyana

Iwokrama

Research Scientist

Mrs Sandra Brown

Guyana

Winrock International

Research Scientist

Mr Laurent Descroix

French Guiana

Office National des Forêts

Head Research & development

Mr Benjamin Ouliac

French Guiana

Guyane Energie Climat

Principal Investigator
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18 to 20 of May 2015. Three institutions were
visited:
 The Guiana Shield Facility of the
United Nations Development Programme (GSF)
 The Faculty of Agriculture & Forestry
of the University of Guyana
 The Guyana Forestry Commission
(GFC)
The first appointment took place in GSF
building with Mr. Patrick Chesney - Chief
Technical Advisor. The second one took place
at the University of Guyana with Mr. Charles
Elroy - Dean at the Faculty of Agriculture &
Forestry, Mr. Owen Bovell - Mangrove Specialist and with Mrs. Suzy Lewis from the
Guyana Natural Resources Agency. The last
appointment took place in GFC building with
Mrs. Pradeepa Bholanath - Head of the Planning & Development Division and Mr. Hans

Sukhdeo – Commission Project Officer.
Mrs. Vanessa Benn from the Iwokrama International Centre for Rainforest Conservation
and Development and Mrs. Sandra Brown
from Winrock International have been contacted by email.

2.4 Suriname
Interviews in Suriname were conducted from
20 to 22 of May 2015. The first introductory
meeting was led by Mr. Pearl S. Jules – Chief
Executive Officer of SBB (Stichting voor
Bosbeheer en Bostoezicht, Foundation for
Forest Management and Production Control),
Mr. Balvansing Lakhisaran - Policy Advisor,
and Mr. Rene Somopawiro - Director of Research & Development.
All meetings took place in SBB building. The
first day with SBB staff only, the second day
the same group was joined by Angela Margriet
Soetotaroeno from NIMOS (Nationaal

Table 2 : List of interviews conducted in the four countries.
Name

Country

Organisation

Title

Mr. Raphael Santana

Amapá

Instituto Estadual de Florestas
do Amapa

Coordinator of the Service of Access to Forest
Resources

Mrs. Alinny Lima

Amapá

Instituto Estadual de Florestas
do Amapa

Manager of the Environmental Services Department

Mrs. Eleneide Doff Sotta

Amapá

Embrapa

Research Scientist

Mrs. Christelle Ndagijimana

Amapá

REDD+ Guiana Shield

Focal Point

Mr. Patrick Chesnay

Guyana

Guiana Shield Facility UNDPP

Chief Technical Advisor

Mr. Charles Elroy

Guyana

University of Guyana

Dean of the Faculty of Agriculture & Forestry

Mr. Owen Bovell

Guyana

University of Guyana

Mangrove Scientist

Mrs. Suzy Lewis

Guyana

Guyana
Agency

Mrs. Pradeepa Bholanath

Guyana

Guyana Forestry Commission

Head of the Planning & Development Division

Mr. Hans Sukhdeo

Guyana

Guyana Forestry Commission

Project Officer

Mr. Pearl S. Jules

Suriname

SBB

Chief Executive Officer

Mr. Balvansing Lakhisaran

Suriname

SBB

Policy Advisor

Mr. Rene Somopawiro

Suriname

SBB

R&D Director

Mrs. Sarah Crabbe

Suriname

SBB

R&D Deputy Director

Mrs. Artie Sewdien

Suriname

SBB

R&D Junior Officer

Mrs. Angela M. Soetotaroeno

Suriname

NIMOS

Field Officer

Mr. Joeri Zwerts

Suriname

CELOS

Forestry Scientist

Mrs. Sara Svensson

Suriname

REDD+ Guiana Shield

Focal Point

Natural

Resources

Silviculturist
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Instituut voor Milieu en Ontwikkeling in Suriname, National Institute for Environment
and Development in Suriname) and Joeri
Zwerts from CELOS (Centre for Agricultural
Research in Suriname).

3 Database Overview
Allometric and Volumetric equations were
compiled into a single database that is joined
to the present report. Three sub-databases
were distinguished corresponding to:
 Allometric Equations
 Volumetric Equations
 Biomass and Volume Expansion Factors
The logic underlying the 3 sub-databases is
quite similar. Are reported:

8

 A unique identifier for possible future
uses in a shared Guiana Shield database
 Elements of context regarding the reported equation
 Mathematical formulation of the equation
 Values of the fitted parameters and
variables included
 Authors of the equation
 Statistical information on the performance and the size of the sampling
 Countries where the equation has been
used
Another database referencing all the collected
documents where original equations were
published is joined to the present report.

Allometric Equations in the Guiana Shield
Table 3 : Database Overview: Metadata of the Biomass Expansion Factor sub-databases.
Type of information

Running Head

Details

Identifier

ID

Unique identifier

Context

Type of equation

Used or developed equation

Population

Population of the individual (tree for this study)

Ecosystem

Ecosystem of the individual (forest for this study)

Biome

Biome of the individual (tropical for this study)

Climatic zone

Climatic zone of the individual (moist for this study)

Country

Country where the equation has been developed

Condition

Condition for use

Equation

Formula of the Equation

a

Parameter a of the equation

b

Parameter b of the equation

Variable

Variable used in the equation of the individual

Authors

Author of the Equation

Literature from the author's equation

Statistical Information

R²

Coefficient of determination

Sample size

Sample size for the destructing sampling plot

Brazil (Amapá)

Example of literature using the equation in Brazil

French Guiana

Example of literature using the equation in French Guiana

Guiana

Example of literature using the equation in Guyana

Suriname

Example of literature using the equation in Suriname

Equation

Parameters

Country
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SYNTHESIS ON ALLOMETRIC EQUATIONS

Three types of Allometric Equations sensu lato
were distinguished in this synthesis:
 Allometric Equations sensu stricto
 Volumetric Equations
 Biomass and Volume Expansion Factors

1 Regional Synthesis
Allometric Equations sensu lato have been
developped in all the four territories. One
hundred and five equations have been
inventoried, among which 17 are pantropical
equations and 88 have been locally
developped.
45
40
35

Figure 3 : The diversity of allometric equations.
Allometric equations sensu stricto are equations relating
inventory measurements to total biomass (arrow 2).
Volumetric equations are equations relating inventory
measurements to merchantable volume (arrow 1). Volume Expansion Factors relate merchantable volume to
Total Volume (arrow 5). Biomass Expansion Factors
relate Total Volume to Total Biomass (arrow 6). All the
other links (arrows 3, 4, 7, 8) are not reported in this
study.

30

Allometric Equations sensu stricto has been
used to predict Above-Ground Biomass
(AGB) from tree diameters at breast height
(DBH), tree height (sometimes measured or
estimated, very often predicted from another
allometric equation) and wood density.

5

25
20
15
10

0
Amapa
Allometric

French
Guiana
BEF

Guyana Suriname
Volume

VEF

Volumetric Equations are mainly used by
foresters to predict bole volumes from fieldmeasured DBHs.

Figure 4 : Numbers of inventoried Allometric, Volumetric, Biomass Expansion Factors and Volume Expansion
Factors used in the 4 territories of the Guiana Shield.

Biomass Expansion Factors are used to
convert bole volumes into AGB. Sometimes
Volume Expansion Factors are used to
convert Merchantable volumes into total plot
volumes.

All equations, excepting one dealing
specifically with mangrove forests, were
developped for the tropical forest biome. In
most cases, the predicted variable is the AGB
or Bole Volume of forest trees. But, notably,
two equations specifically developped for
palms (with a DBH threshold of 11m) and
11
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another one for lianas were used in Suriname
(Pearson et al. 2005). Two other equations
were developed in Amapá to quantify the
biomass of roots (Oliveira et al. 2012).

1.1 Allometric Equations sensu
stricto
Allometric Equations refer to equations used
or developped to predict AGB. A first
dichotomy arise with equations predicting dry
biomass (n = 39) and other predicting fresh
biomass (n = 25). In the litterature, most
works report the oven-dried AGB, the dry
biomass (Chave et al. 2014; Molto 2012). The
fresh AGB has therefore to be converted to
dry AGB thanks to the wood moisture
content (Fearnside 1997). This can be done a
priori, by measuring moisture content on
logged trees during the weighing (Nogueira et
al. 2008). In order to propagate error
correctly, one want to correct the fresh
biomass taking into account the uncertainties
of the wood moisture content model (Molto
2012). For rapid comparison with existing
studies, a single generic moisture content (MC
= 42%) is a common value through the
Amazon basin (Molto 2012). Then, to convert
dry biomass to carbon content, a generic
wood Carbon content ranging from 47% to
50% (IPCC 2006) is generally assumed.
However, recent studies demonstrated that
this empiric value should be refined for
precise and unbiased estimations. Published
carbon content conversion factors for 59
central-american species, in order to estimate
the carbon proportion of oven-dried wood,
revealed that the mean conversion factor is
47.4%, with a range from 41.9 to 51.6 %
between species (Martin & Thomas 2011).
The majority of allometric models developed
in the Guiana Shield are built upon the idea of
the mechanistic mass of a cylinder with the
height, diameter, and WSG of the tree.
Because trees are not exact cylinder, we move
from mechanistic models to statistical models
and include then some statistical corrections
and errors. Twenty-seven equations are logtransformed to achieve linearity. Many
12

authors have chosen not to use the three basic
predictive variables because tree height and
WSG are sometimes difficult to obtain in the
field. But DBH, as a standard forestry
information is nearly always included. The 2
equations from the complete list of the
database that are not working with DBH are
fitted for palm trees.
Exept for two equations of the database,
allometric models (thirty-one) use at least two
parameters. From these thirty-one models,
twenty-eight models add a third parameter.
Models with more than three parameters are
rare (three models use four parameters and
one uses five). An indicator of the quality of
the fit (either the R² or the Root Mean Square
of Prediction) is nearly always reported with
extremely good predictive power (R² is always
above 0.9). This high predictive power is
clearly the consequence of the large DBH
ranges sampled and tree weight varying from
several kilos to several tons. However,
uncertainties around the model parameters are
almost never reported, making difficult for the
potential users to propogate these
uncertainties among trees when estimating
AGB at the plot level.
As may be expected, sample sizes are very
high for pantropical models because they were
built on pantropical datasets coming from
meta-analyses. However, it is noticeable that,
locally, a large number of trees, several
hundreds in total, have been logged to
calibrate allometric equations through the
Guiana Shield. These trees are equivalent to
25% (for the sole Guiana Shield) of the largest
database available at a pantropical scale
(Chave et al. 2014).

Allometric Equations in the Guiana Shield

Amapa

6,3%

DBH being the standard information
collected in the field by foresters, all
volumetric equations builds on DBH only.
The mathematical form of the equation is very
often a 1st, 2nd or 3rd polynomial order with the
exception of Guyana where power laws are
used for 2 equations.

French
Guiana

14,1%

3,2%

Guyana

Amapa

60,9%
Suriname

French
Guiana

41,9%
48,4%

Figure 5 : Proportion of allometric equations sensu
stricto that have been developed in the 4 territories of the
Guiana Shield.

No allometric equation was developped
specifically in Guyana. Noticeably, Amapá has
developped 39 out of 52 locally-developped
equations. Nine come from French Guiana
and 4 from Suriname.

1.2 Volumetric Equations
Volumetric Equations refer to equations used
or developped to predict stem volumes per
tree or gross overbark volumes. Because these
equations are very important to predict the
extractable volumes of commercial trees, this
is not surprising that a significant effort has
been done to calibrate local volumetric
equations in the region. Thirty-one equations
were compiled. Half of them come from
French Guiana where two organizations
(ONF and Cirad) has achieved a huge
complementary work. Cirad developed
equations for the Paracou forest type while
ONF extended sampling to the whole coastal
area. In Suriname, 13 volumetric equations
were developped with original data from the
Kabo plots. Noticeably, 12 out of 13 are
species-specific equations, covering the main
commercial species of the Guiana Shield.
Only one equation was found for Amapá and
two for Guyana.

Guyana
Suriname

6,5%

Figure 6 : Proportion of inventoried volumetric equations in the 4 territories of the Guiana Shield.

Coefficients of determination (R²) are not
always reported (16 out of 31). When they are,
they largely exceed 0.9. Sample sizes, when
known, are very large (several hundred trees).
This could be expected given that both Volume and DBH are relatively easy to measure
in standard during logging operations. Ranges
of DBHs include very large trees, sometimes
above 100cm. It’s quite clear that forest services and researchers have favored the biggest
trees of the forest to be able to calibrate volumetric equations useful for foresters.

1.3 Biomass Expansion Factors (BEFs) and Volume
Expansion Factors (VEFs)
Biomass Expansion Factors refer to equations
used or developped to convert stem volumes
into AGB. Volume Expansion Factors refer
to equations used or developped to convert
merchantable volumes into total volumes.
No BEF equation appears to have been developed specifically for the Guiana Shield. A
few (3) are used in Guyana and Suriname.
Two of the three BEFs are made of a

13
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constant factor. The 3rd depends on the
biomass of inventoried volume, calculated as
the product of volume overbark (m3/ha) with
wood density (t/m3).
Seven VEFs were reported, among which five
were developed in the 70s in French Guiana.
They are all based on constant values depending on the geographical location (west versus
east French Guiana) and the type of forest
(swamps, terra firme or other types). Coefficients are quite similar ranging from 1.1 to
1.2.

2 Amapá
In Amapá, the main research works on
allometric equations have been conducted in
the Flota do Amapá forest (Oliveira et al.
2012), which is divided into four modules that
comprise a discontinuous land area of 23,694
km². It has the following geographic boundaries: the Uaçá Indian Reservation to the north,
the Sustainable Development Reserve of the
River Iratapuru and the Maracá Agroextractivism settlement to the south, the BR
156 to the east, and the Tumucumaque Mountains National Park and the Amapá National
Forest to the west.

2.1 Allometric Equations
Recently, two important studies were developed in Amapá:
 Oliveira et al. (2013) developed 14
specific local equations (for module II
)
 Lima, a current PhD student in
Embrapa, developed 10 specific local
equations for module IV, 5 specific
local equations for the module II and
10 specific local equations for module
II + IV (Lima, 2015)
Lima’s report is not yet published.
Both studies developed two types of prediction: one for fresh and one for dry AGB.
14

They prefer to develop allometric equations
for both types of prediction because they believe that using a factor to convert fresh to dry
biomass increase errors. Interestingly, this idea
is shared by Molto in French Guiana (Molto
2012).
The type of forest in each module is different.
The module II was the first one to be logged
with 106 felled trees and a rather low range of
DBH between 5 and 75 cm. Next, Embrapa
found that the DBH range was too limited, so
that they elaborated a new data set with a bigger range (until 160 cm).

2,5%

Allometric
Volumetric
97,5%

BEF

Figure 7 : Proportion of inventoried Allometric, Volumetric and Biomass Expansion Factors developed in
Amapá.

Finally, Lima compared the results with pantropical equations (Chave et al. 2005; Chave et
al. 2014) and found that locally developed
equations performed better (Lima, 2015). So
the rules for forest management are now the
following:
 For forests close from module II, the
local equation developed for module
II is used
 For forests close from module IV, the
local equation developed for module
IV is used
 At a larger scale, the former Chave
(2005) equation is used. The new
Chave (2014) equation is never used
because it has been seen as less
performant to predict the AGB data
from Amapá. One explanation would

Allometric Equations in the Guiana Shield

be that the new data collected recently
by Chave et al. (2014) to develop the
new pantropical equation underrepresent South America and Amazonia, since the sample collected included more diversified tropical forests
from all over the world.

2.2 Volumetric Equations
To estimate stem volume, the Moura’s equation has been used (Moura 1994).

2.3 Biomass Expansion
tors (BEFs)

2012). The underlying dataset is again the
Ecerex dataset but restricted to trees with
DBH >10cm. Height and wood density were
used for prediction. However, Molto found
that wood density was not an important predictor of AGB at the plot level (Molto 2012).
Note that the Molto equation is the only
equation where the uncertainties on the parameter values are clearly reported, allowing
the potential user to propagate them when
estimating AGB in a new forest plot.

Fac-

Currently, no BEF is used to convert stem
volume to AGB.

3 French Guiana
3.1 Allometric Equations
Nine allometric equations have been developed in French Guiana. Eight of them derived from the Ecerex (Lescure 1981; Lescure
et al. 1983; Lescure & Boulet 1985) project in
the 70s where 914 individual trees were cut,
weighted and described. This huge dataset is
the largest dataset available in tropical forests
for calibrating allometric equations. Note that
more than three hundred of these individual
trees were used by Chave (Chave et al. 2014)
in order to parameterize global pantropical
equations. Lescure worked on 8 equations
dealing with the whole AGB, the AGB of
leaves, stem or trunk. These equations are 2parameters equation, with half of them necessitating the height information. Wood density
was never used as predictor of AGB. Coefficient of determination are quite high (R2 >0.9)
and slightly better for height-explicit equations.
The second important work is the recent
study of Molto with a single equation developed for all trees with a DBH > 10cm (Molto

(a)

(b)
Figure 8 : Biomass (AGB) map of French Guiana based
on the Molto allometric equation (Molto et al. 2014).

The Molto allometric equation was used to
build a biomass map for French Guiana
where uncertainties are explicit.
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3.2 Volumetric Equations
Volumetric equations developed and currently
used in French Guiana are all based on a single input (DBH) because heights are very difficult to estimate by foresters in the field. Two
types of volume tables have been used in
French Guiana.
First, data from the papermakers inventories
(Inventaires papetiers) in 1974-1975 offer
volume tables for Mana, Sinnamary, Kourou,
Tonnegrande, County and Orapu areas. For
trees of DBH greater than 80 cm, the equation V = f (D) give a crude stem volume with
bark until "the first limb or to a significant
deformation of the trunk". They were made
from cubed standing trees using relascope
Bitterlich. There are specific equations for
some species, and a global equation for each
geographical area. For trees of DBH lower
than 80 cm, a single equation has been established from the 534 trees felled in the area of
Saint-Laurent. When monitoring the experimental plots of BAFOG (Bureau des Affaires
Forestières de l’Ouest Guyanais), located in
national forest of Madagascar, Gazel verified
the accuracy of the equations and then reworked on these equations using additional
datasets:
 Papermakers inventories from St laurent (1976)
 Papermakers inventories from Orapu
(1975)
 Inventories from North-East Suriname
 Inventories from Brazilian Amazonia
 Inventories from Venezuela
 New inventories from Bafog (near St
Laurent)
Note that the volumetric equations of Gazel
are currently used for estimating volume by
the French national forest services.
Secondly, Schmitt gave volumetric equations
based on a huge dataset obtained in the experimental plots of Paracou (Schmitt 1990). Several volumetric equations were derived from
the logging of about 1200 trees during the
experiment. Seven equations corresponding to
seven commercial groups were highlighted
and they are all based on 2nd polynomial order

16

functions. The allometric equations developed
in Paracou are very accurate in the sampling
area, but their validity is geographically limited
in the absence of further studies to test them
on other sites.

17%
31,0%

Allometric
Volumetric
BEF

51,7%

VEF

Figure 9 : Proportion of inventoried Allometric, Volumetric, Biomass Expansion Factors and Volume Expansion Factors developed in French Guiana.

3.3 Biomass Expansion
tors (BEFs)

Fac-

BEFs are not used routinely to convert volumes into AGB. Most of the time, allometric
equations are used directly on forest inventory
data. The relevance of converting first inventory data into volumes and then volumes into
AGB is low for many actors in French Guiana. Nevertheless, old volumes data were used
once (Guitet et al. 2006) to draw a first carbon
balance of French Guianan forests.

3.4 Volume Expansion Factors
(VEFs)
Five VEFs were developed in the 70s in
French Guiana. They are all based on constant values depending on the geographical
location (west versus east of French Guiana)
and the type of forest (swamps, terra firme or
others). Coefficients are quite similar ranging
from 1.1 to 1.2.
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4 Guyana
4.1 Allometric Equations
Currently, no local allometric equations are
used to estimate AGB in Guyana. The faculty
of Agriculture & Forestry, the Guyana Forestry Commission and Iwrokrama have all used
the Chave et al. (2005) allometric equation for
moist forest to assess biomass and carbon
stocks. In 2009, the Guyana Forestry Commission initiated a project to compare
pantropical equations with local data. Two
important studies have been published building from this project:




Alder and Kuijk (2009) compared estimates of biomass per tree based on
the use of volume data (collected under the Guyana-CIDA-IFP project for
nearly 1,900 felled sampled trees) and
a biomass expansion factor from
Brown (1997) with those estimates
generated by the Chave et al. (2005)
equation. They found that the Chave
estimates matched very well for a large
range of DBHs (10-150 cm). They
concluded that the moist equation
from Chave et al. (2005) was highly
appropriate for Guyana (Alder &
Kuijk 2009).
In November 2010, a joint field team
of Winrock and Guyana Forestry
Commission staff destructively sampled four different tree species to determine whether it is appropriate to
use an existing allometric equation developed by Chave et al. (2005). They
have found that the Chave et al.
(2005) equation has a good fit for
Guyana species, with measured biomass corresponding closely to the biomass estimated with the Chave equation. Sandra Brown published these
results in an important report on the
“Sampling Design and Implementation Plan for Guyana’s REDD+ Forest Carbon Monitoring System”
(Brown et al. 2014).

In a nutshell, key actors from Guyana believe
that pantropical equations perform equally,
and perhaps better, than locally parameterized
equations.
0,0%
Allometric
50,0%

50,0%

Volumetric
BEF
VEF

Figure 10 : Proportion of inventoried Volumetric, BEF
and Allometric equations used in Guyana.

4.2 - Volumetric Equations
Two volumetric equations are currently used
in Guyana. These two equations are very close
each together and may be written in two
forms: a logarithm or a power form (Alder &
Kuijk 2009). No difference between species
were highlighted even if the sample size used
to calibrate the equation was impressively
large (1849 trees with DBH > 10cm).

4.3 Biomass Expansion
tors (BEFs)

Fac-

Tree volumes estimated with volumetric equations are converted into AGB using the
pantropical BEF equations from Brown
(Brown 1997). Alternative equations are used
depending on the threshold value of 190 t.ha1
. This threshold corresponds to the AGB of
the inventoried volume, calculated as the
product of Volume overbark and wood density.

5 Suriname
The Foundation for Forest Management and
Pro-duction Control (SBB) has used
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allometric equations in order to estimate biomass and carbon stocks. They also routinely
estimate timber stocks and timber volumes
for planning, inventory and management in
relation to forest logging. However, it seems
that SBB has not worked, up to now, on specific local equations. A report, carried out
within the Policy Supporting Research Programme of the Dutch Ministry of Economic,
titled “Towards a carbon balance for forests
in Suriname” concluded that the pantropical
equations would be better to use than the
locally developed ones (Arets et al. 2011).
In SBB, the local wood density database is
made up from the van Horsten database and
the Global Wood Density Database after
connecting the local vernacular names to the
scientific names (Chave & Muller-Landau,
2006). The average wood density is 0.73 g.cm3
.

more data from more sites from both the regions of Kabo and Mapane.
Four original equations were developed: one
for branches, one for leaves and two (one
with and one without wood density) for stem
AGB.
The pilot National Forest Inventory was implemented from 2012 to 2014 and the report,
authored by ANRICA and SBB, is going to be
published by July 2015. In this work, input
data come from 29 plots (each with a cluster
of 8 sub-plots), leading to more than 1000
individual measurements for a Diameter at
Breast Height (DBH) ranging from 20 to
148cm. Using Pearson’s equation (Pearson et
al. 2005) as a reference point, a panel of allometric equations was compared showing
differences with Pearson’s results ranging
from 106.97% to 137.54%. The question of
estimating the AGB of big trees (DBH >
148cm) remains unsolved.

5.1 Allometric Equations
Many authors and local documents referred to
local allometric equations based on destructive tree measurements close to the long-term
logging experiment at the CELOS-Kabo site.
The rough data as well as the author(s) responsible for this work has been hardly identified. Some documents (ter Steege 2001) referred to Jonkers (1987) but the later do not
contain original allometric equations. In 1987,
Pieter Schmidt wrote down his findings about
allometric equations but he never published it
until 2011 in the chapter 6 of the book ‘Sustainable Management of Tropical Forests’
(Schmidt et al. 2011). In the meanwhile,
Jonkers and Poels used the equations that
Schmidt was still trying to publish and they
referred to ‘Schmidt in press’. Poels used
Schmidt’s data from close to Kabo without
adapting it (Poels 1987), and Jonkers used
Schmidt’s data while adapting it (Jonkers
1987). When Ter Steege was referring to those
references in 2001, Schmidt still didn’t publish
his results. So now, to avoid further misunderstandings, new documents should refer to
Schmidt et al. (2011). The dataset used in this
chapter is also more sophisticated than either
that of Jonkers or Poels because it includes
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Figure 11 : Proportion of inventoried Volumetric, BEF
and Allometric equations specific to Suriname.

5.2 Volumetric Equations
SBB used an equation for all commercial species together, with DBH and Height as input
data (Jonkers 1987).
CELOS mainly works with the volume equations for all commercial species for all diameter classes published by Jonkers (1987). This
equation was constructed locally and thus
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validated locally using data from the Kabo
plots. This allometric equation is very close to
the regression equation published by Lescure
for all canopy species in French Guiana
(Lescure 1981). The calculated volume is the
volume from the ground up to the base of the
crown. Therefore the total wood volume is a
quantity slightly larger, but the harvestable
wood volume is often smaller mainly due to
stem defects.
Jonkers (1987) also developed 12 speciesspecific equations. The average stem volume
per 5 cm diameter class was calculated for
individual species as well as for all commercial
species combined and analyzed with a linear
regression.
It has also to be noted that, in the 70s, the
FAO, in collaboration with the National Forest Service carried out a forest inventory in
three large forest areas (Fallawatra, Nassau
and Kabalebo) in a total area of 334 000 hectare. In order to calculate the tree commercial
volumes, taper series were established. A taper

serie is a set of mathematical equations giving
the relation between the diameter at certain
heights above the ground and the reference
diameter. The data to determine the taper
series were obtained from 2,600 felled trees of
which 600 showed defects and stem heights
above 33m were not encountered. Taper series are not volumetric equations sensu stricto
but this dataset, if available, could be of high
value for testing or developing new volumetric equations.

5.3 Biomass Expansion
tors (BEFs)

Fac-

To convert stem volume to AGB, IPCC
(2006) recommendations are used with two
BEF values:
 3.4 for stock data,
 1.5 for increment data
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KEY PROJECTS & KEY ORGANISATIONS

1 Amapá
1.1 Key Organizations
1.1.1

IEF - Instituto Estadual de
Florestas do Amapá

IEF is a state authority with legal personality
under public law, linked to the Secretary of
Rural Development but has financial autonomy. IEF main responsibility is to enforce forest policy in the State of Amapá in line with
the macro-political development of the state
and is also responsible for:
 Promoting the forest productive sector, providing the legalization of the
sector and increase the state forestry,
 Implement, develop and oversee
mechanisms and actions aimed at
strengthening forest management,
spreading the importance of certification of production processes along the
forest companies, as well as disclose
the access to credit projects,
 Develop registry of forest areas and
State degraded areas, provide technical
assistance to rural communities in restoration projects of degraded areas
 Provide technical assistance to rural
communities in training projects, dissemination, promotion and forestry
technical improvement, promoting
training and implementation of forest
management practices
Website
1.1.2

Embrapa Amapá

Embrapa Amapá is one of 47 decentralized
units of the Brazilian Agricultural Research
Corporation (Embrapa). Embrapa Amapá was
established in 1980 as Agricultural Research

Center of Amapá, administratively linked to
the Agricultural Research Center for the Humid Topic (CPATU), currently Embrapa
Amazônia Oriental. Since 1991, it became the
autonomous Amapá Agroforestry Research
Center (CPAFAP), meeting the needs of
strengthening research activities, innovation
and technologies on the development of the
Amapá state engaged in the generation of
technologies compatible with the characteristics of ecosystems in the region and the people who live there, including riverine, extractive, small family farmers.
Website
IEF and Embrapa have established a strong
partnership to develop allometric equations
for the State Forest of Amapá (FLOTA).
Embrapa is still improving the existing equations in order to get a general allometric equation for Amapá. Both institutes are willing to
keep working in collaboration to build a
REDD+ strategy. IEF has a database gathering all information from the forest inventory
realized in FLOTA and could make it available for a systematic test of the predictive
power of allometric equations at the Guiana
Shield scale.

1.2 Key Projects
1.2.1

Redd+ FLOTA (State Forest of
Amapá)

FLOTA is an area of native forest, declared a
protected area in 2006, with the aim of promoting sustainable use of forest resources in
the state of Amapá. FLOTA’s main objectives
are to achieve a sustainable exploitation of
timber and non-timber forest product. IEF
was in charge of the management, inventory
and estimation of carbon stock for the
REDD+FLOTA project (2010-2013).Studies
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have been launched on this site but have not
been published yet.
Website
1.2.2

Website
BIOMAP

The objective of BIOMAP (2015-2018) is to
define a methodology, potentially applicable
to all the Amapá state, to perform a classification of the type of vegetation as a basis for the
conservation and sustainable management of
forest resources, including carbon stocks. The
challenge is to take advantage of various
sources of multiscale from remote sensing
data in order to extrapolate carbon stock data
from classical forest inventories. The approach will be based on four steps related to
nested scales:
 Identification and mapping of geomorphic units,
 study, in these units, gradients of
changes in forest canopies through the
optical satellite imagery at high spatial
resolution,
 Completion of a sampling plots with
field measurements strengthened by
Lidar altimeter acquisitions
 Finalization and implementation of
specific allometric equations for the
various forests of Amapá
These steps, tightly integrated, will enable an
assessment of errors in extrapolation of forest
inventory data to map units.
1.2.3

Jari/Amapá REDD+ Initiative

The Jari/Amapá REDD+ Initiative is led by
the private investment company Biofílica and
a corporate group called Grupo Jari. The project aims to protect an area of FSC-certified
forest in the Jari Valley. This area was acquired by the Grupo Jari in 2000 from the
former Jari enterprise. The main goals of the
initiative are to reduce deforestation and forest degradation in the forest management
area. Proponents also plan to promote social
co-benefits by providing technical assistance
for sustainable production to some of the
smallholders living inside and around the intervention area.
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Since 1983, Grupo Jari has hosted 40 forest
permanent plots covering 40 ha that were set
up in 1983 by Embrapa.

2 French Guiana
2.1 Key Organizations
2.1.1

ONF - Office National des
Forêts

The French Guianan tropical forest covers
more than 8 million hectares. The conservation and management of 5.3 million hectares
of these forests (so-called Domaine Forestier
Permanent) in the private domain of the State
are entrusted to the French National Forest
Service. The legal framework of this management falls under the Forest Act of 2005 and
the 2008 modifying decree, adapting the national forest law to the territory of French
Guiana.
Website
2.1.2

GIS Irista

Irista is a Scientific Interest Group (GIS),
which coordinates, in French Guiana, the
activities of research organizations interested
in the physical and biological bases of management of humid tropical forest ecosystems.
2.1.3

Guyane Energie Climat

Guyane Energie Climat is a non-profit organization aiming to be the central source of information relating to energy and sustainable
development in French Guiana. It aims to
promote and support local initiatives and to
communicate with scientific regional actors to
make the data needed for decision making.
Missions are organized according to the principles of sustainable development (economic,
social and environmental).
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2.1.4

UMR EcoFoG

The Joint Research Unit Ecology of Guianan
Forests (EcoFoG) gathers AgroParisTech,
Inra, Cirad, CNRS, the University of the
French West Indies and the University of
French Guiana. The purpose of the unit is to
integrate approaches in ecology and material
sciences to:
 Understand the relations between diversity and ecosystem functioning,
considering the effects of exploitation,
anthropic pressure and global change,
 Impulse innovation to valorize forest
resources, taking into account its large
diversity and the particular constraints
of moist tropical environment.
Website

2.2 Key Projects
There is a long history of scientific projects
pursued in French Guiana dealing with
allometric equations, and more generally carbon balance of tropical forests. Researches
started more than 30 years ago with the
Ecerex project where 914 trees were logged,
measured and then used to calibrate the first
allometric equations. In the recent years, key
works were achieved by French Guianan research units to develop new allometric equations either at a pantropical (Chave et al.
2014) or local scale (Molto 2012).
2.2.1

Observatoire du Carbone

The Carbon Observatory is a project, led by
Guyane Energie Climat, dedicated to achieve
a full carbon balance of the French Guianan
territory. Among others, the forestry sector
was deeply investigated and the carbon balance of forest management has recently been
achieved (Cabon et al. 2014).
Website
2.2.2

Guyafor

Guyafor is a network of forest plots set up for
several decades to study forest dynamics in
French Guiana. Ten years ago, ONF (Office

National des Forêts), CIRAD (Centre International de Recherche en Agronomie pour le
Développement) and CNRS (Centre National
de la Recherche Scientifique) decided to integrate their own forest permanent plots into a
single network, called Guyafor, and to standardize forest dynamics monitoring, environmental assessment and data management
methods.
Website
2.2.3

Labex CEBA

The Laboratoire of excellence CEBA (Center
for the study of biodiversity in Amazonia) is a
10-year research project aiming at understanding why so many organisms are present in
tropical ecosystems. CEBA promotes innovation in research on tropical biodiversity. It
brings together a network of internationallyrecognized French research teams, contributes
to university education, and encourages scientific collaboration with South American countries.
Website

3 Guyana
3.1 Key Organizations
3.1.1

GSF - Guiana Shield Facility

The GSF is a multi-donor funding facility for
the long-term financing of national and regional activities to conserve ecosystems, protect biodiversity, and to sustain human livelihoods within the Guiana Shield eco-region.
The GSF supports the position that global
significance of the Guiana Shield eco-region
and its ecosystem services was, is, and will be
the rationale for transfers between the international community and those responsible for
maintaining the ecological and cultural integrity of the Guiana Shield.
Website
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3.1.2

GFC - Guyana Forestry Commission

The GFC is responsible for advising the subject Minister on issues relating to forest policy,
forestry laws and regulations. The Commission is also responsible for the administration
and management of all State Forest land. The
work of the Commission is guided by a Draft
National Forest Plan that has been developed
to address the forest policy. The Commission
develops and monitors standards for forest
sector operations, develops and implements
forest protection and conservation strategies,
oversees forest research and provides support
and guidance to forest education and training.
Website
3.1.3

Department of Forestry - University of Guyana

To improve the quality of forestry education
in Guyana, the UK Department for International Development provided funding
through the Guyana Forestry Commission
Support Project for a building for the Department of Forestry. The Research Station
was launched in 2004 and is located on the
Turkeyen Campus. Graduates of the Department of Forestry make major contribution to
the forestry sectors both locally and regionally.
Website

nomic use can be mutually reinforcing. IIC is
currently developing an alternative approach
to enable countries with rainforests to earn
significant income from eco-system services
and creative conservation practice.
Website

3.2 Key Projects
3.2.1

MRVS - Guyana REDD+ Monitoring Reporting & Verification
System

In 2009, Guyana developed a national framework for an MRVS. The aim of the MRVS is
to establish a comprehensive, national system
to monitor, report and verify forest carbon
emissions resulting from deforestation and
forest degradation in Guyana. The first year
started in 2010. The cooperation between the
Governments of Norway and Guyana expresses a willingness to work together to provide the world with a relevant, replicable
model for how REDD+ can align the development objectives of forest countries with the
world's need to combat climate change. The
initiative requires the development of capacities for MRV of forest carbon stocks and
changes.
Website

IIC – Iwokrama International
Centre for Rainforest Conservation and Development

ACP FORENET - Assessment
of forest biomass and carbon
stocks for REDD preparation in
ACP member countries

The IIC is an international not-for-profit organization established in 1996 under a joint
mandate from the Government of Guyana
and the Commonwealth Secretariat to manage
the Iwokrama forest, a unique reserve of
371,000 hectares of rainforest, “in a manner
that will lead to lasting ecological, economic
and social benefits to the people of Guyana
and to the world in general”. The Iwokrama
forest and its research centre are unique,
providing a dedicated site in which to test the
concept of a sustainable forest – where conservation, environmental balance and eco-

ACP FORENET is a project funded by the
European Commission and the Secretariat of
the African-Caribbean-Pacific (ACP) countries aiming at strengthening capacities in selected ACP countries (including Guyana &
Suriname) to undertake collaborative, applied
forest-related research that will produce results directly applicable for the sustainable
management of humid tropical forests. It
seeks to facilitate collaboration between forest
research organizations of the selected countries through capacity strengthening and by
enabling them to collaborate effectively on

3.1.4

24

3.2.2

Allometric Equations in the Guiana Shield

common research themes that will contribute
to the conservation and sustainable use of
their tropical forests to meet economic, social
and environmental demands at local, national
and global levels.

Suriname (NIMOS) is to initiate the development of a national legal and institutional
framework for environmental policy and
management in the interest of sustainable
development in the Republic of Suriname.

Website

Website

4.2 Key Projects

4 Suriname

4.2.1

FCAM project

The Suriname Foundation for Forest Management and Production Control aims to
achieve a sustainable rational utilization of
Suriname's forests through an efficient professional organization in ongoing consultation
with the relevant stakeholders.

As a prerequisite for the inclusion of Suriname in the REDD+ mechanism, a Measurement, Reporting and Verification system
(MRV) needs to be established. One of the
steps towards such a system is the development of a methodology to assess forest carbon stock and capacity building to assess and
periodically monitor this forest carbon stock.
To achieve this, a three-year-project “Capacity
building for an efficient forest carbon stock
assessment in Suriname” was initiated in 2010
and ended by 2012.

http://sbbsur.org/

Website

4.1.2

4.2.2

4.1 Key Organizations
4.1.1

SBB - Stichting voor Bosbeheer
en Bostoezicht

CELOS - Centre for Agricultural Research in Suriname

CELOS fosters applied scientific research in
the Agricultural and Forestry sector in Suriname and the region. In addition to conduct
research, CELOS also makes its services and
facilities available to University Scientists and
students, namely those faculty members and
students affiliated with the Department of
Agriculture of the Faculty of Technology.
Website
4.1.3

National Forest Inventory

The pilot NFI was implemented from 2012 to
2014 and the report, authored by ANRICA
and SBB, is still being finalized (report going
to be published by July 2015). As a coming
step, SBB is planning to design a full-scale
multipurpose National Forest Inventory (with
similar or different sampling design from the
pilot - to be confirmed). If funding can be
granted, that multipurpose NFI would be
implemented over the next 4 years or so, and
allometric equations will be central to this
work.

NIMOS - Nationaal Instituut
voor Milieu en Ontwikkeling in
Suriname

The Mission Statement of the National Institute for Environment and Development in
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CURRENT GAPS & FUTURE PERSPECTIVES

In this chapter, we take a step back from the
compilation of allometric equations in order
to identify lack of knowledge on a number of
points and give some perspectives to adress
these gaps. We will first discuss the question
of uncertainties and explain the importance of
taking them into account. Then, we will focus
on exploited forests and the consequences of
logging on allometric equations. Next, we will
adress the question of new remote sensing
technology and the importance of having
accurate field estimates to calibrate these new
tools. And finally, we will look at how
international cooperation may help to
overcome the identified gaps.

1 Managing Uncertainties
AGB estimates at the plot level are often used
to compare the spatial and temporal variation
of their values (Rutishauser et al. 2010).
Comparing AGB values through time or
space imply that we have to be able to identify
trends, differences or stability (Pyle et al.
2008). To do so, there is a necessity to
quantify the level of confidence we may put in
our estimates and then test for any differences
between two estimates. Problems arise
because most allometric equation did not
report the model uncertainties and/or the
parameter uncertainties so that allometric
equations are commonly used in a
deterministic way. Doing so may highlight
differences in space or time that are not
supported (Ballantyne et al. 2015). For
instance, a difference of 50t/ha in AGB
between two plots will be interpreted
differently in these 3 cases:
 Case 1: Plot 1 is 250 T.ha-1, Plot 2 is
300 T.ha-1

 Case 2: Plot 1 is 250 +/- 10 T.ha-1,
Plot 2 is 300 T.ha-1
 Case 3: Plot 1 is 250 +/- 200 T.ha-1 ,
Plot 2 is 300 +/- 200 T.ha-1
Case 1 is the common situation, forest
manager has no indication on the confidence
intervals. Cases 2 and 3 are less common but
more useful for managers. In case 2,
differences are significant. In case 3,
differences are not significant and the 2 plots
may be considered as quite similar in AGB.
The 2000 IPCC (Intergovernmental Panel on
Climate Change) report entitled “Good
Practice
Guidance
and
Uncertainty
Management in National Greenhouse Gas
Inventories” points out the necessity of
explicitly propagating uncertainties (Penman
et al. 2003).

1.1 Error Propagation
Uncertainties are of two natures (Molto 2012):
 Uncertainties from the dataset itself
 Uncertainties from the statistical model
First, the level of uncertainty from the data
depends on the basic properties of the
collected dataset. Three datasets may be used
in allometric-volumetric-BEF equations:
DBH, Height and Wood Density. DBH and
Height are measured-estimated in the field
and may thus be subject of measurement error
that can be approximated with a normal law.
Wood density is the average wood density of a
sub-population
of
individual
trees.
Measurement errors may also exist but the
most important source of variability is
intraspecific variability in the wood density
values (Albert et al. 2010; Jung et al. 2010).
Very commonly, the average wood density
value has been used to estimate AGB even if,
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again, uncertainties may be taken into account
with a normal law centred around the speciesaverage mean.
Second, uncertainties may come from the
statistical models (Gregoire & Kohl 2000): the
height model when used, the wood density
model (see above) and the allometric equation
itself. By definition, a statistical model is an
approximation of reality (Grimm et al. 2005).
Associated with this approximation are the
global error (often approximated with a normal law centered on zero) of the model plus
the uncertainties associated with each model
parameter. When calibrating the statistical
model, a standard deviation (or a credibility
interval for Bayesian scientists) is normally
linked to the values of each parameter. These
standard deviations are hardly ever reported.

Figure 12 : A general scheme of error propagation for
estimating biomass (AGB) in a given plot (Molto 2012).
Errors come from the dataset themselves Diameter at
Breast Height (DBH), species identification, Wood
Specific Gravity (WSG) or from the Height, WSG or
AGB sub-models, the later commonly known as
‘allometric equations’.

Molto has showed how to take into account
all the different sources of uncertainty in a
single methodological framework (Molto
2012). Doing so, the error propagation from
the source datasets and through the statistical
models is easily achieved. And a global uncertainty value may be given for the AGB estimate of a given tree, plot or landscape. Moreover, propagating uncertainties through a coherent modeling framework allows to identify
where the main sources of uncertainties are,
and then try to lower them.
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1.2 The Key Role of Allometric
equations for Biomass estimates
Propagating model uncertainties through a
coherent modeling framework, Molto et al.
(2013) identified the AGB sub-model as the
main (by far) source of error in the prediction
of AGB in French Guiana. However, they did
not explore the uncertainty sources due to
measurement errors or the natural diversity
among the trees. It may be expected (see
above) that these uncertainties are of secondary importance. This means that the only way
to improve the precision of the AGB predictions is to improve the precision of the AGB
sub-model. Adding more trees to the calibration data may be a way to improve the precision of the model. However, there will always
be diversity in AGB among trees of the same
height, DBH, and wood density. Because the
error term in the AGB model is the same as
those found previously for large data sets
(Chave et al. 2005), it may be expected that
modelers have reached an impassable limit
due to the natural variability among trees.
Another way to improve the precision of the
AGB predictions could be to investigate a
larger range of AGB sub-models, adding new
variables to explain the residual variance. Variables that extend our knowledge of the tree
volume (such as trunk taper, diameters at various heights, crown size, etc.) or tree density
(wood density measured along the trunk, at all
depths, etc.) would increase the precision of
the model. However, the AGB model is finally used to infer AGB on large inventory data
sets. If the AGB model requires too much
data to be measured in the field, it will not be
useful for forest managers.
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2 Towards new allometric
equations for disturbed
forests?

ity induces crown development at smaller
stature.

Nowadays, human disturbed forests form
most of tropical landscapes (Sist et al. 2015).
Commercial logging is often recognized as the
main driver of forest disturbances, having
profound and long-lasting environmental impacts (Huang & Asner 2010; Guitet et al.
2012; Blanc et al. 2009). If post-logging stand
dynamics is relatively well known, few information exists on potential effects on individual tree morphology. However with enhanced
light condition in logged forests, recruiting
trees are likely to form their crown at lower
stature and, hence, change the allometric and
volumetric equations. Few literatures is available on this question, here we report the results of a pilot study using data from the
Paracou forest permanent plots in French
Guiana.

2.1 Volumetric Equations
A significant effect of logging on both total
(HT) and merchantable heights (HM) was
found in logged plots of Paracou. Trees were
in average 2.3 m (HT) and 2.0 m (HM) shorter
in logged plots compared to their reference
trees growing in unmanaged plots. However,
the difference in total height between logged
and unmanaged forests was found to decrease
with increasing tree diameter.
The main hypothesis that could explain the
observed decrease in heights lies into a decrease in light competition in logged forests.
One of the main feature of logging is the creation a large canopy gaps (Asner et al. 2004)
that favours sapling abundance and recruitment (Nicotra & Chazdon 1999). While a
large body of literature has explored the fundamental role of gaps in tree recruitment and
diversity maintenance (Chazdon & Fetcher
1984; Hubbell 1999), few is known on how
surrounding trees react to logging gaps, notably in term of branching process. Our results
support the idea that enhanced light availabil-

Figure 13 : Total (HT) and merchantable (HM) heights in
unmanaged (UF) and logged forests (LF) in the Paracou
site as a function of Diameter at Breast Height. Ordinary Least Squared regressions (stripped lines) and error
prediction envelops are shown.

Reduced merchantable heights result in reduced commercial volumes. Foresters will
have to compensate that by harvesting more
stems to attain similar extracted volumes.
Such logging intensification would counter
current recommendation to reduce logging
intensities in order to lower logging impacts in
the tropics. Despite compensatory effects that
enhanced tree growth of remnant trees after
logging (Herault et al. 2010; Peña-Claros et al.
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2008), current duration (less than 70 years in
the best cases) of logging cycle was shown to
be too short to recover initial commercial
volume (Dauber et al. 2005; Silva et al. 1995).
As wood consumption is increasing in the
Guiana shield (e.g. in French Guiana, it can be
expected that we will move from 60.000 to
225.000 m3.year-1 in the next 10 years), an increasing fraction of logwood is expected to
arise from already-logged forests in the future.
Further investigation on the generality of
these findings across a wider range of logged
forests in the Guiana shield is needed.

2.2 Allometric Equations
When translated into AGB, trees growing in
the logged forest of Paracou had between 6 19% less biomass. This finding reinforce the
importance of measuring and accounting for
tree height in forest carbon stock estimates
(Hunter et al. 2013; Rutishauser et al. 2013;
Vieilledent et al. 2012). Differences in crown
dimension may also explain large amount of
the variance in total tree biomass (Goodman
et al. 2014). However, increased crown/trunk
ratio in Brazilian open forests were associated
with lower biomass stocks (Nogueira et al.
2008). It may be expected that crown width
will be favoured in logged forests due to lower
lateral crown competition after logging, supporting the idea of a net decrease of potential
carbon sequestration in disturbed forests.
New above-ground biomass models are urgently needed to better estimate current and
future carbon stocks in logged forests.

Figure 14 : Differences in above-ground biomass and
commercial volume of trees growing in logged forests
compared to unmanaged forests in the Paracou site,
French Guiana.

3 Remote Sensing: the future?
Remote sensing approaches are increasingly
used to assess and map biomass at the landscape or regional scale. Currently, two technologies are being investigated, the Lidar
technology and the radar technology. One
may note that the remote sensing data
obtained with aerial techniques must be
calibrated against some reference forest
inventory plots. Therefore, unbiased AGB
estimates for these plots are necessary to
quantify the uncertainties of these estimates
so that it will be possible to take these
uncertainties in account when building the
spatial inference models.

3.1 LiDAR technology
LiDAR is becoming a major component of
international strategies to measure and account for carbon emissions from and uptake
by tropical forests. LiDAR technology is able
to penetrate tropical forest canopies and detect three-dimensional forest structure. Numbers of algorithms were developed to integrate
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the natural variability of forest structure instead of using the sole forest height (derived
from the digital canopy model minus digital
surface model) to infer AGB (Vincent et al.
2014). A consensus has been reached with the
development of, a so-called, universal model
by Greg Asner team (Asner et al. 2012). Two
additional proxies are required to use the
Asner model:
 The ratio of Basal Area over Mean
Canopy Height (estimated with the
digital canopy model)
 An average wood density estimate
Both Basal Area and average wood density are
available from traditional forest inventories in
the Guiana Shield. A research work dedicated
to the comparison of LiDAR-based AGB
estimates to inventory-based estimates at the
regional scale would be of primary importance
to test the validity of LiDAR to map AGB at
large scale.

3.2 Radar technology
The selection of the Biomass mission by the
European space Agency program board for
Earth observation brings the radar technology
to the forefront of international scientific
recognition. The Biomass mission will employ
novel P-band synthetic aperture polarimetric
radar operating at 435 MHz and a 6 MHz
bandwidth to map forest biomass, especially
in the intertropical areas. The Paracou site will
be included as one of the main calibration site.
ALOS PALSAR (Phased Array type L-band
Synthetic Aperture) radar technologies have
been used in Suriname to develop an up-todate vegetation map for the entire country as
input to the national REDD Measurement,
Reporting and Verification (MRV) system.
The same technology, combined to Envisat
ASAR and TerraSAR-X, has been used in
Guyana for the development and field testing
of new biomass mapping methods. Field
measurements of above-ground biomass to
calibrate the algorithms were done in
Iwokrama rainforest. In Amapá, a set of Radar images, X and P bands, better known as

the Cartographic Database of Amapá is under
construction.
Again, a research project dedicated to the
comparison of radar-based AGB estimates to
inventory-based estimates at the Guiana shield
scale would be of primary importance to have
homogeneous mapping system in the region.

4 International
tion

collabora-

Allometric equations and more generally the
question of estimating AGB represents a
unique opportunity to collaborate between the
four territories of the REDD+ for the Guiana
shield project. Apart from the scientific
questions which have already been discussed,
possible collaboration on (i) the methodology
of field data collecting and on (ii) the
possibility of compiling and sharing useful
native data should be considered. Finally, it
would be useful to build on existing scientific
cooperation to benefit from the experience
gained and not to start from scratch.

4.1 New field data collection?
The total number of logged trees used to calibrate allometric and volumetric equations in
the region is impressively high compared to
the existing pantropical databases. Keeping
that in mind, it’s not surprising that many
actors in the region would not be very keen
on collecting new destructive datasets. Indeed,
many actors are more interested by new
methods to model AGB-volumes or by exploring new questions that may be developed
with the existing databases.
However we highlight that regarding the development of new equations for disturbed
forests, the acquisition of new dataset is inevitable. But, because the key variable is the total/merchantable height, collecting new dataset would not imply destructive sampling.
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4.2 Towards a regional database?
A major identified problem for foresters,
stakeholders or scientists involved in AGB
current assessment is that they don’t have any
access to the native databases from the destructive sampling plots. Although many researches on these databases have already been
done, the rough data hasn’t been published
yet or the correspondence author became
inaccessible. There is a great willingness to
mutualize the rough databases under a data
sharing agreement. Doing so will be far less
costly than initiating similar destructive research again.

4.3 Scientific Cooperation
4.3.1

Rainfor - Amazon Forest Inventory Network

The Rainfor Network is a long-term, international collaboration to understand the dynamics of Amazon ecosystems. Collaborating organizations have jointly developed a framework for systematic monitoring of the forests
from the ground. This framework is centered
on permanent forest plots that track the behavior of individual trees and species, but also
includes extensive collection of soil and plant
biogeochemical data, and more intensive and
high frequency monitoring of carbon cycle
processes at key sites. Rainfor works with
many partners across the Guiana Shield, taking account the need to help develop new
generations of Amazon ecologists.
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Figure 15 : Map of the permanent forest plots from the
Guiana Shield involved in the Rainfor network. All plots
are located in undisturbed natural forests.

Website
4.3.2

TmFO – Tropical
Forest Observatory

Managed

TmFO is a pan-tropical network aiming at
understanding the long term effects of logging
on tropical forest ecosystems. TmFO encompasses 490 permanent forest plots spread
across the Amazon and Congo basins and
South East Asia. The network investigates the
response of tropical forests to logging, in
terms of biomass dynamic and changes in
species composition over time. Thanks to the
large number of plots, TmFO represents a
unique opportunity to gain understanding and
compare forest responses at both regional and
continental scales. The ultimate goal of
TmFO is to propose new evidence-based logging practices that maintain long-term forest
functions, environmental services provision
such as carbon stocks and economic viability.
These results will provide strong basis for
Politics and forest practitioners to build up
new guidance towards sustainable forest management and tropical forests preservation.
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Figure 16 : Map of the permanent forest plots from the
Guiana Shield involved in the TmFO network. All plots
are located in logged forests.

Organizations from the 4 territories included
in this study are involved in TmFO:
 Embrapa Amapá in Amapá is in
charge of the Jari plots
 Office National des Forêts and Cirad
in French Guiana managed together
the Guyafor network, including the
Paracou long-term experimental site
 Celos in Suriname has managed 12
permanent plots since 1983
 Iwokrama in Guyana is in charge of 13
plots of 1ha in central Guyana
The 4 aforementioned organizations already
have data sharing agreements, experiences in
joint work and capacity building. Any project
that would rework in situ to improve
allometric or volumetric equations, especially
in logged forests, should build on the already
existing
TmFO
network.
Website
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SUPPLEMENTARY MATERIALS

1 Collected Documents
A database referencing all the collected documents is joined to the present document. Are reported
Authors, Years of publication, Document titles, Document types, Countries and inclusion (or not)
in this study.

2 Allometric & Volumetric Equations
A database referencing all the inventoried allometric and volumetric equations is joined to the present document. Are reported:







Elements of context,
The mathematical formulation,
Values of the fitted parameters
Statistical information on adjustment quality
The author
Some published works where the equation has been used
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