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isturbances that lead to forest

degradation have been estimated

to affect roughly 100 million
hectares (ha) of forest globally per year
(FAO, 2006, in Nabuurs et al., 2007).
With respect to mitigation of climate
change, forest degradation refers to a
loss of carbon stock within forests that
remain forests (IPCC,2003a; UNFCCC,
2008). Degradation, therefore, implies
that measured forest variables, such as
canopy cover,remain above the threshold
for the definition of forest. It is distinct
from deforestation, which is commonly
associated with a land-use change.

In 2005, the eleventh session of the
Conference of Parties (COP-11) to the
United Nations Framework Conven-
tion on Climate Change (UNFCCC)
highlighted the role of reducing defor-
estation and forest degradation as tools
to mitigate climate change (Reducing
Emissions from Deforestation and For-
est Degradation — REDD). The Confer-
ence reinforced Article 2 of the Kyoto
Protocol regarding the protection and
enhancement of sinks and reservoirs of
greenhouse gases not controlled by the
Montreal Protocol.

Developing country Parties to
UNFCCC have been encouraged to
take certain guidance into account when
engaging in REDD and REDD+ activi-
ties (UNFCCC, 2009a), in particular,
those related to establishing national for-
est monitoring systems. These systems
need to use an appropriate combina-
tion of remote sensing and ground-based
approaches to forest carbon inventory
to estimate anthropogenic emissions of
greenhouse gas by sources, removals by
sinks, forest carbon stocks and forest

area changes. All estimates should be
transparent, consistent and as accurate
as possible, and uncertainties should be
reduced, as far as national capabilities
and capacities permit.

Measuring forest degradation and
related forest carbon stock changes is
more complicated and more costly than
measuring deforestation. Countries can
measure current rates of degradation
through field data and/or remote sensing
data; a combination of the two types of
data provides the strongest estimates.
However, developing countries fre-
quently lack consistent historical field
data. Therefore, in assessing histori-
cal degradation, they are forced to rely
strongly on remote sensing approaches
mixed with current field assessments of
carbon stock changes.

This article aims to support develop-
ing countries in the implementation
of REDD+ activities by providing an
overview and review of methods to
measure and monitor carbon emissions
from forest degradation. It focuses on
historical periods in order to provide
insight into the historical reference for
degradation under REDD+ activities
(UNFCCC, 2009b).

ESTIMATING EMISSIONS FROM
FOREST DEGRADATION

IPCC Good Practice Guidance

Under the UNFCCC, countries are
encouraged to use the Intergovernmental
Panel on Climate Change (IPCC) Good
Practice Guidance for Land Use, Land-
Use Change and Forestry (Good Prac-
tice Guidance) as a basis for reporting
greenhouse gas emissions from defor-
estation and forest degradation (IPCC,
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Carbon pools defined in the Good Practice Guidance

The IPCC (2003b) defines five carbon pools to be measured and monitored: aboveground
biomass, belowground biomass, litter, dead wood and soil organic carbon. Key source
categories should be assessed and selected. A key source category is ““an emission or sink
category that is prioritised within the national inventory system because its estimate
has a significant influence on a country’s total inventory of direct greenhouse gases in
terms of the absolute level of emissions, the trend in emissions, or both”. Key source
categories should be estimated using higher tiers (Box, below), if sufficient resources are
available. In the tropics, the most generalized approach is to monitor only aboveground
biomass, even though soil carbon stocks in peatlands also require attention because

they can contain more carbon stock than aboveground biomass.

2003b; 2006). To estimate the emis-
sions associated with forest degradation,
countries should consider:

e Areas of forest that remains forest

affected by degradation,considered
at the national level, ideally strati-
fied into different disturbance or
degradation types. Statistics calcu-
lated through forest inventories or
through remote sensing can be used
to quantify how much forest area is
undergoing degradation changes,
and where. Such data are referred to
as activity data.
Changes in forest carbon stocks that
result from degradation processes,
per area and time units. The carbon
lost from forests and released to the
atmosphere through the degrada-
tion process is commonly measured
through forest field sampling and
repeated forestinventories. Changes
should be calculated for each of five
forest carbon pools (Box, above).
Measurements are reported in
tonnes of carbon produced per ha
per year (Mg C ha! yr'). These data
are referred to as emission factors.
(IPCC,2003b;2006)

The national emissions from forest
degradation result from combining
activity data and emission factors for
each forest and degradation type, as
indicated in the IPCC methodology.

The Good Practice Guidance provides
the level of complexity and certainty of
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different reporting approaches under the
UNFCCC, in terms of tiers. The higher
the tier, the lower the level of uncertainty
associated with the data, and therefore
the better the accuracy (Box, below).

Challenges and considerations

There is not one method to monitor forest
degradation. The choice of method, or
a combination of methods, depends on
a number of factors, including the type
of degradation, available data, capaci-
ties and resources. Additionally, the
potential, and limitations, of various
approaches to measurement and moni-

toring should be considered. Challenges
associated with the different methods
are diverse:

e Temporal thresholds and spatial
scales. Theeffectof forestdegrada-
tion on forestcarbon stocks depends
on time. Temporal thresholds for
each forest type should be estab-
lished to avoid combining the effects
of short-term reductions in carbon
stock with the effects of long-term
reductions. Sustainable forest man-
agementpractices, forexample,can
cause temporary changes to carbon
stocks that do not lead to degrada-
tion, while unsustainable practices
canleadto forestdegradationin the
long term.
Integrationoffieldandsatellitedata
sets. Monitoring changes in carbon
stocksresulting from forestdegrada-
tion relies heavily on field surveys.
However,databenefit fromintegrat-
ing remotely sensed data with site-
specific biophysical field attributes.
Key issues to consider are which
biophysical parameters should be
measured and which time thresholds
wouldbe appropriate forrelating the
two approaches.

Good Practice Guidance tiers for estimates of emissions

IPCC (2003b) provides three tiers to categorize methods to estimate emissions. The
higher the tier number, the more rigorous the requirements for the data, and the
more complex the analysis performed. Hence, the higher the tier number, the more
accurate the estimate.

¢ Tier 1 uses default values for forest biomass and forest biomass mean annual incre-
ment (MAI). They are obtained from the IPCC Emission Factor Data Base (EFDB)
and correspond to broad continental forest types (e.g. African tropical rainforest).
Tier 1 also uses simplified assumptions to calculate emissions.

¢ Tier 2 uses country-specific data (i.e. data collected within the national bounda-
ries). Forest biomass is resolved at finer scales through the delineation of more
detailed strata.

* Tier 3 uses actual inventories with repeated measures of permanent plots to meas-
ure changes in forest biomass directly. In addition, or instead, well-parameterized
models may be used, in combination with plot data.

A Tier 3approachrequires along-term commitment of resources, and therefore generally
involves establishing a permanent organization to house the monitoring programme.




eSpatial impact and intensity.
Different activities causing for-
est degradation are often focused
on specific areas within a coun-
try. Efforts to measure and moni-
tor must track the most important
activities and their impacts to use
resources most efficiently (Herold
and Skutsch,2011).

o Identification of key forest carbon
pools affected by degradation.
Methods for calculating changes
in carbon stocks vary for each rel-
evantcarbonpool (Box,page 17,top),
as well as for emissions of non-CO,
greenhouse gasesincluding methane
and nitrous oxide.

Measuring historical forest degradation
involves further challenges. Historical
degradation is important for quantifying
a country’s potential reduction in emis-
sions. Ex ante estimations of forest deg-
radation may be required to estimate the
reference emissions level against which
emission reductions will be calculated for
a given period. In addition to the general
considerations relating to methodology,
challenges in assessing historical forest
degradation include:

e Lack of data. Many countries, in
particular those in tropical regions,
lack historical data on forest degra-
dationanditsimpactonforestcarbon
stocks. Historical data at a national
level are often limited to archives of
satellite images, while remote sens-
ing,itself,haslimitations pertaining
to the detection of degradation.
Insufficient capacity. While many
developingcountrieshave somelevel
of experience monitoring commer-
cialforestryactivitiesand have main-
tained some data, human resources
and other capacities are often not
sufficient to implement a national
survey toassess historical deforesta-
tion and forest degradation.
Temporal considerations. There is
currently no agreement regarding
a temporal threshold associated
with long-term carbon stock loss.

Cumulative,long-term and gradual
carbonstocklosses canbe measured
using direct methods. For carbon
losses that happen more rapidly,
canopy closures impede field and
satellite observations.
Integration of different data
sources. It is rare that data sets on
historical forest degradation are
available. Integrating remotely
sensed data with site-specific
biophysical field attributes from
past assessments and other sources,
such as forest management data,
is challenging.
elnconsistencies when linking
historicalandpresentdatasetsand
methodologies. Different systems
used to acquire data through dif-
ferent processes are often incom-
patible and require harmonization
and consistency.

L]

Approaches
Many developing countries have limited,
or no, field data. Further, procedures

Selection of studies on methods used to measure forest degradation

for measuring carbon stock changes
on a consistent basis have not been
established — but they can be, given
the following considerations. Histori-
cal emission factors can be derived by
analysing present-day data on carbon
stock losses that have resulted from
similar degradation processes, and by
studying and linking their chronose-
quences with available historical data,
such as archived remote sensing images.
For certain degradation activities, data
might be collected from the records of
companies that performed the activities.
For example, records of wood volume
extracted in selective logging activities
could be considered.

In using such approaches to estimate
historical emissions, it is important to
take into account the uncertainties asso-
ciated with the resulting estimates. One
particular consideration is when coun-
try-specific data are used to estimate
the change in carbon stocks per area
and time units (e.g. through the tier 2
approach; see Box, page 17, bottom).

Country Remote  Field data Combination  Details on methodology Source
sensing  collection of both
Brazil X Relationship between FAO
spectral mixing analysis (2009a)
and aboveground biomass
measured through forest
transects
Democratic X Field measuring of FAO
Republic of forest degradation using (2009b)
the Congo permanent plots
Mexico X ¢. 25000 1 ha plots de Jong
established, of which etal.
23 000 measured; (2010)
20 percent re-measured
every year
Forest disturbance:
intact forest,
secondary-tree dominated,
secondary-shrub dominated
Mexico X Relationship between FAO
MODIS-derived normalized ~ (2009c)
difference vegetation index
values and areal biomass
volume derived from the
national forest inventory
Nepal X X X Comparison of FAO
methodologies used (2009d)

in Nepal to measure
degradation
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1
Examples of direct methods applied
to measure forest degradation

Left: spectral mixing analysis (SMA)
and estimations of aboveground
biomass (AGB) used to follow the
degradation dynamics of
Amazonian lowland forests

Right: lacunarity analysis and the
index of translational homogeneity
(ITH) used to estimate crown widths
in Amazonian forest landscapes.
Further examples are available at
claslite.ciw.edu

The estimation of country-specific
values for a given parameter relies heav-
ily on field sampling, which is frequently
done through national forest invento-
ries. However, the estimation of area
affected by degradation might be per-
formed more reliably through national
wall-to-wall or sample-based remote
sensing approaches (Table). Therefore,
the use of remote sensing to support
field data collection should be promoted,
as should the use of field validation as
ground truth for remote sensing.

Selected examples

Direct and indirect methods

There are two approaches to estimating

forest degradation area through remote

sensing, direct and indirect:

1. Direct detection of degradation
processes and related area changes
focuses on forest canopy damage.
Thefeaturesenhanced and extracted
from the satellite imagery are forest
canopy gaps,small clearings and the
structural forest changes resulting
fromdisturbance (Asneretal.,2005;
Souza,Robertsand Cochrane,2005;
Oliveiraet al.,2007).

2. Indirect approaches focus on the
spatial distribution and evolution of
humaninfrastructure (e.g.roads and
population centres), which are used
as proxies for newly degraded areas.

There are limiting factors when map-
ping forest degradation using direct
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methods. First, observations must be
made frequently, such as annually or
biannually, because the spatial signa-
tures of degraded forests change when
canopy gaps close. Second, not all deg-
radation processes can be monitored
with high certainty using remote sens-
ing data. As a general rule, the more
severe the degradation and the canopy
damage, the easier it is to map it accu-
rately, directly from satellite observa-
tions (Coops, Wulder and White, 2007).
However, many local-scale activities that
result in degradation, such as collection
of fuelwood, affect only the understory
and are undetectable through remote
sensing analysis. Figure 1 presents two
examples of direct methods.

Indirect methods prove useful when
the intensity of degradation is low and
the area to assess is large, when sat-
ellite imagery is not easily accessible
or when the direct approach cannot be
applied for any otherreason. These meth-
ods work best to map newly degraded

forest areas, but are less effective for
repeated degradation.

One effective indirect approach is
the “intact forest” approach. In this
approach, the presence of human
infrastructure is viewed as a proxy for
degradation, and its absence is used
to identify forest land without anthro-
pogenic disturbance, or intact forest
(Mollicone et al., 2007; Potopov et al.,
2008). An intact forest is fully stocked,
or any forest with tree cover between
10 and 100 percent that is undisturbed,
i.e. without timber extraction. A non-
intact forest is not fully stocked. Tree
cover is higher than 10 percent, so that
it qualifies as a forest under the Kyoto
Protocol, butitis assumed that the forest
has undergone timber exploitation and/
or canopy degradation.

Another indirect method, which can
be applied to estimate both future and
historical forest degradation dynamics,
is scenario modelling for forest degrada-
tion. Soares-Filho et al.(2006) published




Intact forests and human infrastructures

Landsat 1990

L sl 2000

Modeled scenarios of deforestation

Sources: Top: Mollicone et al., 2007. Bottom: Soares-Filho er al., 2006.

Collecting data on selective logging

ITTO (2006) estimates that 350 million ha of humid tropical forest are currently
involved in timber production. The historical field data needed to assess the carbon
impact of selective logging may be available from different sources:
* data from targeted field surveys, including interviews, and from research and
permanent sample plots (often implemented as local studies);
* datafrom commercial forestry, e.g. fromlogging concessions and harvest estimates,
focused on related concession areas; and
 proxy data from domestic markets (charcoal, subsistence), such as timber produc-
tion rates estimated from sawmill, sales and export statistics (Nepstad et al., 1999).
The use of (direct or indirect) satellite mapping of selective logging for estimating
degradation at a national level is currently in an expansive research phase. Research
started at the beginning of this century, with results steadily improving over time (Asner
etal.,2002; 2004; Souza et al., 2003; Souza, Roberts and Cochrane, 2005). In the past
few years, the first large-scale, high-resolution satellite maps of selective logging and
degradation have been published for a large portion of the Brazilian Amazon (Asner
et al., 2005), throughout Africa (Laporte et al., 2007), for parts of Oceania (Shearman
et al., 2008) and for other Amazonian countries (Oliveira ef al., 2007). Recently, a first
global-scale direct mapping of selective logging in humid tropical forests has shown
that logging activities strike deep into forest interiors, often far from deforestation
fronts (Asner et al., 2009).

2

Examples of indirect methods applied
to measure forest degradation

Top: estimation of intact and non-intact
forests based on areas of influence
(buffers) from human infrastructures.
The example depicts the evolution of a
forest landscape where new roads are
built, reducing the total area of intact
forests (green grid)

Bottom: future deforestation models
for the Amazon Basin based on two
possible scenarios: (a) business as
usual; and (b) effective governance

an example of a “deforestation model-
ling” approach for the Amazon Basin
that produced annual maps of simulated
future deforestation under user-defined
scenarios. With the right support from
field data, a similar modelling approach
could be used for (re)constructing his-
torical and future scenarios of forest
degradation. Figure 2 offers two exam-
ples of indirect methods to evaluate
forest degradation.

Aerial photography

Aerial photography has played an impor-
tant role in forest surveys (Caylor, 2000;
Hall, 2003). It was the unique means to
monitor canopy condition in detail until
the launch, in 1999, of the first satellite to
collect publicly available high-resolution
imagery — IKONOS. Aerial photographs
can provide information on structural
changes of forest canopies over time that
can be used to assess historical rates of
forest degradation. The methods used
to detect gaps through multi-temporal
digital surface models (DSM) have been
applied for long-term studies on canopy
dynamics (Nakashizuka, Katsuki and
Tanaka, 1995; Tanaka and Nakashizuka,
1997, Itaya, Miura and Yamamoto, 2004;
Ticehurst, Phinn and Held, 2007). DSM
derived from aerial photographs or light
detection and ranging (LIDAR) data can
also be used to estimate forest growth.
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The quality of estimates of historical
rates of forest degradation benefits from
further analysis of images, in particu-
lar assessing carbon stock changes of
individual trees. Tree height and crown
areas of individual trees can be estimated
from aerial photographs or LIDAR data;
allometric equations, which provide for
extrapolations on the basis of few meas-
urements, can help in the estimation of
their carbon stocks. However, individual
allometric equations relating tree height,
diameter and biomass are frequently not
available for the complex structure and
species composition of tropical forests.

Two other methodologies to assess
individual crown areas from aerial
photographs are the valley-following
method (Leckie et al., 2003; 2004,
Gougeon and Leckie, 2006), which
involves following valleys of shade
in a grey-level image, and the water-
shed method (Wang, Gong and Biging,
2004; Hirata, Sakai and Tsuboto, 2009),
which views the gradient magnitude of
an image as a topographic surface and
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Satellite data can be analysed
to estimate emissions from
burning of biomass

Road, stream and forest area, Indonesia.
Aerial photographs can provide
information on structural changes

of forest canopies over time

creates boundaries, or “watershed lines”,
on the basis of the pixels of the greatest
magnitude. The latter method can be use-
ful for the identification of degradation
at the canopy level.

Monitoring burning of biomass
Satellite systems have proved useful in
detection and monitoring of fires for
three primary purposes: identification
of active fires, mapping of burned areas,
post-fire (fire scars) and characterization
of fires (e.g. fire severity, energy re-
leased). For the purposes of estimating
emissions, the latter two uses are of par-
ticular relevance. Two main approaches —
indirect and direct — have been identified
(GOFC-GOLD, 2010):
1. A “bottom up”, or indirect, method

(Seiler and Crutzen, 1980):

L =A xMb x Cf x Gef,

where the quantity of emitted gas or

particulate L (g) is the product of the

area affected by fire A (m?), the fuel

loading per unit area Mb (g m?), the

combustion factor Cf, which is the
proportionofbiomassconsumedasa
resultof fire (g g), and the emission
factororemissionratio Gef, whichis
the amount of gas released for each
gaseous species per unit of biomass
load consumed by the fire (g g).
Withthismethod,thereissignificant
uncertainty associated with the area
burned and the combustion factor.
In particular, there is uncertainty
associated withhistorical assessment
of biomassburningevents, where few
data sets exist.

A direct method that measures the
power emitted by actively burning
fires and derives total biomass con-
sumption. The radiative component
of the energy released by burning
vegetation can be remotely sensed
atmid-infrared and thermalinfrared
wavelengths (Ichoku and Kaufman,
2005; Wooster et al., 2005; Smith
and Wooster, 2005). This instanta-
neous measure, the fire radiative
power expressed in watts (W), has
beenshowntoberelated totherate of
consumptionofbiomass (g/s). Direct
methods, however, have yet to tran-
sition from the research domain to
operational application.
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CONCLUSIONS

Measuring forest degradation and
related forest carbon stock changes is
more complicated and more costly than
measuring deforestation. Measurements
are based on observing changes in the
structure of the forest that do not imply
a change in land use — changes that are
notnecessarily easily detectable through
remote sensing.

Measuring all carbon stock changes
within a country that are caused by for-
estdegradation, and at consistent levels
of detail and accuracy, is not likely to
be possible in the near future. Focusing
efforts to monitor carbon stock changes
on the most important categories of
carbon pools and on specific areas
within the country in which activities
that degrade forests are concentrated
can help both to make the monitoring
more targeted and efficient and to cap-
ture the most important components
with priority.

Countries need to assess both carbon
stock changes (emission factors) and
the total area undergoing degradation
(activity data) for their monitoring to
be in line with the IPCC Good Practice
Guidance. Measurements would ideally
be taken for different types of activi-
ties resulting in carbon stock changes
in forests remaining forests, including
fire, logging and fuelwood harvesting.

The assessment of changes in car-
bon stocks requires consistent ground
data. The evaluation of the total area
undergoing degradation, particularly
for developing countries, is more reli-
ably measured through remote sensing
for the major degradation processes of
selective logging and fire. Both current
and historical assessments of forest
degradation will need to collect data
on emission factors and activity data
consistently to estimate emissions from
forest degradation. 4

/ll

References

Asner, G.P., Keller, M., Pereira, R. Jr. &

Zweede, J.C. 2002. Remote sensing of
selective logging in Amazonia: assessing
limitations based on detailed field
observations, Landsat ETM+, and textural
analysis. Remote Sensing of Environment,
80(3): 483-496. DOI: 10.1016/S0034-
4257(01)00326-1.

Asner, G.P., Keller, M., Pereira, R. Jr.,

Zweede, J.C. & Silva, J.N.M. 2004.
Canopy damage and recovery after
selective logging in Amazonia: field and
satellite studies. Ecological Applications,
14(4 Suppl.): S280-5298.DOI: 10.1890/01-
6019.

Asner, G.P.,Knapp, D.E.,Broadbent, E.N.,

Oliveira, P.J.C., Keller, M. & Silva, J.N.
2005. Selective logging in the Brazilian
Amazon. Science, 310(5747): 480-482.
DOI: 10.1126/science.1118051.

Asner, G.P., Rudel, T.K., Aide, T.M.,

Defries, R. & Emerson, R. 2009.
A contemporary assessment of change
in humid tropical forests. Conservation
Biology, 23(6):1386-1395. DOI:
10.1111/j.1523-1739.2009.01333 .x.

Caylor, J. 2000. Aerial photography in the

next decade. Journal of Forestry, 98(6):
17-19.

Coops, N.C., Wulder, M.A. & White, J.C.

2007. Identifying and describing forest
disturbance and spatial pattern: data
selection issues and methodological
implications. /In M.A. Wulder & S.E.
Franklin, eds., Understanding forest
disturbance and spatial pattern: remote
sensing and GIS approaches. Boca Raton,
USA, Taylor and Francis, pp. 31-62. DOI:
10.1201/9781420005189.ch2.

De Jong, B., Anaya, C., Masera, O.,

Olguin, M., Paz, F., Etchevers, J.,
Martinez, R.D., Guerrero, G. &
Balbontin, C. 2010. Greenhouse gas
emissions between 1993 and 2002 from
land-use change and forestry in Mexico.
Forest Ecology and Management,

260(10): 1689-1701. DOI: 10.1016/j.
foreco.2010.08.011.

FAO. 2006. Global forest resources

assessment 2005 — progress towards
sustainable forest management. FAO
Forestry Paper No. 147. Rome (also
available at www.fao.org/docrep/008/
a0400e/a0400¢00.htm).

FAO.2009a. Integrating forest transects and

remote sensing data to quantify carbon
loss due to forest degradation in the
Brazilian Amazon,by C.M.Souza,Jr.,M.A.
Cochrane, M.H. Sales, A.L. Monteiro &
D.Mollicone. Forest Resources Assessment
Working Paper No. 161. Rome (also
available at www.fao.org/docrep/012/
k7180e/k7180¢00.pdf).

FAO. 2009b. La dégradation des foréts en

République Démocratique du Congo, by
C.M. Kamungandu. Forest Resources
Assessment Working Paper No. 169. Rome
(alsoavailable at www.fao.org/docrep/012/
k8270£/k8270£00.pdf).

FAO. 2009c. Analysis of the normalized

differential vegetation index (NDVI) for
the detection of degradation of forest
coverage in Mexico2008-2009,by C.L.M.
Tovar. Forest Resources Assessment
Working Paper No. 173. Rome (also
available at www.fao.org/docrep/012/
k8593e/k8593e00.pdf).

FAO. 2009d. Forest degradation in Nepal:

review of data and methods, by K.P.
Acharya & R.B. Dangi. Forest Resources
Assessment Working Paper No. 163. Rome
(also available at www.fao.org/docrep/012/
k7608e/k7608e00.pdf).

GOFC-GOLD (Global Observation of

Forest and Land Cover Dynamics).
2010. A sourcebook of methods and
procedures for monitoring and reporting
anthropogenic greenhouse gas emissions
caused by deforestation, gains and losses
of carbon stocks in forests remaining
forests, and forestation. GOFC-GOLD
Report version COP15-1. Alberta, Canada,
Natural Resources Canada (also available
at www.gofc-gold.uni-jena.de/redd/).

Gougeon, F.A. & Leckie, D.G. 2006. The

individual tree crown approach applied to
Ikonos images of a coniferous plantation

Unasylva 238, Vol. 62,2011/2




area. Photogrammetric Engineering and
Remote Sensing, 72(11): 1287-1297.

Hall, R.J. 2003. The roles of aerial
photographs in forestry remote sensing
image analysis. In M.A. Wulder &
S.E. Franklin, eds., Remote sensing
of forest environments: concepts and
case studies. Boston, USA, Dordrecht,
Netherlands & London, Kluwer Academic
Publishers, pp. 47-75.

Herold M. & Skutsch, M. 2011. Monitoring,
reporting and verification for national
REDD+ programmes: two proposals.
Environmental Research Letters,
6(1): 014002. DOI: 10.1088/1748-
9326/6/1/014002.

Hirata, Y., Sakai, A. & Tsuboto, Y.
2009. Allometric models of DBH and
crown area derived from QuickBird
panchromatic data in Cryptomeria
japonica and Chamaecyparis obtusa
stands. International Journal of Remote
Sensing, 30(19): 5071-5088. DOI:
10.1080/01431160903022977.

Ichoku, C. & Kaufman, Y.J. 2005. A
method to derive smoke emission rates
from MODIS fire radiative energy
measurements. I[EEE Transactions
on Geoscience and Remote Sensing,
43(11): 2636-2649. DOI: 10.1109/
TGRS.2005.857328.

IPCC.2003a. Definitions and Methodological
Options to Inventory Emissions from
Direct Human-induced Degradation
of Forests and Devegetation of Other
Vegetation Types. Hayama, Japan, Institute
for Global Environmental Strategies
(IGES) for the Intergovernmental Panel
on Climate Change (also available at
www.ipcc-nggip.iges.or.jp/public/
gpglulucf/degradation_contents.html)

IPCC. 2003b. Good Practice Guidance
for Land Use, Land-Use Change and
Forestry. Hayama, Japan, IGES for the
IPCC (also available at www.ipcc-nggip.
iges.or.jp/public/gpglulucf/gpglulucf_
contents.html).

IPCC. 2006. 2006 IPCC Guidelines for
National Greenhouse Gas Inventories.
Vol.4: Agriculture, forestry and other land
use. Hayama, Japan, IGES for the IPCC

Unasylva 238, Vol. 62,2011/2

(also available at www.ipcc-nggip.iges.
or.jp/public/2006gl/vol4.htm).

Itaya, A.,Miura, M. & Yamamoto, S.2004.

Canopy height changes of an old-growth
evergreen broad-leaved forest analyzed
with digital elevation models. Forest
Ecology and Management, 194(1-3):
403-411.

ITTO. 2006. Status of tropical forest

management 2005. ITTO Technical Series
No. 24. Yokohama, Japan, International
Tropical Timber Organization.
Available at: www.itto.or.jp/live/
PageDisplayHandler?pageld=270.

Laporte, N.T., Stabach, J.A., Grosch, R.,

Lin, T.S. & Goetz, S.J. 2007. Expansion
of industrial logging in central Africa.
Science, 316(5830): 1451. DOI: 10.1126/
science.1141057.

Leckie, D.G., Gougeon, F.A., Walsworth, N.

& Paradine, D. 2003. Stand delineation
and composition estimation using
semi-automated individual tree crown
analysis. Remote Sensing of Environment,
85(3): 355-369. DOI: 10.1016/S0034-
4257(03)00013-0.

Leckie, D.G., Jay, C., Gougeon, F.A.,

Sturrock, R.N. & Paradine, D. 2004.
Detection and assessment of trees with
Phellinus weirii (laminated root rot) using
high resolution multi-spectral imagery.
International Journal of Remote Sensing,
25(4): 793-818.

Malhi, Y. & Roman-Cuesta, R.M. 2008.

Analysis of lacunarity and scales of
spatial homogeneity in IKONOS images
of Amazonian tropical forest canopies.
Remote Sensing of Environment,
112(5): 2074-2087. DOI: 10.1016/j.rse.
2008.01.009.

Mollicone, D., Achard, F., Federici, S.,

Eva, H.D., Grassi, G., Belward, A.,
Raes, F., Seufert, G., Stibig, H.-J.,
Matteucci, G. & Schulze, E.-D. 2007.
An incentive mechanism for reducing
emissions from conversion of intact and
non-intact forests. Climatic Change,
83(4): 477-493. DOI: 10.1007/s10584-
006-9231-2.

Nabuurs, G.J., Masera, O., Andrasko, K.,

Benitez-Ponce, P., Boer, R., Dutschke, M.,

Elsiddig, E., Ford-Robertson, J.,
Frumhoff, P., Karjalainen, T.,
Krankina, O., Kurz, W.A., Matsumoto,
M., Oyhantcabal, W., Ravindranath,
N.H., Sanz Sanchez, M.J. & Zhang, X.
2007. Forestry. In B. Metz, O. Davidson,
P. Bosch, R. Dave & L. Meyer, eds.,
Climate Change 2007: Mitigation of
Climate Change. Contribution of Working
Group III to the Fourth Assessment
Report of the Intergovernmental Panel on
Climate Change. Cambridge, UK, & New
York, USA, Cambridge University Press,
pp. 541-584.

Nakashizuka, T., Katsuki, T. & Tanaka, H.

1995. Forest canopy structure analyzed
by using aerial photographs. Ecological
Research, 10(1): 13-18. DOI: 10.1007/
BF02347651.

Nepstad, D.C., Verissimo, A., Alencar, A.,

Nobre, C., Lima, E., Lefebvre, P.,
Schlesinger, P., Potter, C., Moutinho, P.,
Mendoza,E.,Cochrane,M. & Brooks, V.
1999. Large-scale impoverishment of
Amazonian forests by logging and
fire. Nature, 398: 505-508. DOI:
10.1038/19066.

Oliveira, P.J.C., Asner, G.P., Knapp, D.E.,

Almeyda, A., Galvan-Gildemeister, R.,
Keene, S., Raybin, R.F. & Smith, R.C.
2007. Land-use allocation protects the
Peruvian Amazon. Science, 317(5842):
1233-1236.

Potapov, P., Yaroshenko, A., Turubanova,S.,

Dubinin, M., Laestadius, L., Thies, C.,
Aksenov, D., Egorov, A., Yesipova, Y.,
Glushkov, I., Karpachevskiy, M.,
Kostikova, A.,Manisha, A., Tsybikova, E.
& Zhuravleva, I. 2008. Mapping the
world’s intact forest landscapes by remote
sensing. Ecology and Society, 13(2):51.
Available at: www.ecologyandsociety.org/
voll3/iss2/art51/.

Seiler, W. & Crutzen, P.J. 1980. Estimates

of gross and net fluxes of carbon between
the biosphere and the atmosphere from
biomass burning. Climatic Change, 2(3):
207-247. DOI: 10.1007/BF00137988.

Shearman, P., Bryan, J., Ash, J.,

Hunnam, P., Mackey, B. & Lokes, B.
2008. The State of the Forests of Papua




New Guinea: mapping the extent and
condition of forest cover and measuring
the drivers of forest change in the period
1972-2002. Port Moresby, Papua New
Guinea, University of Papua New Guinea.
Smith, A.M.S. & Wooster, M.J. 2005.
Remote classification of head and backfire
types from MODIS fire radiative power and
smoke plume observations. International
Journal of Wildland Fire, 14(3): 249-254.
DOI: 10.1071/WF05012.
Soares-Filho, B.S., Nepstad, D.C.,
Curran, L.M., Cerqueira, G.C.,
Garcia, R.A., Ramos, C.A., Voll,
E., McDonald, A., Lefebvre, P. &
Schlesinger, P. 2006. Modelling
conservation in the Amazon basin. Nature,
440: 520-523.DOI: 10.1038/nature04389.
Souza, C. Jr., Firestone, L., Silva, L.M.
& Roberts, D. 2003. Mapping forest
degradation in the Eastern Amazon from
SPOT4 through spectral mixture models.
Remote Sensing of Environment, 87(4):
494-506.DOI: 10.1016/j.rse.2002.08.002.
Souza, C. Jr., Roberts, D.A. & Cochrane,
M.A.2005.Combining spectral and spatial
information to map canopy damage from
selective logging and forest fires. Remote
Sensing of Environment,98:329-343.DOI:
10.1016/j.rse.2005.07.013.

Tanaka, H. & Nakashizuka, T. 1997. Fifteen

years of canopy dynamics analyzed by
aerial photographsinatemperate deciduous
forest, Japan. Ecology, 78: 612—620. DOI:
10.1890/0012-9658(1997)078[0612:FYO
CDAJ2.0.CO;2.

Ticehurst, C., Phinn, S & Held, A. 2007.

Using multitemporal digital elevation
model data for detecting canopy gaps in
tropical forests due to cyclone damage:
an initial assessment. Austral Ecology,
32(1): 59-69. DOI: 10.1111/j.1442-
9993.2007.01734 x.

UNFCCC. 2008. Informal Meeting of

Experts on Methodological Issues related
to Forest Degradation, 20-21 October
2008, Bonn, Germany: chair’s summary
of Key Messages from the meeting. Bonn.
Available at: unfccc.int/methods_science/
redd/items/4579.php

UNFCCC. 2009a. Decision 4/CP.15:

Methodological guidance for activities
relating to reducing emissions from
deforestation and forest degradation and
the role of conservation, sustainable
management of forests and enhancement
of forest carbon stocks in developing
countries. In Report of the Conference on
its fifteenth session, held in Copenhagen
from 7 to 19 December 2009. Part two:

Action taken by the Conference of the
Parties at its fifteenth session. Available
at: unfccc.int/resource/docs/2009/copl5/
eng/11a01.pdf#page=11.

UNFCCC. 2009b. Cost of implementing

methodologies and monitoring systems
relating to estimates of emissions form
deforestation and forest degradation,
the assessment of carbon stocks and
greenhouse gas emissions from changes
in forest cover, and the enhancement of
forest carbon stocks. Technical paper.
Available at: unfccc.int/resource/docs/
2009/tp/01.pdf.

Wang, L., Gong, P. & Biging, G.S. 2004.

Individual tree-crown delineation and
treetop detection in high-spatial-resolution
aerial imagery. Photogrammetric
Engineering and Remote Sensing, 70(3):
351-357.

Wooster, M.J., Roberts, G., Perry, G.L.W.

& Kaufman, Y.J. 2005. Retrieval of
biomass combustion rates and totals from
fire radiative power observations: FRP
derivation and calibration relationships
between biomass consumption and fire
radiative energy release. Journal of
Geophysical Research, 110: D24311. DOI:
10.1029/2005JD006318. 4

Unasylva 238, Vol. 62,2011/2




