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Abstract. Wildfires are the most common disturbances in Mediterranean forest ecosystems that cause significant
emissions of greenhouse gases as a result of biomass burning. Despite this, there is reasonably high uncertainty regarding
the actual fraction of burnt biomass and the related CO, and non-CO, gas emissions released during forest fires. The aim of
this paper is to compare existing methodologies adopted in the National Greenhouse Gas Inventory reports of five of the
most fire-affected countries of southern Europe (Italy, Spain, Greece, Portugal, France) with those proposed in the
literature, to operationally estimate forest fire emissions, and to discuss current perspectives on reducing uncertainties in
reporting activities for the Land Use, Land Use Change and Forestry sector under the United Nations Framework
Convention on Climate Change and the Kyoto Protocol. Five selected approaches have been experimentally applied for the
estimation of burnt biomass in forest fire events that occurred in Italy in the period 2008-2010. Approaches based on
nominal rates of biomass loss can lead to an overly conservative value or, conversely, to underestimation of the fraction of
burnt biomass. Uncertainties can be greatly reduced by an operational method able to assess inter-annual and local

variability of fire effects on fire-affected forest types.

Additional keywords: CO, and non-CO, gases, fire intensity, fire severity, forest type.

Received 24 January 2012, accepted 1 January 2013, published online 13 May 2013

Introduction

Wildfires are the most common disturbance in Mediterranean
forests (Schelhaas ef al. 2003) causing significant emissions of
greenhouse gases (GHGs) from forest biomass burning (CO,,
CO, CHy4, N,O, NO,). In the last 30 years (1980-2010), ~50 000
forest fires occurred yearly in five of the most fire-affected
countries of southern Europe (Portugal, Spain, France, Italy and
Greece), burning yearly ~0.5 x 10° ha. The annual forest burnt
area, however, varies considerably depending on year-to-year
climatological variability (European Commission 2011). When
weather conditions are particularly severe (e.g. heat waves or
very hot and dry summers combined with strong winds) forest
fires may reach catastrophic proportions, the so-called mega-
fires events, producing noteworthy GHG emissions in the
atmosphere.

These extreme fire seasons usually receive world media
coverage. Recent exceptional fire seasons occurred in Portugal
(286 000 ha of forest burnt in 2003 and 214 000 ha in 2005),
Spain (188 697 ha of forest burnt in 2005), Greece (193 268 ha of
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forests and other wooded land burnt in 2007), Italy (116 602 ha
of forest burnt in 2007) and France (more than 70000 ha of
forest burnt in 2003) (European Commission 2011). According
to the European Forest Fire Information System (http://
forest.jrc.ec.europa.cu/effis/, accessed 22 February 2013)
(San-Miguel-Ayanz et al. 2012), the CO, emissions during
recent catastrophic fires in Greece in 2007 were ~4.5 Mt CO,
until the end of August, equalling ~4% of the average annual
CO, emissions of this country. Emissions from wildfires in
Portugal during the 2003 fire season were estimated to have
reached 7.4 Mt CO, (Rosa et al. 2011).

Fire risk in Mediterranean forests is expected to further
increase over the next 100 years, as climate change is likely to
result in more extended hot periods and drought, with a summer
temperature increase of 4-5°C and summer rainfall decrease of
up to 50% through southern Europe (Lindner et al. 2010).

Estimates of GHG emissions from biomass burning can be
highly uncertain, because of the high spatial and temporal
variability of fuel loads, combustion completeness and seasonality
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of emissions composition (Keywood et al. 2011). The loss of
forest biomass owing to burning is affected by fire intensity
(i.e. the energy released during the fire) as well as by the
structure and flammability of different fire-affected forest types
and associated fuels (Xanthopoulos et al. 2012). For instance,
ground-level wildfires are less intense, and their effect on trees
less severe, than are crown fires. This variability in the level of
damage, known as fire severity, makes fire effects on forest
stands highly variable, ranging from fire-scarred trees to com-
plete burning or uprooting (Schelhaas et al. 2003). Thus, as a
consequence of a fire event, there is a fraction of living biomass
(including understorey, leaves and small branches) that is
destroyed and causes direct emissions of GHGs and a fraction
that is transferred to the dead organic matter pool, which, if not
removed by salvage logging operations will later decay, releas-
ing indirect emissions.

Reporting on direct emissions from biomass burning within
the forestry and agriculture sectors (the Land Use, Land Use
Change and Forestry, LULUCF) is mandatory under the report-
ing requirements of both the United Nations Framework
Convention on Climate Change (UNFCCC) and the Kyoto
Protocol (KP). For this purpose, the Intergovernmental Panel
on Climate Change (IPCC) has suggested methodologies to
account for GHG emissions from biomass burning (Penman
et al. 2003).

The extended formula to estimate GHGs (CO, and non-CO5,)
directly released from fires is summarised by the following
equation (Penman et al. 2003):

Lﬁm:AxBxCxDx10’6

where Lj,. is the amount of GHGs released as a result of fire
(tonnes of GHG), 4 is burnt area (ha), B is mass of available fuel
(kg dry matter ha™"), C is a combustion factor (fraction of the
biomass combusted, dimensionless) and D is an emission factor
(g GHG kg ' burnt fuel).

The burnt area (A4) is defined as the total forest surface
affected by the fire. The mass of available fuel (B) represents
the existing total pre-disturbance biomass including surface and
ground fuels. The combustion factor (C) represents the fraction
of pre-disturbance biomass that is actually combusted during
the fire event (Ito and Penner 2004). The emissions factor (D)
defines the mass of released compounds of GHG per mass of dry
fuel burnt (Andreae and Merlet 2001).

The combustion factor (C) is the most critical term in the
estimation of GHG emissions. CO, emissions released as a
result of forest fires are calculated in relation to the carbon
released during fires, which is assumed to equal 50% of the
biomass loss (Penman et al. 2003). Furthermore, this calculation
affects non-CO, GHG emissions estimates. Unless country-
specific factors are available, non-CO, emissions are calculated
by multiplying the total carbon released during fires by default
emission factors (0.012 for CHy; 0.06 for CO; 0.007 for N,O;
0.121 for NO,) provided by Penman et al. (2003).

Three hierarchical tiers of methods to assess GHG emissions
are proposed by Penman ez al. (2003) and these range from
default data and simple equations to the use of country-specific
data and models to accommodate national circumstances. Tiers
progress from low (Tier 1) to high (Tier 3) levels of certainty in
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estimates. It is recommended that national inventories reduce
uncertainty as far as possible and increase accuracy by imple-
menting the higher tiers of methods where possible.

It is clear that an accurate assessment of CO, emissions from
forest fires is of strategic importance for reporting on emissions
for the LULUCEF sector, especially in the most fire-affected
countries of southern Europe. This paper aims to highlight this
issue by addressing the following goals:

(1) review and compare existing approaches to estimate forest
biomass loss and related GHG emissions in the five most
fire-affected countries of southern Europe;

(i1) apply the existing approaches for biomass loss assessment
to a country-wide case study, i.e. the estimation of forest
biomass loss in forest fire events that occurred in Italy in
the period 2008-2010;

(ii1) discuss current perspectives on reducing uncertainty in the
estimates of GHG emissions from forest fires in the
framework of UNFCCC and KP reporting activities for
the LULUCEF sector.

Review of reporting on forest-fire related
GHG emissions

The national GHG inventory reports (NIRs) annually produced
by the five most fire-affected southern European countries under
the UNFCCC and the KP were analysed and compared in line
with IPCC guidelines. Furthermore, pertinent literature was
reviewed in order to identify other methods applicable to the
assessment of forest biomass loss from forest fires.

The accuracy of the forest fire data consistently available at
country level clearly constrains the choice of the method
applicable for assessing GHG emissions from forest fires. For
Italy, Portugal and Greece estimation of the annual burnt forest
area (4) is possible, with a reasonable level of accuracy, because
the forest fire perimeters are available as country-wide geoda-
tasets derived from GPS survey or remote sensing. Conversely
in Spain and France only some regions have burnt areas
geodatasets (Table 1). The annual burnt forest area does not
include areas treated by prescribed burning in countries where
this technique is applied (Portugal, France and northern Spain).
Prescribed burning cannot be considered a wildfire, being based
on the use of low-intensity fires to reduce fuel loads under
specified controlled fuel and weather conditions. As such,
emissions from prescribed burning can be regarded as negligi-
ble, because the related combustion factors are much lower than
in wildfires.

The existing pre-disturbance mass of available fuel (B) can
be reliably estimated by applying national forest inventory data
(growing stock, living biomass expansion factors) to the burnt
area stratified into the main forest vegetation types.

In southern European countries different approaches are
applied for the estimation of the combustion factor (C) (Table 2).
Spain and Italy calculate CO, emissions from forest fires
assuming the complete oxidation of the aboveground biomass
at the time of fire (ES NIR 2011; IT NIR 2011). These countries
adopt a conservative approach based on the assumption that the
whole biomass is completely oxidised and that the total related
carbon is immediately released into the atmosphere during the
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Table 3. Combustible biomass values (Bovio 1996) adopted in Italian
NIR for calculating the amount of carbon released during the fire for
non-CO, emissions assessment
1st group: Piedmont, Aosta Valley, Lombardy, Trentino—Alto Adige, Friuli—
Venezia Giulia, Veneto, Emilia—Romagna; 2nd group: Liguria, Tuscany,
Marche, Umbria, Lazio, Abruzzo, Molise; 3rd group: Campania, Apulia,
Basilicata, Calabria, Sicily, Sardinia

Forest physiognomy Combustible biomass (t ha™")
1st group 2nd group 3rd group

Coppice 7-9 7-9 7-9
Coppice with standards 7-9 7-9 7-9
Degraded coppice 5-8 10-15 10-15
High coniferous forest 10-12 7-9 7-9
High broadleaved forest 10-12 10-12 7-9
Mix high forest 10-15 7-9 7-9
Non-forested 5-10 10-15 25-35

forest fire. The resulting nominal rate of total burnt biomass
(100%) falls in the lowest level of accuracy (Tier 1) as defined
by Penman et al. (2003) who consider forest fires as stand-
replacing disturbances. It clearly produces an overestimation of
direct emissions as some trees could survive after fire or some
partially burnt fuel may remain on the site as charcoal or be
transferred to the dead organic matter pool. Moreover, a fraction
of fire-damaged biomass could be recovered after the fire and
used as timber or firewood, depending on the condition of trees
after the fire event has taken place. In this case, the risk of double
counting of emissions increases if this amount of biomass and
the related carbon emissions is also calculated as harvesting or
transferred to harvested wood products, which will be included
in the accounting of the LULUCF sector in the post-2012
agreement (UNFCCC 2011).

Spain and Italy assess the carbon released for calculating
non-CO, emissions using different approaches from the nominal
100% rate. Spain assumes the fraction of burnt biomass to be
20% of aboveground biomass; this oxidised carbon constitutes
‘prompt’ emissions (Rodriguez Murillo 1994). This nominal
approach is based on the assumption that only a small fraction of
aboveground biomass is burnt and most of the fire-affected trees
remain on the soil as dead organic matter or charcoal. Italy
calculates the non-CO, emissions during forest fires on the basis
of regional parameters of combustible biomass derived by
Bovio (1996), from the implementation of a United States fuel
model (Anderson 1982). The values of combustible biomass are
defined considering different management systems and three
groups of Italian regions that are relatively homogeneous in
terms of forest vegetation types (Table 3).

Greece estimates emissions and removals from managed
forests in the LULUCF sector by means of the carbon stock
change method (GR NIR 2011) based on the difference between
two biomass stock inventories at two different points in time.
For this reason no extra emissions of CO, from forest fires are
reported as the method quantifies the net biomass change
without differentiating the causes of loss. However, the biomass
burnt annually in managed forests is estimated in order to assess
non-CO, emissions. The total carbon released during fires is
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calculated by multiplying the forest burnt areas by the average
biomass stock of forest areas (per forest type) excluding the
fraction of biomass transferred to dead organic matter. It must be
observed that the latter term is assessed by applying default
values provided by Penman ez al. (2003) under Tier 1, i.e. 0.55
for forests and 0.28 for scrublands. Consequently, it can be
assumed that 45% of the carbon content of aboveground living
biomass in burnt forests is directly released to the atmosphere
and the remaining 55% is transferred to dead organic matter.

In its last NIR (PT NIR 2011), Portugal attempted to assess
biomass loss with a high degree of accuracy taking into account
the possible double counting related to salvage logging. Bio-
mass loss was assessed for the main Portuguese species (Pinus
pinaster Ait., P. pinea L., Quercus suber L., Q. rotundifolia
Lam., Quercus spp., Eucalyptus spp., other coniferous and other
broadleaves) by applying rates of mortality derived from a
literature review. Biomass loss owing to mortality was further
discounted by an assumed fraction of fire-damaged biomass
removed after fire by salvage logging, as judged by a panel of
national experts. The methodology adopted by Portugal also
took into account, according to the mortality rate, the portion of
belowground biomass affected by fire by multiplying the burnt
aboveground biomass by the root : shoot ratio.

In estimating CO, emissions from wildfires France differ-
entiates fires occurring in its Mediterranean region from those
occurring in the temperate region (FR NIR 2011). Although the
Mediterranean region of France is more subject to forest fires
than is the rest of the French territory, it is characterised by a
lower forest biomass. For this reason, GHG emissions in these
two regions are estimated separately, using specific combustion
factors reflecting differences in vegetation type and growing
stock levels (EEA 2006).

Besides the approaches applied in the NIRs, a few operational
methodologies to estimate GHG emissions from forest fires are
also available in the literature. Lazaridis et al. (2008) propose
that for the assessment of fire emissions in Greece the fraction of
aboveground biomass combusted should be assumed to be in the
order of 28 t ha™! for Mediterranean forests, 24 t ha™! for scrub-
land and 3.6 tha~" for grassland; all values derived by Seiler and
Crutzen (1980) and EEA (2002). Rosa et al. (2011) developed a
methodology to estimate annual emissions from forest fires in
Portugal based on the fire perimeter atlas derived from Landsat
satellite imagery (Pereira and Santos 2003) and biomass fuel
loadings differentiated by forest type and fuel stratum (litter,
shrubs, leaves and fine branches). The authors argued that
woody fuels >2 cm are not consumed by fires unless events of
extreme severity occur. Combustion factors for other fuel strata
were based on a literature review and were estimated to be
higher than 50%.

Bovio (2007) has developed an approach to assess forest fire
damage and related biomass loss in Italy. The approach is based
on the consideration that the level of damage owing to forest
fires corresponds to the amount of burnt biomass, which
depends on two main factors: the intensity of the fire and the
type of forest vegetation affected by fire. A fire of a given
intensity can produce different levels of damage depending on
the fuelbed strata that are burnt (tree canopy, shrub, low
vegetation, woody fuel, litter fuel) and their flammability
(Xanthopoulos et al. 2012). These characteristics show high
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Table4. Groups of forest vegetation classes homogeneous with respect
to response to fire in Italy (Bovio 2007)

Forest vegetation Physiognomical characterisation

class
A Maple—ash forests
Hygrophilous riparian forests
Lowland oak high forests
Beech high forests
Birch high forests
B Evergreen oak high forests
Downy oak and Turkey oak high forests
C Larch and larch-arolla pine forests

Spruce forests
Fir forests
Mixed fir and spruce forests
Mountain Scots pine forests
Mountain black pine forests
D Hilly and flatlands Scots pine forests
Other conifer forests
Mediterranean pine forests
Calabrian and palebark pine forests and hilly
black pine forests
E Beech coppices
Chestnut coppices
Common hornbeam coppices
F Sessile oak and downy oak coppices
European hophornbeam coppices
Evergreen oak coppices
Turkey, Hungarian, Valonia and Macedonian
oak coppices

G Mediterranean maquis

H Broadleaved dominated forest stand with a mean
height <3.5m

I Conifer dominated stand with a mean height <3.5m

variability across different forest ecosystems, though relatively
homogeneous groups have been identified for main forest
vegetation classes in Italy (Table 4). Therefore, the approach
uses information that can be assessed easily in burnt areas after
the fire: the dominant pre-fire forest type and scorch height
represent proxy variables of fire intensity to assess the fraction
of biomass burnt in a fire event (Table 5). This method has been
recently proposed for the inventory of Italian emissions from
forest fires (IEIF) in the framework of the Italian National
Registry for Forest Carbon Sinks (IT NIR 2011).

Comparison of approaches for assessing biomass loss

The annual burnt forest area in Italy ranged from 19357 to
31060 hayear ' in the period 2008-2010, according to fire
perimeters geodatasets provided by the Italian National Forest
Service (Corpo Forestale dello Stato, see http://www3.
corpoforestale.it/flex/cm/pages/ServeBLOB.php/L/IT/IDPagina/
6358, accessed 22 February 2013). This geographical dataset
allows the assessment of the fraction of forest burnt biomass
according to the abovementioned approaches. Total burnt area
for each year can be divided into several types of burnt forest
vegetation, classified according to the Italian national forest
inventory (INFC 2005) classes, which can be easily linked to the
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forest vegetation classes presented in Tables 3 and 4. In addition,
scorch height information is available for all fire events in the
dataset.

The forest fires that occurred in Italy in the period 2008-2010
were considered as a case study to compare the fraction of burnt
biomass using different methods. The annual burnt forest area
(A) was assessed from the available country-wide geodataset of
the forest fire perimeters, derived from GPS survey. The existing
pre-fire biomass values (B) were calculated for all approaches
only for the aboveground living biomass pool and were derived
from average standing volume data reported by INFC (2005) per
forest type, and 20 Italian administrative regions. Wood volume
was converted into forest biomass using wood basal densities
and expansion factors applied in the Italian NIR (IT NIR 2011).

Five approaches were compared and biomass loss values
were calculated as follows.

Approach. 1: 100% of biomass loss

This is the nominal approach currently applied by Italy and
Spain in the NIR to estimate CO, emissions from forest fires,
where biomass loss is assessed multiplying the burnt forest area
(according to administrative region and forest vegetation class
as in Table 4) by the regional values of forest biomass derived
from INFC (2005) on a forest type basis.

Approach 2:20% of biomass loss

This approach was based on the assumed fraction of burnt
biomass applied in the Spanish NIR (ES NIR 2011) to estimate
non-CO, emissions; biomass loss was assessed by multiplying
by 0.20 the values provided by Approach 1.

Approach 3: biomass loss values per forest type

This approach used the assumed fraction of burnt biomass
applied in the Italian NIR (IT NIR 2011) to estimate non-CO,
emissions. Biomass loss was assessed multiplying the burnt
forest area, classified per forest physiognomy and geographical
distribution, by the combustible biomass values reported in
Table 3.

Approach 4: level of damage

Approach 4 followed the method developed by Bovio (2007) to
assess forest fires damage. The fraction of biomass burnt by
forest fires was calculated by multiplying the burnt forest area,
according to administrative region and forest vegetation class
(Table 4), by the damage level score assessed on the basis of
forest vegetation class and scorch height (Table 5).

Approach 5: mortality rate and salvage logging

The last approach followed the methodology adopted by
Portugal in the last NIR (PT NIR 2011); the approach is appli-
cable only to a limited extent in Italy as mortality rates were
defined for the main Portuguese forest species and are appli-
cable only to a few Italian forest vegetation classes (Table 6). In
order to assess the biomass loss owing to forest fires, the most
conservative rates of mortality and of salvaged deadwood in
total burnt wood provided in the Portuguese NIR (PT NIR 2011)
were applied.
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For the application of Approaches 4 and 5, the INFC (2005)
forest types detected in burnt surfaces were matched respectively
with the combustible biomass values (Bovio 1996) and forest
vegetation classes identified by Bovio (2007). ‘Temporarily not
wooded lands’ were not taken into account. The biomass value

Table 5. Level of fire damage (expressed as biomass loss percentage)
experienced by each forest vegetation class (Bovio 2007), at different fire
intensities
NR, not recorded

Forest vegetation
class <1 1-2.5

Scorch height (m)

2.5-3.5 3.5-45 >4.5
Intensity (kW m ")

<350 350-1700 1701-3500 3501-7000 >7000
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for the Mediterranean maquis (50 t dry matter ha ') was derived
from the average data for coppice of evergreen broadleaves from
the INFC (2005) and from a literature review of the main Italian
publications dealing with the issue (Gratani et al. 1980; Bianchi
et al. 2002; Ciancio and Nocentini 2002; Costa and La Mantia
2005).

In this exercise only the burnt aboveground biomass fraction
was assessed. The decision to include also the belowground
carbon pool in the emissions from forest fires should be taken
with caution and carefully evaluated depending on fire intensity
and the management system (coppice or high forest). In the case
of coppices, if the fire is not so intense as to hamper the stump
sprouting ability, the root systems retain their function and no
emissions should be reported. On the contrary, in the case of
coniferous forest, if the fire destroys the aboveground part of the
tree, then the stump will not have the ability to re-sprout and will
die unless root anastomosis occurs. The biomass of dead root

A 0.10 0.15 0.30 0.60 NR

B 0.08 0.20 030 0.80 0.90 systems should be considered transferred to the soil organic
C 0.10 0.25 0.50 0.80 0.90 matter and emissions from its decay should be estimated on a
D 0.08 0.30 0.55 0.85 0.95 decadal time scale.

E 0.05 0.15 0.40 0.65 NR

F 0.05 0.20 0.35 0.60 0.95

G 0.10 0.30 0.60 0.80 0.95 Results

H 0.30 0.70 0.80 0.90 1.00 The results from the five approaches are presented in Table 7, in
1 0.25 0.40 0.70 NR NR

terms of unitary biomass loss values estimated for the burnt

Table 6. Rate of mortality and percentage of salvage wood out of total burnt wood for the main Portuguese forest species
(PT NIR 2011) matched with the three corresponding forest vegetation classes identified by Bovio (2007)

Forest vegetation class Scientific name

Common name

Rate of mortality (%) Salvage wood (%)

A Eucalyptus spp.
E. globulus Tasmanian blue gum 50 40
E. camaldulensis Red gum
Eucalyptus spp. Other gums
Other broadleaves
Acacia spp. Acacias
Arbutus unedo Strawberry tree
Betula spp. All Birches
Castanea sativa Sweet chestnut
Ceratonia siliqua Carob tree
Salix spp. Willows
Ulmus spp. Elms
B Quercus spp.
Q. suber Cork oak 30 40
Q. rotundifolia Holm oak
Q. faginea Portuguese oak
Q. pyrenaica Pyrenean oak
Q. robur Pedunculate oak
Other oaks
D Pinus spp.
P. pinaster Maritime pine 70 40
P. pinea Umbrella pine
Other pines
Other coniferous
Cupressus spp. Cypresses
Pinus halepensis Aleppo pine
Pinus sylvestris Scots pine

Pseudotsuga menziesii

Douglas-fir
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Table 7. Average aboveground biomass loss per hectare of burnt forest area in Italy estimated using the different approaches
Approach 1, 100% of biomass loss; Approach 2, 20% of biomass loss; Approach 3, biomass loss values per forest type; Approach 4, level of damage;
Approach 5, mortality rate and salvage logging

Forest vegetation Approach 1 Approach 2 Approach 3 Approach 4 Approach 5
class 2008 2009 2010 2008 2009 2010 2008 2009 2010 2008 2009 2010 2008 2009 2010
Biomass loss (tha™ ')
A 154 179 141 31 36 28 10 10 10 24 31 25 46 40 12
B 134 122 76 27 24 15 9 10 10 26 42 13 24 10 5
C 76 138 86 15 28 17 11 10 10 9 64 30 - - -
D 148 166 139 30 33 28 9 9 9 27 124 78 62 43 22
E 123 118 150 25 24 30 14 15 12 21 28 10 - - -
F 58 64 65 12 13 13 15 15 15 7 12 14 - - -
G 50 50 50 10 10 10 31 29 26 10 18 15 - - -
Average 104 116 88 21 23 18 16 16 17 17 40 27 - - -
100% 1 Table 8. Range of biomass loss in Italy during 2008-2010 by forest
vegetation class estimated by different approaches
5 Biomass loss percentage of 100% under Approach 1 is excluded. Different
80% 1 approaches used for estimation are indicated in parentheses (numbers
defined in Table 7)
60% -+— . .
Forest vegetation class Biomass loss range (%)
Minimum Maximum
40% 1 A 5(3,5) 30 (5)
B 6(5) 34 (4)
C 7(3) 46 (4)
20% T D 503) 74 (4)
E 7(4) 24 (4)
F 11 (4) 25(3)
0% G 20(2) 62 (3)
2008 2009 2010
-1 Approach 1: 100% of biomass loss [ Approach 2: 20% of biomass loss
M Approach 3: biomass loss M Approach 4: level of damage biomass loss values (provided by ApproaCh 4) arc mOSﬂy linked
values per forest type to inter-annual variability of fire diffusion levels.
Overall, the highest biomass loss values were provided by
Fig. 1. Comparison of yearly estimates of total biomass loss (%) from Approach 4 in all years and for most forest vegetation classes,

forest fires in Italy, as quantified by Approaches 1 to 4 (see text). Approach 5
is not included as it can be applied only to a few vegetation classes
(see Table 6).

forest areas of different forest types in Italy for the years 2008—
2010. Total yearly values of forest biomass loss range between
14 (Approach 3; 2009) and 34% (Approach 4; 2009) of the total
standing biomass, against the nominal value of 100% (Fig. 1).
The range of variation of forest biomass loss further increases
when considering single forest vegetation classes (Table 8).
Inter-annual variation in unitary biomass loss values provid-
ed by each approach for the different vegetation classes (Table 7)
can be attributed to the variability in the relative share of fire-
affected forest areas across regions, affecting the local values of
biomass loss. Differences between the outcomes of Approaches
3 and 5 within the same year and forest vegetation class are a
result of differences in the assumed values of biomass loss,
mostly determined on the basis of the ‘average’ fire response of
the forest type. The most pronounced differences in unitary

except for oak coppices (F) and Mediterranean maquis (G), for
which Approach 3 assumes higher losses.

Looking at the range of values found for the different
vegetation classes (Table 8), estimates from Approach 2 are
always in the range of variation of biomass loss values provided
by other methods.

Discussion

The five most fire-affected countries of southern Europe adopt
different methods for accounting GHG emissions from forest
fires, with either Tier 1 or Tier 2 levels of certainty.

The comparison between different approaches carried out
with a country-wide case study in Italy helps in finding a more
realistic range of variation of biomass loss than the nominal
approach assuming 100% of biomass loss (Approach 1; currently
applied by Italy and Spain for estimating CO, emissions for
Kyoto Protocol reporting), which clearly results in an overly
conservative value for all forest types. The approach assuming a
nominal rate of 20% of biomass loss (Approach 2), assigned
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independently from the fire event characteristics (e.g. affected
forest type, fire intensity), appears to be a fairly low nominal
estimate, at least for the most fire-affected Mediterranean forest
types (B, D, E). Thus, the application of the 20% nominal rate
could lead to an underestimation of biomass loss values in fire-
prone Mediterranean forest types, especially during extreme fire
seasons. Uncertainties in the estimates can be reduced by the
other three approaches, more consistent with the fire behaviour
of the fire-affected forest types.

Except for a couple of forest vegetation classes, the approach
applying biomass loss values per forest type (Approach 3)
provides a less conservative estimate than using the level of
damage (Approach 4), resulting in lower values of biomass loss
for all the years investigated. Furthermore, the data on combus-
tible biomass required by the approach based on biomass loss
values per forest type (Approach 3) are easy to obtain, although
the combustible biomass values are derived from United States
models (Anderson 1982), which might not be strictly applicable
to the Mediterranean context.

The approach using mortality rate and salvage logging
information (Approach 5) adopted by Portugal (PT NIR 2011)
provides an assessment at relatively high level of accuracy as
biomass loss rates are defined on the basis of country-level
estimates of species-specific mortality and salvage logging
rates. A higher accuracy can be reached if the values of salvaged
wood, currently defined by expert judgment, are assigned via an
ad hoc statistical system. However, Approach 5 is not easily
applicable to all Mediterranean environments because mortality
rates are country-specific and provided only for a small group of
forest species. To be applied in other countries, detailed mortality
rates per species, or at least per main forest type, should be
developed at the national level.

The level of damage approach (Approach 4) provides an
assessment of biomass loss that explicitly takes into account
spatiotemporal variability in biomass loss from forest fires.
Uncertainties in the estimation of the fraction of burnt biomass
are greatly reduced by this approach, as the variability in the
level of damage (fire severity) in different forest types is directly
assessed in the field. This requires a more demanding opera-
tional effort in collecting the specific fire data needed to
estimate fire damage (i.e. a scorch height assessment). In Italy
these data have been collected and stored in the geodatasets of
forest fires perimeters only since very recently. From a method-
ological viewpoint, Approach 4 seems to be the most promising
for fulfilling the requirement for a higher level of accuracy,
proposed as tier levels by Penman ez al. (2003), to estimate GHG
emissions from forest fires. Biomass loss assessment is based, in
fact, on detected effects of forest fires, i.e. scorch height
assessment; such information, theoretically, could be collected
easily in those southern European countries that perform post-
fire field survey mapping through GPS.

This approach would greatly reduce uncertainties owing to
spatiotemporal variability in biomass burning, an aspect
extremely relevant especially when estimating emissions from
large intense fires, such as mega-fires. In contrast, in the context
of Kyoto accounting rules, when no accurate fire data are
available at a national level, the more conservative estimate is
favoured. Thus, assuming 100% of biomass loss still represents
a widely used approach, because it leads to an overestimation of
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emissions in the sector, hence avoiding the risk of a country
accounting undue credits.
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