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Abstract

In a burn of five-year-old secondary forest cleared for
agriculture i1n Roraima, Brazil, carbon partitioning was measured
for above-ground portions of both secondary forest (regrowth) and
the remains of original forest, felled and burned six years
previously. Above-ground dry welght biomass averaged 43.0 £ 6.5
Mg (megagrams = metric tons) per hectare (Mg ha?') for secondary
forest and 105.8 + 23.7 Mg ha! for original forest remains. Pre-
and post-burn above-ground blomass loadings were estimated by
cutting and weighing six 60-m? plots and by line-intersect
sampling (LIS) done along the axis of each post-burn plot (three
transects), plus two supplementary LIS transects. High
variability of initial biomass made LIS more reliable for
assessing change iIn material >10 cm 1n diameter; quantities for
diameter classes <10 cm relied on direct weighing. Above-ground
carbon pools were reduced by 67.8% In secondary forest and 32.0%
in original forest remains. Burning released 28.8 Mg C ha™
(original forest remains plus secondary forest biomass), or 41.6%
of the pre-burn total carbon stock iIn biomass. The remainder of
the carbon eirther remained as residual biomass (39.2 Mg C ha or
56 5% of pre-burn C) or as charcoal and ashes (1.4 Mg C ha™ or

2.0%) . Carbon stock 1n charcoal increased from 0.50 Mg C ha™
1.07 Mg C ha™, a net gain of 0.57 Mg C ha™, or 0.8% of the pre—
burn above-ground carbon stock The net gain of charcoal carbon
was composed of 0.21 Mg C ha from secondary forest biomass and
0.36 Mg C ha™ from original forest remains; 1.1% of the above-
ground secondary forest carbon was converted to charcoal, while
the corresponding percentage for original forest remalns was
0.7%. Ashes contained an additional 0.29 Mg C ha?, of which 0.11
Mg C ha? can be attributed to secondary forest biomass and 0.18
Mg C ha™? to original forest remains. If the carbon in ashes is
assumed to be finely powdered charcoal, this stock adds 0.21% to
the charcoal formation percentage for secondary forest and 0.36%
to that for original forest remains. The overall charcoal-
formation percentage was 1.6%, or 2.0% 1f ashes are included.
Charcoal-formation percentages in this study are lower than those
sometimes assumed in global carbon models; nevertheless, charcoal
can represent an important sink of atmospheric carbon over long
time scales.

Keywords: Biomass burning; Carbon dioxide; Deforestation; Global
warming; Greenhouse gases; Secondary forest
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1. Introduction

Conversion of mature tropical forests to agricultural
landscapes releases carbon dioxide (CO2) and other gases to the
atmosphere that contribute to global warming through the
greenhouse effect. One source of controversy in evaluating the
net effect of tropical deforestation iIs the extent to which
carbon releases from the original clearing are attenuated by
removal of carbon from the atmosphere through regrowth of
secondary forests on the deforested sites (Achard et al., 2002,
Brown and Lugo, 1990; Fearnside, 1996a, 1997; Fearnside and
Guimarédes, 1996; Fearnside and Laurance, 2004; Houghton et al.,
2000) . The amount of carbon stored in the secondary forests and
released at the time secondary forests are burned depends both on
the biomass accumulation and the completeness of the burns.

Fixing of carbon in secondary forests is temporary, the age
of the stands when re-cleared being important in determining the
proportion of the total cycle (including use periods as
agriculture or as pasture) that is spent under secondary forest.
Charcoal formed in the burn provides one of the only routes for
carbon to be removed from the cycle, such that 1t cannot readily
recombine with oxygen to form carbon dioxide. On the other hand,
while burning of the secondary forest biomass releases no more
carbon dioxide than was removed from the atmosphere as the
secondary forest grew, this burning also releases methane (CHai)
and other trace gases that do not enter photosynthetic reactions.
Burning of secondary forest biomass therefore makes a net
contribution to the atmospheric buildup of these non-CO:
combustion products. Globally, burning of tropical secondary
forests i1s estimated to release (under low and high trace-gas
emissions scenarios), 3.1-3.7 x 10° Mg CHs4, 73-92 x 10° Mg CO,
0.2-1.6 x 10° Mg N20 and 2.4 x 10° Mg NOx (Fearnside, 2000). Using
the 100-year global warming potentials adopted for the 2008-2012
first commitment period of the Kyoto Protocol (Schimel et al.,
1996, p. 121), these trace-gas emissions are equivalent to 34-156

x 10° Mg C annually.

The fate of the biomass remaining from the original forest
is also important in calculating the rate at which carbon is
released from the portion of the original forest biomass that did
not burn at the time of initial clearing, much of which will
decay. While combustion in primary forest burns has received more
attention (e.g., Aradjo et al., 1999; Carvalho Jr. et al., 1995,
1998; Fearnside et al., 1993, 1999, 2001; Graca et al., 1999;
Guild et al., 1998; Kauffman et al., 1995), very few measurements
have been made on secondary forest burns in Brazilian Amazonia
(Guimaréaes, 1993; Hughes et al., 2000). The present study reports
on a secondary forest burn in Roraima, In northern Brazil. These
data will contribute to reducing the uncertainty in calculation
of the net contribution to global climate change made by
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secondary forest burning (as iIn shifting cultivation).
2. Methods
2.1. Study area

Colbnia do Apiau is a government-sponsored colonization
project located in the county (municipio) of Mucajai, state of
Roraima, Brazil. The headquarters of the colonization project is
at Vila Apiald (2°34"N, 61°18*W), which lies 112 km by road
southwest of the city of Boa Vista, the state capital (Fig. 1).
The area i1s part of a Rapid Settlement Project (Projeto de
Assentamento Rapido: PAR), an area in which settlement began in
November 1981, initially iIn 23,608 ha. The present area is
approximately double that occupied by the 60-100-ha lots of the
original project, as the settlement scheme has expanded through
distribution of additional lots. The area is bounded by the Apiaul
and Mucajai rivers to the north and northeast and by a range of
hills (the Serra de Mucajai) to the south. The climate is
classified as "Ami"™ in the Koppen system--a rainy tropical
climate with a marked dry season (December to March) (Barbosa,
1997). Mean annual rainfall is approximately 2000 mm and mean
relative humidity i1s 87% (Lameira and Coimbra, 1988). The
altitude ranges from 100 to 180 m (excepting the hills).
Additional information on the site is available elsewhere
(Barbosa and Fearnside, 1996a,b). Apiau has become renowned as
the main focus of the Great Roraima Fire that burned an estimated
11,394-13,928 km? of standing upland forest over the December
1997-March 1998 period (Barbosa and Fearnside, 1999).

[Figure 1 here]

In the April 1991 secondary forest burn that is the subject
of the present study, burn quality was considered to be good by
the farmer, who planted maize and manioc on the site. The
secondary forest was cut in late February and early March and the
cut biomass was burned on 14 April (at 2:00 pm), after four
consecutive days without rain. The farmer conducted the burn and
selected i1ts time and date without interference from the research
team. The area burned totaled approximately 1 ha. The original
forest had been felled and burned in 1985, after which the area
was planted in annual crops. The principal tree species iIn the
felled original forest was Hymenolobium complicatum (angelim
ferro), which has hard wood with basic density of approximately
0.800 g cm™@ and is resistant to both decomposition and fire.
Secondary forest (mainly Cecropia spp.) was allowed to grow on
the site beginning in 1986, and was five years old at the time it
was cut and burned.

2.2. Preparations and destructive sampling

The study used a modified version of the methodology



OCO~NOUITAWNE

5

employed i1n studies of burning efficiency and charcoal formation
in mature forest burns at Manaus (Amazonas), Altamira (Para) and
Ariquemes (Rondbnia) (Fearnside et al., 1993, 1999, 2001; Graca
et al., 1999). In the present study, plots were laid out iIn a
star-shaped design, each with six rays of 4 x 15 m (double the
width and half the length used In our primary forest studies,
made necessary by the small area of the clearing and i1ts L-shaped
format). Each plot was divided into sub-plots of 4 x 5 m (Fig.
2). The star-shaped plot design avoids bias from non-random
orientation of the fallen trunks, which often are deliberately
cut to fall in parallel (i.e., to fall outwards into the clearing
as cutting proceeds Into a stand of trees).

[Figure 2 here]

Within each plot, all biomass above ground level was cut
with chainsaws, axes and machetes, and weighed using a series of
spring balances, chosen depending on the weight of the load.
Balances ranged in capacity from 50 g (£ 1 g) up to 90 kg (z 1
kg). In both the pre- and post-burn plots, biomass and charcoal
were divided into categories referring to secondary forest and
remains of the former primary forest; material in these two
categories was further divided into the following fractions or
pools: wood with diameter <5 cm, 5-10 cm, and >10 cm; vines;
palms; and "other'™ (bamboo and other grasses, palm leaves, etc.),
plus additional categories for charcoal on the ground, charcoal
still attached to unburned biomass (both original forest remains
and secondary forest biomass), and ashes. Litter and leaves were
considered as a separate group, being composed of fine detritus
originating both from the secondary forest biomass and from the
remains of the original forest. Not all of the above categories
had any material present for each type of biomass origin
(secondary forest or original forest remains) and time of
collection with respect to the burn (before or after). Sub-
samples of each fraction (0.16-1.13 kg, depending on the diameter
class) were collected in each plot for determination of water
content for calculating dry weights.

All wood pieces were divided into sub-categories as ''rotten”
or "sound" (i.e., not rotten). Rottenness was determined from the
look and feel of the wood. Density and moisture content were
determined separately for the two sub-categories. Presence or
absence of charcoal was noted for material in all diameter
classes.

Charcoal on the ground was collected manually, taking all
black material visible to the eye In a close examination of the
ground from the vantage of a squatting or crawling position. Some
finely powdered charcoal is undoubtedly left behind by this
procedure. For charcoal attached to the biomass fractions, char
was scraped off the wood of trunks, branches, and vines using
machetes (see Fearnside et al., 1999).
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2.3. Line-intersect sampling (LIS)

Line-intersect sampling (L1S) transects (Warren and Olsen,
1964) were run along the central axis of each plot (plus two
supplementary transects of the same length, with randomly chosen
directions). Measurements of cross-sectional diameter were made
for all pieces with diameters >10 cm that intersected the line;
two measurements were made at right angles to the axis of each
piece (Van Wagner, 1968). Only wood and palms from the original
forest were included in the sample (secondary forest wood was
excluded, even though 1t was measured).

The thickness of charcoal was measured on all pieces that
had been charred by the fire. Measurements were made at four
points around the circumference of each piece: top, bottom, and
two sides; In cases where a trunk was lying on the ground, the
"bottom" measurement was made on one side as closely as possible
to ground level (NB: random points around the circumference are
recommended instead). For each measurement, a cut was made with a
light blow of a machete perpendicular to the axis of the piece of
wood. The thickness of the black layer of charcoal was then
measured with a clear plastic ruler calibrated in millimeters.

Aluminum tags were affixed to the pieces with nails to allow
identification of the same pieces after the fire.

2.4. Dry weight

All samples were dried in an electric oven at 80° C to
constant weight.

2_.5_. Carbon content

Carbon content was calculated based on values obtained for
the same fractions in another study iIn the same settlement area
(Barbosa and Fearnside, 1996b). In both cases, samples were
ground and analyzed for carbon content by the “dry” method, which
converts the carbon in the plant mixture into CO2 by combustion
at 1100° C. The gas released is sent to a cell containing sodium
hydroxide with standardized electrical conductivity. Carbon
content of the material is calculated from the difference between
the conductivity of the standard solution and that of the
carbonated solution. Carbon content was determined at the Center
for Nuclear Energy iIn Agricultura (CENA), University of Sé&o
Paulo, Piracicaba, Sao Paulo, Brazil.

2.6. Burning efficiency
Burning efficiency, or the percentage of the carbon stock

that disappears as a result of burning (presumed volatilized),
was determined by a combination of the direct (destructive) and
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indirect (LIS) methods. Direct measurements compare nearby but
different plots, as the same plots cannot be used for successive
destructive measurements: the same biomass pieces cannot be
weighed before and after the burn because the process of cutting
and weighing the pieces would disturb their placement and their
burning characteristics. The amount of biomass present varies
greatly over small distances, especially for material >10 cm 1iIn
diameter. Given these facts, the most effective means of
estimating the change i1n carbon stock is to estimate the stocks
of small-diameter material directly in the destructive plots (the
change, for these components, being determined by differences
between the pre- and post-burn stocks), and to use LIS
measurements at marked locations on the >10 cm diameter biomass
pieces to measure the change In volume (and carbon stock) for the
large-diameter categories.

2.7 Wood Density

Density (dry weight/humid volume) of wood >10 cm iIn diameter
of original forest remains was calculated based on the Arquimedes
Principle (displacement of volume by immersion in water). This
was done by transforming the volume result obtained from the LIS
into biomass for all pieces with diameter >10 cm. Since
variability is high and the number of pieces collected i1s small
relative to the sampling universe, we calculated the mean for the
basic density of “sound” and “rotten” pieces by lumping the
densities for each of the sampling units collected iIn both phases
of the burn (pre and post), keeping the two wood qualities
separate (“‘sound” and “rotten”).

3. Results

Density (pre- and post-burn) of sound wood >10 cm in
diameter of orlglnal forest remains i1s higher (mean = 0.803
0.122 ¢ cm 5) than that of rotten wood (mean = 0.774 %
0.217 g cm™ n = 19) 1n absolute terms. Note that the small
sample suzes particularly for sound wood, imply considerable
uncertainty in this result.

The total above-ground biomass dry weight, considering the
combined results of direct measurements and indirect estimates
for the class of wood >10 cm 1n diameter, was 148-9 + 18.7 Mg ha”
! in the pre-burn phase and 86.7 Mg = 17.4 ha™ in the post-burn
phase; a reduction of 41.8% (Table 1). Of the total pre-burn
biomass, 105.8 Mg ha™* (71. 1%) was composed of original forest
components, and 43.0 Mg ha?' (28.9%) of secondary forest

components. These figures include an apportionment of other
components like litter, ashes and charcoal (on the ground and in
the wood), totaling 7. 1% (10.6 Mg ha 1) of the pre-burn biomass.
After the burn, 41.2% (1.77 Mg ha™?) of the total mass (secondary
forest plus forest remains) of these components was ash, 39.2%
(1.69 Mg ha™) charcoal and 19.6% (0.84 Mg ha™') litter.
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[Table 1 here]

Wood pieces <5 cm (17.85 Mg ha™ sound + 0.26 Mg ha™ rotten)
in diameter represented 42.1% of the secondary forest biomass.
This fraction’s susceptibility to fire is reflected in 1ts high
burning efficiency (>80%). For biomass of the remaining forest,
the most abundant component was wood in diameter >10 cm, with
96.5 Mg ha™, or 91.2%, before the burn and 69.3 Mg ha™, or
94_4%, after the burn. In the pre-burn phase, 99.2% of the wood
>10 cm in diameter from the secondary forest and 49.0% of the
forest remains in this diameter class were categorized as sound,
while 1In the post-burn phase these values were 100% and 46.7%,
respectively.

The stock of carbon in above-ground secondary forest
biomass before the burn was 18.6 = 3.7 Mg C ha™, including all
litter (Table 2). After the burn, the carbon stock In secondary
forest was reduced to 6.0 + 1.4 Mg C ha™ , or 32.2% of the
initial amount. The orlglnal forest remains had a pre-burn stock
of 50.8 + 2.7 Mg C ha™, representing 73.3% of the total pre-burn
above-ground carbon stock (Table 2). Carbon release from the
original forest remains was 16.3 Mg C ha™, or 23.4% of the
initial stock. Secondary forest and orlglnal forest remains
together had a stock of 69.4 + 3.0 Mg C ha? and released 28.8 Mg
C ha?, or 41.6% of the initial stock (Table 2).

[Table 2 here]

The dry weight of charcoal present before the burn totaled
0.80 Mg ha™* (only original forest remalns) while that present
after the burn totaled 1.69 Mg ha™ (forest remains plus
secondary forest) indicating a net increase of 0.89 Mg ha™
(Table 1). In terms of carbon, the charcoal stock i1ncreased from
0.50 to 1.07 Mg C ha™?, or O. 57 Mg C hat (Table 2). The net gain
represents 0.8% of the total pre-burn above-ground carbon The
net gain of charcoal carbon is composed of 0.21 Mg C ha™ from
secondary forest biomass and 0.36 Mg C ha! from original forest
remains; 1.1% of the above-ground secondary forest carbon was
converted to charcoal, while the corresponding percentage for
original forest remains was 0.7%.

Ashes, which were not present before the burn, represented
a gain of 0.29 + 0.32 Mg C ha™, or 0.42% of the pre-burn carbon
stock (Table 2), considering that they contain 16.1% carbon
(Barbosa and Fearnside, 1996b). The ashes can be apportioned
between the two types of biomass burned based on the proportion
of the estimated carbon emission represented by each (exclusive
of common components); 0.11 Mg C ha' can be attributed to the
secondary forest biomass and 0.18 Mg C ha™ to the original
forest remains. If the carbon In ashes 1s assumed to be finely
powdered charcoal, 1t adds 0.21% to the charcoal formation
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percentage for secondary forest and 0.36% to that for original
forest remains. The overall charcoal formation percentage was
1.6%, or 2.0% 1f ashes are included.

Most of the carbon In the pre- burn biomass was i1n the
original forest remains (50.3 Mg C ha™ or 72.5%), as was also
the case for the post-burn (33.5 Mg C ha™ or 82.7%) (Fig. 3).

The percentage represented by secondary forest fell from 21.4%
(pre-burn) to 13.1% (post-burn), while the percentage in charcoal
and ashes increased from 0.7% (pre-burn) to 3.3% (post-burn).

[Figure 3 here]

The percentage of carbon presumed released from the
secondary forest carbon pool (67.8%) is more than double the
percentage released from the original forest remains (32.0%)
(Table 2 and Fig. 4). The total amount of carbon released by the
burn, considering the sum of the two biomass categorles (original
forest remains plus secondary forest) was 28.8 Mg C ha™ or 41.6%
of the total carbon present before the burn (Fig. 4). The
remalnder of the carbon remained as residual biomass (39.2 Mg C
ha™ or 56.4%) or was left as charcoal or ashes (1.4 Mg C ha”
2.0%).

[Figure 4 here]
4. Discussion

The above-ground carbon stock in the secondary forest
biomass and charcoal declined from 18.5 Mg C ha?' to 6.0 Mg C ha™
as a result of the burn studied, implying a release of 67.8% of
the pre-burn carbon stock 1in this category (burning efficiency)
(see Table 2). Burning efficiency was 32.0% for remains of
original forest. The corresponding transformation efficiencies (%
of pre-burn biomass converted to charcoal and other components
post-burn) were 69.1% for secondary forest biomass and 30.7% for
original forest remains.

For comparison, In Costa Rica, Ewel et al. (1981) found a
burning efficiency of 30% In an 8-9 year-old secondary forest.
Guimaraes (1993) found a burning efficiency of 25.9% and a
transftormation efficiency of 27.0% in secondary forest stands
averaging four years of age in abandoned pastures near Altamira,
Para. Barbosa and Fearnside (1996b) found a burning efficiency of
13.2% (and transformation efficiency of 14.1%) in original forest
remains In an abandoned pasture seven years after felling in the
same settlement area. Hughes et al. (2000) found burning
efficiencies averaging 57.0% (range 38.3 to 84.4%) iIn siX
secondary forests in Para and Rondénia.

Our percentage of charcoal formation is low compared with
Seiler and Crutzen®s (1980) estimate. Seiler and Crutzen®s (1980,
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p. 237) charcoal carbon value (20-30% of above-ground post-burn
carbon) corresponds to 15-23% of the above-ground pre-burn carbon
using the 25% burning efficiency they assumed (p. 219). We found
charcoal formation of 0.7% for carbon in original forest remains
and 1.1% for carbon In secondary forest biomass, with a mean for
all material of 0.8%. Our 0.8% mean for the pre-burn above-ground
carbon converted to charcoal i1s only 3.5-5.5% as high as Seiler
and Crutzen®"s (1980) value. However, burn quality varies greatly
among fires (Fearnside, 1989), and we have data from only one
fire. More measurements are needed to assure that the estimated
charcoal formation percentage approaches the population mean.

The charcoal production estimate excludes particulate
graphitic carbon released as soot in the smoke. This can be
estimated (following Fearnside, 1996b) by assuming that secondary
forest biomass burns through flaming combustion and original
forest remains through smoldering combustion. Graphitic
particulate carbon represents 7% of the total particulate release
in Amazonian burning (calculated by Kaufman et al., 1990 from
Andreae et al., 1988). Total particulates can be calculated from
the ratio of methane gas release to total particulates derived by
Kaufman et al. (1990) from Ward and Hardy (1984) and Ward (1986):
0.3 for flaming combustion and 0.6 for smoldering combustion. In
a low trace gas scenario (Fearnside, 1996b), methane gas release
iIs 0.005 t CHs per ton of fuel burned (Kaufman et al., 1990 from
Ward, 1986) and in a high trace gas scenario it is 0.006 t CHs
per ton of fuel burned (Kaufman et al., 1990 from Greenberg et
al., 1984). Fuel carbon content for conversion of these values to
emissions per ton of fuel carbon burned i1s 48.15% (Fearnside,
1996b). The emissions of graphitic carbon in kg graphitic C per
ton of fuel C burned in the low and high trace gas scenarios are
2.42 and 2.91 for flaming combustion and 1.70 and 2.67 for
smoldering combustion; the lower emission of particulate carbon
from smoldering combustion is mainly the result of the higher
ratio of CHs to total particulates found iIn the laboratory
combustion studies mentloned above (Ward, 1986; Ward and Hardy,
1984). The 12.27 Mg C ha' (excluding ashes and charcoal) of
secondary forest biomass carbon released (flaming combustlon) in
the burn we studied therefore released 29.6-35.7 kg C ha™
graphitic particulate carbon, while the 15.2 Mg C ha™ from
original forest remains (smolderlng combustion) released 25. 8—
40.6 kg C ha™, making the total release 0.0554-0.0763 Mg C ha™
in this form, or 4.1-5.6% as much as the 1.36 Mg C ha? left as
charcoal and ashes.

Globally, an estimated 555 x 10° Mg of secondary forest
biomass is exposed to burning annually in short-fallow and long-
fallow shifting cultivation that is allowed to recover, plus 12 x
10° Mg of biomass in short-fallow secondary forest that is
permanently cleared, based on 1981-1990 rates derived from FAO
(1993) (Fearnside, 2000)- FAO (1996, p. 89) defines short fallow
as a “mosaic of young secondary forest, various stages of natural
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regrowth and cultivated areas with cultivated areas covering
between 30 and 50% of total area,” and long fallow as a “mosaic
of mature forest, secondary forest, various stages of natural
regrowth and cultivated areas with cultivated areas covering
between 5 and 30% of total area.” The three existing studies
have mean charcoal formation rates (% of pre-burn above-ground
carbon converted to charcoal) of 0.8% from the present study,
1.1% in a secondary-forest burn in Altamira, Para (Guimaréaes,
1993), and 0.8% for secondary forest remains in a pasture burn in
Roraima (Barbosa and Fearnside, 1996b). Variation in charcoal
formation percentages among burns is to be expected as a result
of differing fuel characteristics and fire temperatures. Based on
this mean charcoal formation percentage, global burning of
secondary forest biomass annually converts 5.0 x 10° Mg of C to
charcoal. Long-fallow shifting cultivation cleared permanently 1is
lumped with original forest clearing in FAO (1993) data; these
two processes together expose 1497 x 10° Mg of biomass to burning
annually, transforming 33.0 x 10° Mg of C to charcoal (Fearnside,
2000) . Black carbon, i1f defined as that resisting oxidation at
340°C, makes up 52-63% of the charcoal mass (Kuhlbusch and
Crutzen, 1995). The annual production of 5.0 + 33.0 = 38.0 x 10°
Mg of charcoal C from primary and secondary forest biomass
burning 1n the tropics therefore leads to an annual deposition of
19.8-23.9 x 10° Mg C in the form of black carbon. Black carbon
deposited iIn soil and iIn ocean sediments 1Is a key factor
affecting atmospheric CO, and O levels over geological time
scales (Kuhlbusch, 1998).

5. Conclusions

Secondary forest biomass burns much more thoroughly than
primary forest biomass, either in the burns accompanying the
initial deforestation or the burning of original forest remains
when the areas are reburned either as pasture or as secondary
forest. This study found burning efficiencies (% of above-ground
pre-burn carbon stock that is released to the atmosphere) of
67.8% for secondary forest biomass, 32.0% for original forest
remains, and 41.6% overall in the burn studied. The corresponding
percentages considering only the fate of biomass (i.e., excluding
pre-burn charcoal + ashes) were 69.5%, 30.4% and 43.1%. Charcoal
was formed from 1.1% of the pre-burn above-ground biomass carbon
stock for secondary forest biomass, 0.7% for original forest
remains and 0.8% overall. These charcoal-formation percentages
are lower than those sometimes assumed in global carbon models;
nevertheless, charcoal can represent an iImportant sink of
atmospheric carbon over long time scales. The results of the
present study have applications in estimates of carbon release
from tropical land-use change, thereby helping to reduce the
uncertainty in estimates of greenhouse-gas emissions.
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phases.

4. Fate of pre-burn carbon for secondary forest

aboveground biomass, original forest remains, and all
biomass.

17



Table 1: Dry weight of above-ground material before and after burn

Secondary Forest

Dry
weight
Fraction Diameter class Quality Pre-burn Post-burn loss
mean sd cv mean sd cv
(cm) (Mg ha™) (Mg ha™) (%)
Vines <5 1.28 097 0.76 0.08 0.16 2.10 94.1
Wood <5 Sound 17.85 8.38 0.47 352 295 0.84 80.3
Rotten 0.26 0.54 2.07 100.0
5-10 Sound 6.93 550 0.79 493 3.37 0.68 28.8
Rotten 0.56 0.90 1.60 100.0
> 10° Sound 547 8.80 1.61 258 321 1.24 52.7
Rotten 0.05 0.14 3.00 100.0
Other 0.89 0.78 0.88 035 040 1.14 60.1
Litter” 9.76 4.14 042 0.84 1.02 1.20 91.3
Charcoal
Wood 0.35 0.14 0.39 -
Other
(palms+vines) 0.00 0.00 1.15 --
Ashes® 064 0.72 112 -
Sub-total Secondary forest 43.04 6.48 -- 13.30 2.77 -- 69.1

Original Forest Remains




Vines <5 0.03

5-10 0.22
Wood <5 Sound 0.005
Rotten 1.75
5-10 Sound
Rotten 4.44
>10° Sound 47.30
Rotten 49.20
Palms >10° 2.09
Charcoal
Wood 0.21
Other
(palms+vines) 0.03
On ground® 0.55
Ashes®
Sub-total: Original forest remains 105.83
Total 148.86

(a) Values for dry weight of pieces >10 cm in diameter are the total of direct (destructive) and indirect (LIS)

measurements.
(b) Litter assumed all to be from secondary forest.

0.08
0.67

1.43
1.44

0.08
52.93
45.18

4.42

0.21

0.10
0.35

23.68

18.71

3.00 100.0
3.00 100.0
318.02 100.0
0.82 0.003 0.012 4.04 99.8
0.52 111 214 --
002 066 113 1.73 85.2
1.12 3236 45.34 1.40 31.6
0.92 36.90 4084 1.11 25.0
212 044 136 3.07 78.8
1.00 095 0.89 0.93 -346.0
3.00 0.01 0.03 3.00 69.2
064 037 026 071 32.5
1.13 127 112 --
73.35 20.04 30.7
86.65 17.39 41.8

(c) Ashes apportioned between secondary forest and original forest remains based on presumed carbon releases

from these sources.

(d) Charcoal in soil assumed to be from burning of original forest biomass.



Table 2: Carbon stocks of above-ground material before and after burn

Secondary Forest

Carbon
Pre-burn Post-burn Carbon loss partitioning
Diameter C
Fraction class Quality C content C stock  content C stock
(cm) (% C) sd %C (Mgha') (% C) sd %C (Mg ha) (%) (%)?
Vines <5 42.31° 4.20 0.54 41.87° 4.70 0.03 94.2 0.2
Wood <5 Sound 44.58" 2.10 7.96 4551" 2.40 1.60 79.9 8.6
Rotten 44.58" 2.10 0.12
5-10 Sound 43.57" 5.50 3.02 47.22" - 2.33 22.8 12.6
Rotten 4357" 5.50 0.25
>10 Sound 46.09" 5.50 2.52 46.09" - 1.19 52.7 6.4
Rotten 43.78" 5.60 0.02
Other® 46.42" 1.30 0.41 44.24" 2.00 0.16 62.0 0.8
Litter® 38.13" 4.80 3.72 41.53" 7.10 0.35 90.6 1.9
Charcoal
Wood 58.00" 5.00 0.21 - 1.1
Other
(palms+vines) 58.00" 5.00 0.0004 -- 0.002
Ashes ¢ 16.13" 7.80 0.11 - 0.2
Sub-total: secondary forest® 18.55 5.97 67.8 32.2
Presumed release 12.58 67.8
Original Forest Remains
Vines <5 42.319 4.20 0.01 100.0 0.0
5-10 42.31°9 4.20 0.09 100.0 0.0

Wood <5 Sound 46.81" 3.70 0.002



Rotten 46.81" 3.70 0.82 47.20" 3.60 0.000 100.0 0.0

5-10 Sound 49.10" 3.30 0.32 84.7 0.6
Rotten 47.65" 4.00 2.11
>10 Sound 48.38" 2.10 2288  47.40" 1.70 15.34 33.0 30.2
Rotten 47.93" 3.00 2358  47.93" 1.70 17.69 25.0 34.8
Palms >10 39.65" 7.00 0.83 39.65" 7.00 0.18 78.8 0.3
Charcoal
Wood 63.70" 6.40 0.14 63.90" 6.90 0.61 - 1.2
Other
(palms) 60.39" 6.70 0.02 61.63" 5.40 0.01 - 0.0
On ground® 63.36" 6.10 0.35 66.89" 7.10 0.25 - 0.5
Ashes® 16.13" 7.80 0.18 - 0.4
Sub-total: Original forest remains® 50.84 34.57 32.0 68.0
Presumed release 16.27 32.0
Total 69.39 4054 416 58.4
Presumed release 28.85 41.6

(a) Percentage of the total pre-burn stock in each category (secondary forest or original forest remains) left in each fraction.
(b) Palm fruits, pasture grass, bamboo and bromeliads.
(c) Litter assumed all to be from secondary forest.

(d) Ashes apportioned between secondary forest and original forest remains based on presumed carbon releases from these sources.
(e) Including charcoal and/or ashes.

(f) Charcoal in soil assumed to be from burning of original forest biomass.

(g) from Guimaraes (1993).

(h) from Barbosa and Fearnside (1996).



Fig. 3

Pre-burn

Charcoal
0.7%

Litter
Secondary 5.4%

forest
21.4%

Original
forest
remains
72.5%

Secondary
forest
13.1%

Post-burn

Ashes
0.7%

Charcoal
2.6%

Litter
0.9%

Original
forest
remains
82.7%



[ Pre - burn
Post-burn

——

1 Sampling of biomass by destructive harvest method

——— Sampling of pieces >10 cm in diameter by line intersection sampling (LIS)






Secondary Forest Biomass
Charcoal Ashes
1.1% 0.6%

Residual
biomass
30.5%

Presumed
release
67.8%

Original Forest Remains
Charcoal Ashes
1.7% 0.4%

Presumed
release
32.0%

Residual
biomass
65.9%

Charcoal

Residual

biomass
56.4%

1.6%

All Biomass
Ashes

0.4%

Presumed
release
41.6%





