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A large number of carbons are released into the atmosphere from forest fires per year, which has a
significant influence on carbon cycle and storage. In this study, we examined the spatio-temporal
patterns of forest fires from 1980 to 1999 in Daxing’an Mountain of Heilongjiang Province, China and
estimated the carbon emissions from forest fires based on both field research and laboratory
experiments. The results show that (1) burned areas of larch (Larix gmelinii Rupr.), Mongolian pine
(Pinus sylvestris L. var. mongolica Litv.), white birch (Betula platyphylla Suk.), mixed
broadleaved-conifer (L. gmelinii & B. platyphylla) and Mongolian oak (Quercus mongolica Fish.) forests
were 437 947, 20 939, 142 527, 168 532 and 1 375 hm? during 1980 to 1999 period, respectively. The fuel
consumed based on these forests were 29.0 to 46.5, 16.7 to 26.5, 18.1 to 26.5, 31.9 to 51.4 and 24.5 to 40.3
Mg hm?, respectively; (2) the total carbon emissions from forest fires of the forest types in Daxing’an
Mountain was 3.8 to 5.9 Tg during this period. Two thirds of the total amounts were caused by larch
forests, while 1/4 came from white birch forests and the rest from other forest types; (3) the amounts of
CO; released from forest fires for these 20 years were 13.9 to 21.6 Tg. The estimates were incomplete or
could be low because the emissions from the burning of dead organic matter (litter, dead wood, etc.)

were not included in this calculation and therefore, the net carbon balance was calculated.
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INTRODUCTION

As the levels of atmospheric greenhouse gases continue
to increase, global climate change has become one of the
most serious challenges to humanity with profound
consequences (Wong, 1979; Kang et al., 1996; Jiang and
Zhou, 2001; Wang, et al., 2001; Zhao et al., 2007). Since
the late 1970s, researchers have proposed that
greenhouse gas emissions from forest fires may strongly
influence global climate change (Crutzen et al., 1979;
Seiler and Crutzen, 1980; Olson, 1983). Thereafter,
several studies have been conducted to estimate the
emissions of carbonaceous gases from forest fires in
different forest regions (Goldammer, 1990; Levine, 1991,
Wang et al., 1998; Choi et al., 2006). Fires occurring in
tropical and boreal forest biomes have a broad impact on
the global carbon cycle (Wang, et al., 2001; Page et al.,
2002; Kasischke et al., 2005).
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At present, the comprehensive regional or global
studies on forest fires are insufficient and few of them
combined field studies and laboratory experiments. In this
study, we examined forest fires data from 1980 to 1999 in
Daxing’an Mountain, Heilongjiang Province, China and
the amounts of total carbon and carbonaceous gases
released from forest fires were estimated by measuring
emission factors in both laboratory experiments and field
investigations. The results may provide a comprehensive
estimate of carbon emissions from forest fires in the
boreal region of China.

MATERIALS AND METHODS
Study site

This study was conducted in high-latitude forest areas of the
Daxing’an Mountain, Heilongjiang Province (50°10" to 53°33' N,
121°12' to 127°00' E; total area: 8.35x10° hm?), China. The climate
is frigid-temperate continental monsoon. The mean annual
temperature is -2 to 4°C. The extreme highest temperature and



lowest temperature is 39.0 and -52.3°C, respectively. While mean
total annual precipitation is 350 to 500 mm, most of which is in the
form of snow during winter and early spring. The elevations in this
region vary from 300 to 1400 m. Brown coniferous and dark-brown
forest peat soils are the predominant soil types with a depth of 10 to
33 cm (Xu, 1998).

Daxing’an Mountain is a unique boreal forest region in China. It is
mainly dominated by Dahurian larch (Larix gmelinii Rupr.)
accompanied with white birch (Betula platyphylla Suk.), Mongolian
pine (Pinus sylvestris L.var. mongolica Litv.) and Mongolian oak
(Quercus mongolica Fish.). Four kinds of larch forests are
widespread in this region, they are: L. gmelinii - Rhododendron
dauricum, L. gmelinii - Ledum palustre, L. gmelinii - Vaccinium spp.
and L. gmelinii - grass forests. The remaining major forest types are
composed of Mongolian pine, mixed broadleaved-conifer and white
birch forest. This area has an extremely high fire risk, with the
highest average annual burned area in China (Hu, 1995).

Field sampling

Atotal of twenty 20 x 20 m standard plots in larch, Scots pine, white
birch, mixed forest and Mongolian oak forests were developed by
the manual sampling method which is grid investigation (Hu, 2009)
(Table 1). Tree species, height and diameter at breast height (DBH)
of each tree in each plot were recorded. Three samples for branches,
leaves, bark and trunk from the representative trees of each species
were collected. For trunk and bark, three samples were taken from
the bottom, middle (at DBH) and top of a tree separately. The branch
samples were consisted of both thick trunks and twigs. Leaf samples
were collected at different canopy positions. All samples were taken
back to laboratory for carbon content identification.

Biomass estimation

Three 20 x 20 m plots were used for estimating biomass of each
forest. DBH and height of each tree in each plot were measured by
field inventory. The tree biomass for larch, white birch, Mongolian
pine and Mongolian oak was estimated by means of allometric
equations (Zhou et al., 2006) and summed up at forest stand level.

Burned area of different forest types

The data of burned area from 1980 to 1999 came from the fire
history records of Forest Fire Prevention Office, Forestry Manage-
ment Bureau in Daxing’an Mountain. The area of each forest fire in
the different forest types was estimated by using Geographic
Information System (GIS) software. The spatial distribution map of
forest fires was developed in Arcview3.3 software and
superimposed onto the forest distribution map of the study area.
Because of the small heterogeneity of the forests, the forest where
the burned areas were less than 1 x 10* ha was used to represent
the burned forest type. If the burned areas were larger than 1 x 10*
ha, a buffer zone centered on the fire origin point was created,
where the area was equivalent to the burned area. The approximate
areas of different forests were estimated by digitizing each forest
coverage and topology with ARC-INFO software (Jin, 2002).

Fire intensity

Based on parameters including fire line intensity, flame length, flame
height, fuel weight and rate of spread, fire intensity was estimated
(Wang, 1996). Alternatively, some measurements of burned areas
were made and the severity of damage was assessed on different
layers of the forest ecosystem. Although, the later got more accurate
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results, it was generally limited to a short time window following the
fire.

Neither of the earlier mentioned methods nor a large-scale forest
fire model can however, be applied to study the historical fire regime.
Therefore, the fire intensity according to the burned area was
defined (Frank and Elizabeth, 1995). The violent, medium and weak
fire intensity and minimal burning corresponded to the different
burned areas which were >1000, 100 to 1000, 1 to 100 and < 1 ha,
respectively.

Fuel consumption

Fuel consumption refers to the ratio of burned biomass and total
weight (Wang, 1998). It is important to estimate the amount of
carbonaceous gas emissions from forest fires. Fuel consumption,
however, is quite different depending on which method is used for
the estimations. Some studies have reported that forest fires in
Daxing’an Mountain were mainly ground fires, few crown fires and
nearly no underground fires (Xu, 1998). Therefore, all forest fires in
our model were considered as ground fires.

The experimental measurement of fuel consumption rate is
difficult and expensive and has only been made in a few studies
(Fearnside, 1990; Conard and Ivanova, 1997; French et al., 2000;
Kasischke et al., 2000; Levine and Cofer, 2000). Based on actual
survey work of the burned areas (Chen et al.,, 1987; Zhan and
Wang., 1987; Hong et al.;21994; Zheng, 1994; Xu, 2004), the
consumption of leaves, branches and barks was classified as
follows: (1) violent burning: burning efficiencies for leaves, branches
and bark were above 96, 54 and 61%, respectively; (2) medium
burning: 90 to 96, 37 to 85 and 55 to 85%, respectively; (3) weak
burning: 64 to 90, 30 to 65 and 40 to 65%, respectively; (4) minimal
burning: 23 to 33, 14 to 25 and 22 to 25%, respectively.

Estimation of carbonaceous gases

Measurements of carbonaceous gases were conducted in a
dynamic burning system, which consisted of a combustion chamber,
a heating system, an electronic scale, a KM-9106 gas analyzer
(KANE, UK), a collection smoke cover, a computer and the
FIREWORKS gas analyzing software (Hu et al., 2009). Carbon
content of different carbonaceous gases was continuously analyzed
by the gas analyzer. The carbon content of different carbonaceous
gases was calculated by the following equation:

mi=¢xMxF (1)

Where, m is the carbon content of different carbonaceous gases (g);
¢ is the emission concentration of different carbonaceous gases
(10 mg-I""); M is the molecular weight of different carbon containing
gases; Fiis the carbon fraction (the carbon fraction of CO,, CO, CHs4
is 0.273, 0.429 and 0.75, respectively).

The carbon of burned biomass was assumed to be incorporated
into gases and the carbon loss from burning (M) was calculated as:

M.=C.x M 2

Where, C; is the carbon content of samples and Mis the biomass of
samples (g). We used 50% as the carbon content of biomass
(Gower et al., 2001).

According to the estimation model of fire-induced biomass loss
(Seiler and Crutzen, 1980);

M=AxBxa (3)

Where, M is the biomass loss from fires; A is the burned area (ha); B
is the unit aboveground biomass of the particular forest type (Mg
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Table 1. Basic information of the sampling plots in Daxing’an Mountain. The values in brackets are standard errors.

Forest type Number of sample plot Mean DBH (cm) Mean height (m)
Birch forest 3 14.6 (1.64) 14.2 (1.71)
Larch forest 8 13.1 (1.56) 12.6 (0.69)
Mixed broadleaf-conifer forest 3 9.5 (0.50) 10.9 (1.15)
Mongolian pine forest 3 10.3 (1.53) 13.2 (0.72)
Oak forest 3 11.4 (1.01) 7.5(1.13)

DBH, Diameter at breast height

Table 2. Burned forest areas of each forest type and fire grade in Daxing’an Mountain from 1980 to 1999 (ha). For further

explanations, see text.

Fire grade Larch Mongolian pine Mixed Birch Oak Total
forest forest forest forest forest

Minimal burning 11 0 5 2 1 19

Weak burning 106,0 0 216 154 8 143,8

Medium burning 4144 0 155,0 580 866 714,0

Violent burning 432,732 209,39 140,756 167,796 500 762,723

Total 437,947 209,39 142,527 168,532 137,5 771,320

ha); a is the burning efficiency.

The emission factor (EF) is the ratio of carbon content of a
carbonaceous gas and the carbon loss after burning (Levine, 1991).
The CO; equivalent (CO) was estimated as COs = (EFcoz x
GWPco2 + EFcha x GWPCH4) x M, where EFcoz and EFchs are the
emission factors of CO, and CHs, respectively; GWPco. and
GWPchs are the global warming potentials of CO; (1) and CH. (25),
respectively (IPCC, 2001).

RESULTS
Burned areas

The total burned area of forest land from 1980 to 1999 in
Daxing'an Mountain was 771,320 ha, which was
composed of 437, 947 ha of larch forest, 20,939 ha of
Mongolian pine forest, 142,527 ha of mixed forest,
168,532 ha of white birch forest and 1,375 ha of
Mongolian oak forest. Combined with the burned
non-forest land, the total burned area was 1,705 000 ha
from 1980 to 1999 in Daxing’an Mountain. The burned
areas of each forest type for different fire grades are
shown in Table 2.

Unit biomass

The biomass per unit area of larch forest was the largest
in these forest types, followed by Mongolian pine forest
and white birch forest, while mixed forest has the least
biomass. Among different components of a tree, the trunk
accounted for most percentage of total biomass (more

than 60%), while the leaf was the least (often less than
10%) (Table 3).

Estimation of fuels consumption

The burned biomass of major forest from 1980 to 1999
was estimated according to formula 3 and the
consumption percentage of leaves, branches and barks
for different fire grades. The mean estimated fuel
consumptions in larch forest, pine forest, mixed forest,
birch forest and oak forest were 29.0 to 46.5, 16.7 to 26.5,
18.1 to 26.5, 31.9 to 51.3 and 24.5 to 40.3 Mg ha™,
respectively. Fuel consumptions for different fire grades
were great difference. Mean estimated fuel consumptions
under the minimal, weak, medium and violent fires were
1.7 10 4.8, 3.810 12.6, 5.1 to 15.8 and 6.5 to 18.2 Mg ha™,
respectively (Table 4). The fuel consumptions for different
forest types mainly came from larch and birch forests,
which accounted for 51% of total amounts. For different
tree components, most fuel consumptions were from
branches and barks.

Carbon emissions from forest fires

According to Equation 2 and the estimation of fuels
consumption, the carbon emissions from forest fires in
major forest types for different components of a tree were
estimated from 1980 to 1999 (Figure 1). The total carbon
emission for all these forests was 3.8 to 5.9 Tg. The
carbon emission from larch forests accounted for almost
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Table 3. The amount of biomass for different tree components in five forest types in the Daxing’an Mountain (Mg-ha). The values in

brackets are standard errors.

Forest type Trunk Bark Branch Leaf Total aboveground
Larch forest 63 (13.4) 7.7 (1.35) 2(1.77) 2.6 (0.55) 79 (16.8)
Mongolian pine forest 60 (8.19) 8 (0.70) 3(1.07) 2(0.77) 9 (7.35)
Mixed broadleaf-conifer forest 1(9.29) 0(0.12) 8 (0.85) 3(0.38) 0 (8.45)
Birch forest 43 (6.11) 6 (1.08) 6 (0.75) 0 (0.51) 1(6.14)
Oak forest 5 (7.06) 5 (0.42) 4(1.42) 4 (0.20) 9 (5.96)

Table 4. The range of fuel consumption (minimum and maximum), at different forest fire intensity, in five forest types in Daxing’an

Mountain (Mg ha™). For further explanations, see text.

Fire intensity

Forest type Minimal Weak Medium Violent Minimum-maximum
Leaf 0.6-0.8 1.7-23 23-25 2.5-26 7.0-8.2
Larch Branch 09-1.6 1.8-4.0 23-53 3.3-6.2 8.3-17.1
Bark 1.7-1.9 3.1-5.0 42-6.5 4.7-7.7 13.7-21.2
Total 3.1-43 6.6-11.3 8.8-14.3 10.5-16.5 29.0 - 46.5
Leaf 0.5-0.7 1.4-20 2.0-2.1 21-22 6.0-7.0
Mongolian pine Branch 0.6-1.1 1.3-28 1.6-3.7 23-43 5.8-11.8
Bark 0.6-0.7 1.1-1.8 1.5-24 1.7-2.8 50-77
Total 1.7-25 3.8-6.6 5.1-8.1 6.1-9.3 16.7 - 26.5
Leaf 0.7-1.1 2.1-3.0 3.0-3.2 3.2-3.3 9.0-10.5
Mixed broadleaf - conifer Branch 0.4-0.7 0.8-1.8 1.0-24 1.5-28 3.8-77
Bark 0.6-0.8 1.2-2.0 1.6-2.6 1.8-3.0 5.3-8.3
Total 1.8-25 42-6.7 5.6 - 8.1 6.5-9.1 18.1-26.5
Leaf 0.7-1.0 1.9-27 2.7-29 2.9-3.0 8.1-95
Birch Branch 1.1-1.9 2.3-4.9 2.8-6.5 41-76 10.3-20.9
Bark 1.6-1.9 3.0-4.9 42-6.5 47-7.6 13.5-20.9
Total 3.4-438 7.2-12.6 9.8-15.8 11.6-18.2 31.9-51.3
Leaf 0.5-0.8 1.5-2.1 21-23 23-24 6.5-7.6
Oak Branch 1.0-1.9 22-438 2.8-6.3 40-74 10.0-20.4
Bark 1.0-1.1 1.8-29 25-3.8 2.8-45 8.0-124
Total 2.6-3.8 55-9.9 74-12.4 9.0-14.3 24.5-40.3

2/3 of the total emission (2.3 to 3.6 Tg, 60.3 to 61.3%).

The other four forests, Mongolian pine forest, mixed forest,

white birch forest and oak forest, offered the rest 1/3 of
the total emission. The mean carbon emissions for larch
forest, pine forest, mixed forest, birch forest and oak
forest were 3.6 t0 5.8, 3.1 t0 4.7, 2.2 10 3.3, 3.9 to 6.3 and
3.0 to 5.1 Mg ha’, respectively. The minimum and
maximum unit carbon emission came from the mixed
forest of the minimal burning and the birch forest of the
violent fires respectively. The mean estimated carbon
emission under minimal, weak, medium and violent fires

was 1.0t01.9,2.9t0 5.1, 3.91t0 6.3 and 4.4 t0 8.4 Mg ha™,
respectively.

Emission factor (EF)

Using the total carbon balance method described by Ward
(Ward, 1980), we estimated the emission factors of
different carbonaceous gases and then converted CO,
and CH, to CO; equivalent (CO,) which is required by the
UNFCCC reporting methods. The results are shown in
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Figure 1. Carbon emission from forest fires in five forest types at different fires grade from 1980 to 1999 in
Daxing’an Mountain. The vertical line on each bar indicates the difference between the estimated maximum and
the minimum carbon emission.

Table 5. Carbon dioxide equivalent (COz) when
burning different tree components of five major tree

species from the Daxing’an Mountain.

Table 6. Carbon dioxide equivalent (COxg)
when burning different tree components
of five major tree species from the
Daxing’an Mountain.

Forest type

Larch forest

Mongolian pine forest

Mixed broadleaf-conifer
forest

Birch forest

Oak forest

Leaf

Branch
Bark

Leaf

Branch
Bark

Leaf

Branch
Bark

Leaf

Branch
Bark

Leaf

Branch
Bark

CO2
Foresttype Leaf Branch Bark
3.66 Larch 3.66 3.50 2.72
3.50 Pine 3.97 3.89 3.42
2.72 Mixed 375 356  3.17
Birch 3.83 3.62 3.62
3.97 Oak 3.72 363 3.0
3.89
3.42
Table 5. In brief, the leaf component had the largest COx,
while the bark component had the least one.
3.75
3.56

Estimation of carbon equivalent (CO,.) from forest
3.17 fires

3.83 The amounts of CO. released from forest fires in larch
forest, pine forest, mixed forest, birch forest and oak
3.62 forest from 1980 to 1999 were 7.3 to 11.4, 0.2 t0 0.4, 1.6
3.62 to 2.3, 3.6 to 5.6 and 0.02 to 0.03 Tg, respectively. More
than 95% CO,. emission was from violent-grade fires.
3.72 The mean CO,, emission from larch forest, pine forest,
mixed forest, birch forest and oak forest is 11.5 to 18.4,
3.63 11.6t0 17.5,8.0to 11.6, 14.7 to 23.5 and 11.1 to 18.1 Mg

3.50 ha, respectively (Table 6; Figure 2). The mean COa,
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Figure 2. Carbon dioxide equivalent (COz¢) emission from different forest types at different fire grade from 1980 to
1999 in Daxing’an Mountain The vertical line on on each bar indicates the difference between the estimated

maximum and the minium CO,. emission.

emission under the minimal, weak, medium and violent
fire was 4.8 to 6.7, 10.3 to 17.7, 13.8 to 22.0 and 16.5 to
25.3 Mg ha', respectively.

DISCUSSION

Fuel consumption is of great significance for the accurate
estimation of carbon emission released from forest fires,
which will be influenced by many conditions such as fire
intensity, fire type, vegetation type and climate condition
(Aulair and Carter, 1993). At present, few studies
rigorously conducted the real investigation of the fuel
consumption rate. Fuel consumption rate in different eco-
systems is quite different (Levine and Cofer, 2000). For
example, the largest fuel consumption rate in savannah or
tropical/subtropical regions is around 0.8 to 1, while the
fuel consumption rate in equatorial or boreal forests is
significantly small (0.2 to 0.3). Fearnside (1990) reported
that the consumption rate for tree trunks, branches and
leaves in the Brazilian rain forest was 39, 92 and 100%,
respectively. In this study, we examined the past forest
fire records and damage reports, the fuel consumption
rate which was a function of different tree components

and fire grades in this area, the results were well
consistent with the Fearnside’s results. De Groot et al.
(2007) showed that the mean fuel consumption for
Montreal Lake fire was 24 Mg ha™. Amiro et al. (2001)
indicated that the fuel consumption of crown fire was
about 37 Mg ha', and about 88% of the fires had some
crown fuel consumption. Nalder and Wein (1999) reported
that the fuel load (litter and duff) of jack pine and aspen is
26 and 56 Mg ha”', respectively. The results in our study
indicate that the mean fuel consumption in violent fire was
6.5 to 18.2 Mg ha’', while all other estimated consump-
tions were lower than previous research results. The
major reason was that the litter, forest floor or dead wood
fuel consumptions were not included into the calculations.
Because we only considered the above-ground forest
biomass, the estimated results will be far lower than the
real value.

This study indicates that the average carbon emission
from biomass burning in different forests was 3.08 to 5.41
Mg ha”, which is obviously lower than other results.
Shvidenko and Nilsson (2000b) estimated that 10.0 Mg C
ha™' burned is released from burning of vegetation during
surface fires and the value is 20 Mg C ha™ for crown fires.
Conard et al. (2002) estimate that a total of 2.3 Mg C ha”’
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burned are released during low-intensity surface fires, 8.6
Mg C ha' burned are released during moderate-intensity
surface fires and 22.5 Mg C ha" burned are released

during crown fires. Kasischke and Bruhwiler, (2003)
estimated the carbon emission from boreal forest fires in
1998, which was about 16.2 to 21.4 Mg C ha™. Turetsky
and Wieder (2001) showed that an average of 22 Mg C
ha” burned was released from biomass burning in four
different Canadian peatland types within a 1999 fire.
French et al. (2004) studied the uncertainty in carbon
emissions from forest fires in Alaska, the estimate of total
annual carbon emission can be as high as 10.6 or as low
as 1.1 Tg C. Wang et al. (2001) showed that the carbon
emission from larch forest was 19 - 36 Mg C ha™' for the
Larix-Ledum, 59 to 73 Mg C ha' for the Larix-
Rhododendron forests. Based on the above research
results, most of them considered the fire intensity had
great influence on the carbon emission from forest fires at
different regions.

This study describes the carbon emission from forest
fires in five major forests from 1980 to 1999. Our data of
carbon emission will be a good supplement to the related
research on the carbon emission from boreal forest fires
in China. The carbon emission from shrubs, herbs and
ground cover, however, was not examined in this study
due to the significant variations in sampling, data analysis
and fuel consumption. In Russia, the post-fire biogenic
CO,-C emissions for 1971 to 1991 was estimated and
varied from 250 to 590 Mg C ha™ (Dixon and Krankina,
1993), which included the direct carbon release and
indirect post-fire biogenic carbon flux. This indicates that
the indirect carbon emissions will be larger than the direct
carbon emissions. Future studies are needed to examine
the carbon emission at a system level and consider the
indirect carbon release. Finally, we should pay attention to
the post-fire emissions (from the decay of trees killed by a
fire) and the removals from re-growth and recovery after
fires. It may provide better data to fully evaluate the
impact of forest fires on global carbon balance.

Acknowledgements

This research was supported by the National "973"
Project (2011CB403203); National Natural Science
Foundation (31070544); Post-doctoral Science Fund
(LBH-Z07251) and Fundamental Research Funds for the
Central Universities (DLO9EA03-1). We greatly appreciate
the field assistance by Nenjiangyuan Forest-Wetland
Research Station.

REFERENCES

Amiro BD, Todd JB, Wotton BM, Logan KA, Flannigan MD, Stocks BJ
(2001). Direct carbon emissions from Canadian forest fires,
1959-1999. Can. J. Forest. Res. 31: 512-525.

Aulair AND, Carter TB (1993). Forest wildfires as a recent source of CO,

at northern latitudes. Can. J. Forest. Res. 23: 1528-1536.

Chen BX, Wang YH, Qi MC (1987). Investigation report on forest
restoration about catastrophic forest fire in northeastern Daxinganling.
J. N. Engl. Forestry Univ.15(Suppl.1): 13-25.

Choi SD, Chang YS, Park BK (2006). Increase in carbon emissions from
forest fires after intensive reforestation and forest management
programs. Sci. Total Environ.372: 225-235.

Conard SG, lvanova GA (1997). Wildfire in Russian boreal forests —
potential impacts of fire regime characteristics on emissions and
global carbon balance estimates. Environ. Pollut. 98(3): 305-313.

Conard SG, Sukhinin Al, Stocks BJ, Cahoon DR, Davidenko EP,
lvanova GA (2002). Determining effects of area burned and fire
severity on carbon cycling and emissions in Siberia. Climatic Change,
55: 197-211.

Crutzen PJ, Heidt L, Krasnec JP, Pollock WH, Seiler WG (1979).
Biomass burning as a source of atmospheric gases CO, H,, N2O,
CH3Cl and COS. Nature, 282: 253-256.

De Groot WJ, Landry JR, Kurz WA, Anderson KR, Englefield P, Fraser
RH (2007). Estimating direct carbon emissions from Canadian
wildland fires. Int.J. Wildland. Fire, 16: 593-606.

Dixon RK, Krankina ON (1993). Forest fires in Russia: carbon dioxide
emissions to the atmosphere. Can. J. Forest. Res. 23: 700-705.

Fearnside PM (1990). Fire in the tropical rain forest of the Amazon basin,
In Goldammer JG (Ed.), Fire in the tropical biota (pp. 106-116).
Ecological Studies. 84. Springer-Verlag, New York,USA.

Frank AA, Elizabeth DR (1995). Modeling ignition and burning rate of
large woody natural fuels. Int. J. Wildland. Fire, 5: 81-91.

French NHF, Kasischke ES, Stocks BJ, Mudd JP, Lee BS, Martell DL
(2000). Carbon released from fires in North American boreal forests.
In Kasischke ES, Stocks BJ (Eds.), Fire, climate change and carbon
cycling in North American boreal forests (pp. 377-388). Ecol. Studies
Series, Springer-Verlag, New York, USA.

French NHF, Goovaerts P, Kasischke ES (2004). Uncertainty in
estimating carbon emissions from boreal forest fires. J. Geophys. Res.
109: D14S08 p. 12.

Goldammer JG (1990). Fire in the tropical biota: Ecosystem processes
and global challenges. Ecological Studies, Springer-Verlag, Berlin-
Heidelberg-New York.

Gower ST, Krankina O, Olson RJ, Apps M, Linder S, Wang CK (2001).
Net primary production and carbon allocation patterns of boreal forest
ecosystems. Ecol. Appl. 11: 1395-1411.

Hong QL, Chai YX, Wang YH, Zhao HX, Hu CX, Li FR (1994). The
growth of natural forests of Larix gmelinii in Tahe Forestry Bureau
Daxingan Mountain district. J. N. Engl. Forestry Univ. 22: 92-96.

Hu HQ (1995). Determination and analysis on physicochemical
properties of major forest fuels in Daxing’an Mountain. Forest Fire
Prevention, 44: 27-31.

Hu HQ, Wang GY, Sun L (2009). Analyses of gas emission in ground
covers combustion of main forest fuel types in Xiaoxing’an Mountain.
Scientia Silvae Sinicae, 45: 109-114.

Jiang YL, Zhou GS (2001). Carbon equilibrium in Larix gmelinii forest
and impact of global change on it. Chin. J. Appl. Ecol. 12: 481-484.
Jin S (2002). Studies on fire regime of Heilongjiang Province.
Relationships between forest fires and forest types on a large scale.

Scientia Silvae Sinicae, 38: 171-175.

Kang HN, Ma QY, Yuan JZ (1996). Estimation of carbon sink function of
forests in China. Chin. J. Appl. Ecol. 7: 230-234.

Kasischke ES, O'Niel KP, French NHF, Bourgeau-Chavez LL (2000).
Control on patterns of biomass burning in Alaskan boreal forests. In
Kasischke ES,Stocks BJ (Eds.), Fire, Climate Change and Carbon
Cycling in North American Boreal Forests (pp. 173-196). Ecological
Studies Series, Springer- Verlag, New York, USA.

Kasischke ES, Bruhwiler LP (2003). Emissions of carbon dioxide, carbon
monoxide, and methane from boreal forest fires in 1998. J. Geophys.
Res. 108: 8146 (p. 16).

Kasischke ES, Hyre EP, Novelli PC, Bruhwiler L P, French NHF,
Sukhinin A (2005). Influences of boreal fire emissions on Northern
Hemisphere atmospheric carbon and carbon monoxide.Global
Biogeochem. Cy. 19: 1012-1029.

Levine JS (1991). Global Biomass Burning: Atmospheric, Climatic, and
Biospheric Implications. MIT-Press, Cambridge (MA), UK.

Levine JS, Cofer WR (2000). Boreal forest fire emissions and the



chemistry of the atmosphere. In Kasischke ES, Stocks BJ (Eds.). Fire,
Climate Change and Carbon Cycling in North American Boreal
Forests (pp. 31-48). Ecological Studies Series, Springer-Verlag, New
York, USA.

Nalder IA, Wein RW (1999). Long-term forest floor carbon dynamics
after fire in upland boreal forests of western Canada. Global
Biogeochem. Cy., 13: 951968.

Olson JS, Watts JA, Allison LJ (1983). Carbon in live vegetation of the
major world ecosystems, US Department of Energy, Oak Ridge
National Laboratory, Oak Ridge, Tennessee, USA, ORNL 5862.

Page SE, Siegert F, Rieley JO, Boehm HDV, Jaya A, Limin S (2002).The
amount of carbon released from peat and forest fires in Indonesia
during 1997. Nature, 420: 61-65.

Seiler W, Crutzen PJ (1980). Estimates of gross and net fluxes of carbon
between the biosphere and the atmosphere from biomass burning.
Climatic Change, 2: 207-247.

Shvidenko AZ, Nilsson S (2000). Extent, distribution, and ecological role
of fire in Russian forests, In Kasischke ES, Stocks BJ (Eds.). Fire,
Climate Change, and Carbon Cycling in the North American Boreal
Forest (pp. 132-150), Ecol. Studies Series, Springer-Verlag, New
York,USA.

Turetsky M, Wieder RK (2001). A direct approach to quantifying organic
matter loss as a result of peatland wildfire. Can. J. Forest. Res., 31:
363-366.

Wang CK, Gower ST, Wang YH, Zhao HX, Yan P, Bond-Lamberty B
(2001). The influence of fire on carbon distribution and net primary
production of boreal Larix gmelinii forests in north-eastern China.
Global Change Biol. 7: 719-730.

Wang XK, Feng ZW, Zhuang YH (2001a). CO,, CO and CH4 emissions
from forest fires in China. Scientia Silvae Sinicae, 37: 90-95.

Sun et al. 8053

Wang XK, Feng ZW, Ouyang ZY (2001b). Vegetation carbon storage
and density of forest ecosystems in China. Chin. J. Appl. Ecol. 12:
13-16.

Wang XK, Zhuang YH,Feng ZW (1998). Estimation of carbon-containing
gases released from forest fire. Adv. Environ. Sci. 6: 1-15.

Wang Y (1996). Calculation method of forest fire intention abroad,
Forest Fire Prevention, 1: 43-44.

Ward DE, Clements HB, Nelson RM (1980). Particulate matter emission
factor modeling for fires in southeastern fuels. In Sixth Conference on
Fire and Forest Meteorol. Soc. Am. Foresters Seattle, WA.

Wong CS (1979). Carbon input to the atmosphere from forest fires.
Science, pp. 204-210

Xu HC (1998). Forests in Daxing’anling mountains. Science press,
Beijing, China.

Xu HC (2004). Forest ecology and ecosystem management. Chemical
industry press, Beijing, China.

Zhan HZ, Wang YH (1987). Restoration suggestions of burned area in
Daxing’anling. J. N. Engl. Forestry Univ. 15(Suppl.1): 73-77.

Zhao HX, Wu SH, Jiang LG (2007). Research advances in vulnerability
assessment of natural ecosystem response to climate change. Chin.
J.Appl. Ecol.18(2): 445-450.

Zheng HN (1994). Forest fire Prevention. Northeast Forestry Univ. press,
Harbin, China.

Zhou ZB (2006). Study on biomass and carbon storage of main fuel type
in Daxing’an Mountain. Master dissertation, Northeast Forestry Univ.
Harbin, China.



