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Abstract
Boreal forests and woodlands comprise about 29 percent of the world’s forest cover. About 70 percent of this forest is in
Eurasia, mostly in the Russian Federation. Boreal forests contain about 45 percent of the world’s growing stock and
are an increasingly important part of global timber production. Fire impacts large areas of boreal forest annually in
Russia, and in excess of 60 percent of these fires are believed to be caused by human activity. Because of the large extent
of boreal forest, the large amount of fire activity, and the expected sensitivity of carbon cycling in these systems to fire
and climate patterns, there is justifiable concern about the potential effects of boreal fire regimes on atmospheric
chemistry, global carbon cycling, and global climate, as well as potential feedback effects of global climate change on
fire regimes and carbon cycles in these systems. Accurate estimates of these impacts are hampered by a lack of good
data on the area burned and on fire severity. We estimate that the average area burned annually in Russian boreal
forests is around 7.3 million ha, an order of magnitude greater than indicated by official fire statistics. This discrepancy
has major implications for estimates of emissions of CO2 and other greenhouse gases. In severe fire seasons, there are
also frequent long-term episodes of air pollution caused by wildfire smoke. Because of the interactions between fire,
landscape patterns, air quality, and climate in boreal forests, fire regimes and fire management in Siberia have
potentially large impacts on regional air quality and on the global environment.

Introduction
Boreal forests and woodlands cover a large area of the earth’s surface between 45
and 70˚ north latitude. Boreal forest and woodland cover an estimated 1.2 billion
ha, about 900 million ha of this in closed boreal forest (FIRESCAN 1994). This
represents about 30 percent of the world’s forested area. More than 50 percent of the
world’s forests are in North America and Eurasia (Nyejlukto 1994). Russia alone
contains about 620 million ha of boreal forest (Tchebakova and others 1994), about 520
million ha of which is in closed (stocked) boreal forest (Alexeyev and others 1995).

Because of their extent, and the large carbon reserves they contain, boreal forests
have long been recognized as critical to the earth’s carbon balance (e.g., Bonan
1991, Crutzen and others 1979, Levine 1991). Estimates vary, but suggest carbon
storage in boreal forest worldwide in the range of 66-127 Pg C in plant material,
and 135-247 Pg C in soils and downed woody material and litter (Apps and others
1993, Bolin 1986, Kauppi and others 1992, Olson and others 1993, Tans and others
1990.)  This represents perhaps 10 to 17 percent of the total global terrestrial carbon
reserves in soils and plant materials (2,100-2,200 Pg C; Bolin 1986). A recent
comprehensive analysis of carbon in Russian ecosystems (Alexeyev and Birdsey
1994) estimates that the boreal forests in Russia contain 99.8 Pg C, with 25 percent
of this in vegetation and the remainder in soils and forest floor material.

This paper discusses the potential effects on carbon cycling, global climate,
and air quality of fires in the boreal forests of Russia, which comprise about two-
thirds of the world’s boreal forest.

Extent of Fire in Russia’s Boreal Forests
Fire is one of nature’s primary carbon-cycling mechanisms. It is a critical disturbance
factor in Russia’s boreal forests, where many fire scars are visible across the landscape
and vegetation patterns are often dominated by evidence of past fire history. During
the summer fire season, one can hardly fly across central Siberia without observing
smoke plumes from the often numerous wildfires. Although data are somewhat
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sparse, dendrochronological studies have estimated typical fire return intervals of
25 to 50 years for Pinus sylvestris forest types in central Siberia (Furyaev 1996,
Swetnam 1996). Longer fire return intervals (90-130 years) appear more typical for
forests dominated by Larix species (Furyaev 1996, Valendik [In press]) and by Abies
siberica and Picea obovata. Fire return intervals also decrease from north to south
(they may be as short as 10 years on some sites), and are longer on the most well-
watered sites along rivers or in areas where forest stands are isolated by wet bogs
(FIRESCAN 1997). As a reflection of the difference in dominance and in fire return
intervals of the various forest types, about 70 percent of the fires in Russia occur in
light coniferous pine and larch-dominated stands (Pinus sylvestris or Larix), and
only about 15 percent in dark coniferous boreal forest (primarily Abies, Picea; based
on Korovin 1996), although the latter cover about 31 percent of the boreal forest
area (Tchebakova and others 1994). About 80 percent of the area typically burns in
surface fires (Furyaev 1996, Korovin 1996), but patchy crown fires are common, and in
severe fire seasons, crown fires may dominate. The Russian Forest Service (Nyejluktov
1994) reports a range of 12,000 to 34,000 wildfires a year in Russia during the period
from 1974-1993, with a long-term average of about 17,000 fires per year. Most of these
fires occur in a 4-month fire season that extends from May through August (fig.1).

Estimates of the extent of fires in Russia’s boreal forest vary over an order of
magnitude (table 1); those made by Russian government agencies are among of
the smallest. Some of the variation in these estimates undoubtedly results from
differences in areas covered. The official Russian fire statistics cover only areas
that receive fire protection. The fire protection area includes most of European
Russia, but is more limited in Siberia and the Far East. Overall, about 66 percent of
the forested area of Russia was monitored for fires in the early 1990’s (Dixon and
Krankina 1993), most of this by airborne pilot-observers. With recent budget
decreases, this area is now considerably less. While the monitored area in the past
included most of the closed boreal forest, some boreal forest fires, especially in the
more northern regions, were not reported. Other estimates have been based on
extrapolations from North American fire regimes (Kasischke and others 1993, Stocks
1991). On the basis of satellite data for three areas of Siberia in 1992, Stocks and
others (1996a) estimated close to 1 million acres had burned in the study areas,
and suggested this might represent 30 to 40 percent of the area burned in Siberia
that year. This would lead to an estimate of 2.5 to 3.3 million acres of burned area
for all of Siberia in 1992. On the other hand, analysis of satellite data at the time of
the 1987 China fires led to an estimate of about 14 million ha burned in southern
Siberia and China (mostly in Siberia) during May and June of 1987 (Cahoon and
others 1994). Emissions from this amount of burned area were estimated to
represent about 4 percent of the annual global emissions from biomass burning.
Although progress is being made in analysis of current satellite data, it is likely to
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Figure 1 — Monthly distribution
of fire frequency during the fire
season in Russia. Source:
Unpublished fire statistics on file
at Russian Aerial Forest
Protection Service, 20 Gorkova
Street, Pushkino, Moscow Region
141200, Russia.
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be a number of years before adequate information will be available from satellite
data to allow better long-term estimates. At this point the uncertainty in the area
burned seems one of the greatest barriers to accurate estimates of the effects of
boreal forest fires in Russia on global biogeochemistry.

In the light of this wide range in estimates of fire area, we decided to take
another approach to obtaining a reasonable independent estimate of area burned
in Russian boreal forests based on the relationship between fire-return interval
and area burned per year. By using a relatively conservative estimate of 500 million
ha of closed boreal forest in Russia, we can predict (fig. 2) the average burned area
per year for different fire return intervals. For a fire return interval of 60-80 years,
which seems reasonable based on the literature, we would estimate between 6.25
and 8.3 million ha of burned area per year. This is similar to a recent estimate of 7.4
million ha/yr for the 1988-1991 period by Dixon and Krankina (1993), but
considerably higher than their longer-term estimate of 2.9 million ha/yr (table 1),
which would imply a fire return interval of 172 years (267 years if you use their estimate
of 774 million ha of total forest area). Some of the lower estimates of burned areas
(table 1) would yield fire return intervals in excess of 1000 years. This has clearly not
been the pattern over the last several hundred years, or in the 1900’s, as revealed by
landscape patterns and dendrochronology data (FIRESCAN 1994, 1997).

We recognize the possibility of some error in this approach, as it does not
consider possible recent impacts on fire regime of fire suppression activities and
changes in ignition patterns because of human activities. Although evidence from
Ontario, Canada, suggests an 89 percent decrease in area burned annually (increase
in fire return interval from 65 to 580 years) in areas under fire suppression (Ward
and Tithecott 1993), we find no compelling evidence for a similar trend in Russia

Table 1Table 1Table 1Table 1Table 1 — Average area (ha) of boreal forest burned annually in Russia and worldwide.

 Russia Russia Russia Russia Russia WorldwideWorldwideWorldwideWorldwideWorldwide PeriodPeriodPeriodPeriodPeriod SourceSourceSourceSourceSource

—— 1.3 x 106 —— Crutzen and others 1979

3.0 x 106 5.6 x 106 1980-1989 Stocks 1991

4.5 x 106 8.5 x 106 1940-1991 Kasischke and others 1993

1.9 x 106 —— 1971-1986 Dixon and Krankina 1993

7.4 x 106 —— 1987-1991 Dixon and Krankina 1993

2.9 x 106 —— 1971-1991 Dixon and Krankina 1993

0.3 x 106 —— 1979-1988 Nyejlukto 1994

0.8 x 106 —— 1989-1994 Nyejlukto 1994

Figure 2 — Relationship
between annual area burned in
forest fires and the average fire
return interval.  This graph uses a
conservative estimate of 500 ha
of closed boreal forest in Russia
and assumes no variability in fire
return intervals.
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(Antonovski and others 1992, Korovin 1996, FIRESCAN 1997). Many fires in Russia,
especially large fires and those in remote areas, are little affected by fire suppression.
In fact, Russian Forest Service statistics suggest a possible trend toward increasing
areas burned over the past 10-15 years (Nyejlukto 1994), which may be associated
with increased human ignitions. Despite the great interannual variability of area
burned and the unreliability of fire size data for Siberia, it would certainly be
possible to detect a major trend of decreased burned areas or increased fire return
intervals. In the absence of such evidence, we believe that our estimate is a
reasonable one until more accurate ones are available.

Emissions from Boreal Forest Fires
Obviously, wide variations in estimates of area burned will lead to similar variations
in estimates of the contribution of emissions from boreal forest fires to the global
carbon balance, and this is reflected in the literature. We can assume, for example,
that the estimates by Crutzen and others (1979) of 40 to 60 Tg dry matter (18-27 Tg
C) consumed per year are probably about an order of magnitude too low, as they
are based on an estimate of 1.3 million ha burned annually worldwide (including
North America and Eurasia). A better combined global estimate might be about 10
million ha per year (0.2 million ha per year for Alaska and Scandinavia, and 2.4
million ha per year for Canada [Stocks 1991]; 7.3 million ha per year for Russia (our
estimate)). On the basis of various sources of Russian fire statistics for the period
1971 to 1991 (see table 1), Dixon and Krankina (1993) estimated an average of about
47 Tg C emissions per year after fires. If we adjust this upward based on our estimate
of an average burned area of 7.3 million ha per year, we can project annual average
C emissions from fire in Russia of about 118 Tg C per year, and 292 to 702 Tg C/yr
from biogenic sources. Adding in a rough estimate for North American forests would
increase these values by about 30 percent (to about 153 Tg carbon/yr from fire
emissions, and about 380 to 913 Tg C/yr from postfire biogenic emissions). This
direct amount from fire emissions represents about 4 percent of the estimated 3,900
Tg C/yr released globally from biomass burning (Andreae 1991). If our estimates
are reasonable (and there is every reason to believe they are conservative), then
annual contributions of boreal fire to global carbon release may have been vastly
underestimated by many authors.

Even if we have a good estimate of the annual extent of boreal forest fires in
Russia, extrapolation to impacts on emissions or on carbon cycling is complicated
by the wide variability in fire intensity across the landscape. Perhaps only 20 percent
of the burned area in Russia burns in crown fires (Furyaev 1996, Korovin 1996). In
the other 80 percent of the area, low levels of combustion of needles and other fine
aerial fuels will result in lower emissions of carbon compounds in smoke per unit
area. On the basis of data on a Pinus sylvestris/lichen forest in central Siberia
(FIRESCAN 1997) we can estimate that fuel consumption in a surface fire in this
vegetation would be about 80 percent of that in a crown fire (assuming 4.059 kg/m2

consumed in crown fire; 3.252 kg/m2 consumed in a surface fire). So estimates of
emissions based on assumption of crown fires will be about 20 percent too high.
Dixon and Krankina (1993) recognized this concern and assumed that an average
of 10 percent of the biomass was consumed in boreal forest fires in Russia. In other
studies it is not always clear how this issue was dealt with.

An even greater potential source of error is the amount of combustion of the
litter/forest floor and soil layers, which contain about 75 percent of the carbon
stored in Russia’s boreal forests (Alexeyev and Birdsey 1994). Depending on the
seasonality and intensity of fire and on the vegetation type, combustion of these
layers in North American boreal forests can range from about 16 to 90 percent,
with an average of perhaps 40 to 60 percent (Kasischke and others 1995).
Furthermore, fire characteristics also have generally poorly understood, but
substantial, effects on the magnitude of postfire increases in biogenic emissions,
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which have been estimated to be 70 to 85 percent of the total fire-related emissions
(Dixon and Krankina 1993). Still another source of error is that tree mortality in
areas of surface fire can vary widely, and may occur over several years, affecting
photosynthesis and respiration, as well as temporal and spatial patterns of postfire
decomposition and biogenic emissions. Accurate estimates of the extent and
severity of fire in boreal Russia and their effects on combustion patterns and
biogenic emissions are desperately needed.

Fire and Global Climate Change
Several authors suggest that, for boreal forest areas in North America, there will be
increased fire weather severity (Flanigan and Van Wagner 1991, Stocks 1993),
increased length of fire season (Street 1989, Wotton and Flannigan 1993), and
increased lightning (Fosberg and others 1990) with CO2-induced global climate
change. Changes in temperature are expected to be considerably higher in boreal
regions than the global averages. Stocks (1993) discussed the possible impacts of a
doubled CO2 scenario on fire danger for Canada, based on predictions of the
Canadian Climate Center global climate model and the Canadian fire danger rating
system. This model predicts a 4-5 °C increase in summer temperatures and a 8-10 °C
increase in winter temperatures, along with decreased soil moisture availability
throughout central Canada. Wotton and Flannigan (1993) have predicted an increase
in the length of the fire season by 30 days, and Flannigan and Van Wagner (1991)
predicted a 46 percent increase in seasonal fire severity across Canada under a double
CO2 scenario. Stocks and Lynham (1996) used the Monthly Severity Rating from
the Canadian Forest Fire Danger Rating System and the Russian Nesterov Index to
compare fire weather severity between Canada and Russia. Both of these indices
represent the fire danger if an ignition occurs, based on weather patterns and fuel
moisture conditions. Their results suggest that Russia may be even more at risk of
increased fire activity in response to climate change than Canada, as Siberia currently
has about three times as much area in extreme fire danger categories as Canada
(based on Monthly Severity Rating for July). Increases in fire occurrence can also be
expected to cause positive feedbacks with atmospheric CO2, thereby exacerbating
effects of global warming (Kurz and others 1994).

Pollution
Direct impacts of fire on air pollution are also cause for concern. It is not uncommon
in severe fire seasons for multiple fires to burn over long periods, casting a pall of
smoke over large areas. This is by no means a recent problem. Shostakovich (1925)
reported on extensive fires in Siberia in 1915. These fires burned for 50 days, and
burned about 14 million ha, but the smoke pall from the fires covered 680 million
ha, and severely reduced visibility at ground level over a large percent of the area.
Extensive smoke plumes were visible on Advanced Very High Resolution
Radiometer (AVHRR) imagery in 1987, during the period of the great China fires
(Cahoon and others 1994). Given the large number of fires that burn in Russia every
summer (an average of perhaps 140 starts per day over the 4-month fire season,
and many more at the peak of the season), and the large areas burned, it is not
surprising that smoke intrusion over extensive areas occurs.

In addition to the obvious effects of such extensive smoke on visibility and
other aesthetic values, prolonged wildfire smoke episodes in western North
America in recent years (particularly northern California in 1987, Yellowstone in
1988) have raised concerns over potential negative impacts of wildfire smoke
exposure on human health, as well as short-term toxicity from elevated carbon
monoxide levels (Reinhardt and others 1995). The main components of concern
for human health in wildfire smoke include carbon monoxide, aldehydes, benzene,
and particulate matter (Reinhardt and others 1994). Carbon monoxide has been
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recognized as a potential hazard to wildland firefighters for a number of years
(Jackson and Tietz 1979), but specific information is scant. Studies on prescribed
fires in the Pacific Northwest have observed smoke levels exceeding established
exposure limits (Reinhardt and others 1994). In a recent study on levels of smoke
exposure for firefighters on wildfires in northern California grass and light brush
fuels (Reinhardt and others 1995), however, peak exposures never reached
recommended ceiling limits of CO of 200 ppm, and only 2 of 23 peak exposures to
respiratory irritants exceeded exposure limits. Reinhardt and others (1995) point
out that these fires were all in relatively light fuels, and experienced firefighters
involved in the incidents rated the smoke levels as low to average. Furthermore,
exposures in these fires were typically of short duration. Other research (Materna
and others 1992) has found high CO exposure among engine crews on wildland
fires in California. Reinhardt and others (1995) concluded that extended exposure
to forest fire smoke could exceed exposure guidelines for both CO and respiratory
irritants, and recommended that more extensive studies be conducted under a
wide range of fuel and burning conditions. A recent review (Reinhardt and Ottmar
1997) of published and unpublished research on exposure of wildland firefighters
to smoke and potential health hazards reported mostly on studies conducted in
the western U.S. The authors stated that few data on smoke exposure of wildland
firefighters are available from other parts of the world. Considering the periodic
exposure of rural and urban populations in Siberia to wildfire smoke over
prolonged periods, further research on firefighter smoke exposure and on the effects
of long-duration smoke exposure from wildfires on human health is vitally needed.

Human Influences on Fire Regimes
Statistics over a recent 3-year period for Russia show that more than 65 percent of
wildfires are human-caused, and about 17 percent are confirmed to be caused by
lightning (fig. 3). Newer information, however, suggests that the importance of lightning
ignitions may have been underestimated. Of the 17 percent of fires where cause is
unknown, evidence from recently-installed lightning detection systems suggests that
many of these may be lightning fires. And the importance of lightning as an ignition
source varies greatly geographically (table 2), with the highest percent of lightning
ignitions in relatively unpopulated areas such as the Krasnoyarsk and Yakutia regions.

Nonetheless, even in these regions, a large percentage of fires is human-caused.
Furthermore, it appears possible, based on tendencies visible in the fire statistics
of the Russian Forest Service (Nyejlukto 1994) and those reported by Korovin (1996)
that there has been an increase in fire numbers and area burned in the past 10
years. After some decrease in the number of fires and areas burned between the
early 1970’s and about 1983, the trend shows a gradual increase through 1992-93.
Average burned area for 5-year periods reported by the Russian Forest Service
(Nyejlukto 1994) increased from 0.23 million ha in the 1979-1983 period to 1.03
million ha in 1989-1993, although levels still are not as high as they were in the
early 1950’s (as high as 2.5 million ha in 1953 [Korovin 1996]). The large influence
of human populations on fire occurrence is well-illustrated by Korovin (1996),
who shows that about 68 percent of fires occur within 5 km of a road, and 60
percent of fires occur within 10 km of a populated area. Human-caused ignitions
may be having a short-term net effect of increased fire in many parts of Russia,
despite a strong fire suppression program. Changes in area burned, whether
resulting from ignition patterns, weather cycles, or fire management strategies,
have particularly important implications for global climate change, as alterations
in fire return interval can have significant impacts on carbon storage (which
increases with stand age). Model estimates for stored carbon in boreal forest
(Kasischke and others 1995) show strong sensitivity to fire return interval in the
range of 50 to 150 years, with projected increases in carbon storage of about 10 to
17 percent as fire return interval increases from 50 to 100 years, and increases of
about 25 to 40 percent as fire return interval increases from 50 to 150 years. This
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sensitivity in the range of current fire return intervals suggests the great potential
for human impacts on the fire regime to significantly affect carbon storage, as well
as the importance of fire management in managing fire regimes and carbon cycling.
An active fire suppression program will be a key element in maintaining desirable
fire return intervals in the face of increased human ignitions.

Conclusions
Fire is an important factor in boreal forests of Russia. Despite the paucity of accurate
data, it is clear that boreal forest fires in Russia contribute significantly to global
CO2 emissions. Increased CO2 is likely to substantially increase fire danger and
occurrence in boreal forests, leading to possibilities of positive feedbacks to global
CO2 and temperatures (Kurz and others 1994) and significant ecosystem impacts
if fire suppression and other fire protection and prevention approaches are not
able to compensate. Extensive fires can cause smoke pollution over large areas,
which may result in hazards to human health and other negative impacts. The
large percent of human-caused fires in Russia’s boreal ecosystems suggests the
critical importance of fire management and fire suppression for maintaining
desirable fire regimes and preventing decreases in fire return interval and loss of
carbon storage in these ecosystems.
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Table 2 Table 2 Table 2 Table 2 Table 2 — Percent of fires caused by lightning in Russia’s major aerial forest protection regions over the 3-year period
1993-1995.1

Protection RegionProtection RegionProtection RegionProtection RegionProtection Region 19931993199319931993 19941994199419941994 19951995199519951995 AverageAverageAverageAverageAverage

——————Percent of total fires————-
Krasnoyarsk 42 35 43 40

Irkutsk 16 12 23 17
Far East 27 20 27 25
Yakutia 53 42 69 55

Arkhangelsk 47 2 17 22
Perm (Europe) 3 0.7 6 3

Figure 3 — Frequency of wildfire
causes in Russia for the period
1985 through 1994. Source: Un-
published fire statistics on file at
Russian Aerial Forest Protection
Service, 20 Gorkova Street,
Pushkino, Moscow Region
141200, Russia.
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