
171P.Ya. Groisman and G. Gutman (eds.), Regional Environmental Changes in Siberia 
and Their Global Consequences, Springer Environmental Science and Engineering,
DOI 10.1007/978-94-007-4569-8_6, © Springer Science+Business Media Dordrecht 2013

  Abstract   This chapter considers the current state of Siberian terrestrial ecosystems, 
their spatial distribution, and major biometric characteristics. Ongoing climate change 
and the dramatic increase of accompanying anthropogenic pressure provide different 
but mostly negative impacts on Siberian ecosystems. Future climates of the region 
may lead to substantial drying on large territories, acceleration of disturbance regimes, 
deterioration of ecosystems, and positive feedback to global warming. The region 
requires urgent development and implementation of strategies of adaptation to, and 
mitigation of, negative consequences of climate change.      
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    6.1   Introduction 

 Siberian vegetation is mostly represented by unique ecosystems which evolutionary 
developed under stable cold climate (Khotinsky  1984 ). While the region is represented 
by a vast diversity of ecosystem types, amount of dominant plant species in all land 
classes is relatively limited (e.g., Lavrenko and Sochava  1956 ; Zhukov  1969 ; 
Scherbakov  1975 ; Popov  1982 ; Polykarpov et al.  1986 ). Plasticity of major forest-
forming species is high, and they occupy wide ecological niches. These provided a 
rather high resilience of boreal forests which coped with stable disturbance regimes 
during last centuries (Bonan and Shugart  1989 ,  1990 ). 

 The Intergovernmental Panel on Climate Change (IPCC) (IPCC     2007a,   b  )  con-
cluded that for increases in global average temperature exceeding 1.5–2.5 °C, forests 
globally face the risk of signi fi cant, basically undesirable transformations. With this 
respect, boreal forests of Siberia could be especially affected due to (1) dramatic 
changes of heat and hydrological balances of northern landscapes over huge territories 
caused by permafrost thawing, (2) sensitivity of boreal forest ecosystems to warming 
and the high rates of expected warming in northern high latitudes, (3) different 
consequences of climate change impacts over the southern and northern ecotones of 
the forest zone – death and impoverishment of forests in the south and a very limited 
potential to move northward in the north, and (4) dramatic acceleration of distur-
bance regimes, particularly  fi res, outbreaks of insects and diseases, coupled with the 
tough anthropogenic impacts. 

 The expected warming generates dangerous risks and challenges for the ecosystems. 
If the global increase of annual temperature would exceed +3 °C by end of this 
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century, the warming in vast territories of high latitudes of the region is expected to 
be in range of +7 to +10 °C. Based on an ensemble of 16 coupled atmosphere-ocean 
GCMs, the increase of temperature by 2080–2099 for entire Russia was predicted 
at +7.2 ± 1.7 °C and in summer +4.2 ± 1.3 °C (Meleshko et al .   2008  ) . Such a level of 
warming has never been experienced before. The most likely scenario for the boreal 
forest, as a major ecosystem type in the region, is a nonlinear response to warming, 
resulting in the creation of previously nonexistent ecosystems and the extinction of 
species with limited capacity to adapt. The critical limit for large-scale forest dieback 
may be a rise of 3–5 °C (Lenton et al.  2008  ) . Experts considered boreal forest 
dieback as one of nine possible global “tipping elements” (a sudden and dramatic 
response as global warming exceeds a certain threshold value, presumably 5–6 °C 
for boreal forests), supposing that the nonlinear response to global warming can 
happen during this century. The supposed mechanisms behind boreal forest dieback 
are increased water stress and higher peak summer heat causing increased mortality 
directly and also indirectly through higher vulnerability to disease and alteration of 
 fi re regimes. Once the critical threshold is passed, the process may be rather fast; the 
transformation of the boreal forest ecosystems may happen over a period of about 
50 years (Lenton et al.  2008  ) . 

 High vulnerability of Siberian ecosystems, particularly forests in south of the 
boreal zone and on permafrost becomes evident even under ongoing climate. It 
de fi nes a high importance of understanding current and future behavior of Siberian 
ecosystems as a background of transition to adaptive ecosystem management. 

 This chapter has two main objectives: (1) to present a brief overview of the cur-
rent state of Siberian ecosystems and (2) to identify major ongoing and future 
dynamic processes in ecosystems of a changing world. Taking into account that part 
of the available information on Siberian land and ecosystems is either biased or 
obsolete (e.g., of fi cial data on land cover, forest inventory data), the analyses rely on 
different information sources, particularly recent results of Earth observation from 
space (e.g., Schepaschenko et al .   2010 ; Santoro et al .   2011  ) . All areas and biometric 
indicators in this chapter are de fi ned based on the hybrid land cover 2009 (Fig. 1.1; 
Schepaschenko et al .   2010  ) .  

    6.2   Resource and Ecological Services of Siberian Ecosystems 

    6.2.1   Brief Characteristics of Siberian Ecosystems 

 The vast expanse of Siberia (about 3,500 km in latitudinal and more than 6,000 km 
in longitudinal directions) ensures a large diversity of natural conditions, climate, 
soils, ecosystems, and landscapes. More than 50 % of the territory is mountainous, 
and about 85 % of the territory is covered by different types of permafrost. While 
there are vast territories which have been transformed into anthropogenic deserts, 
about half of the region’s area is covered by practically untouched ecosystems. 
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 Diversity of natural conditions of the region requires division of the vast Siberian 
territory in more homogeneous parts based on different criteria, with many attempts 
resulting in development of natural, climatic, soil, vegetation, agricultural, etc., divi-
sions (regionalizations). One of the most common was ecological regionalization 
(Shvidenko et al .   2000  ) , where major spatial classi fi cation units – ecoregions – were 
delineated based on the following major requirements: (1) homogeneity of the 
natural environment including similar climate, typical soils, and landforms at the 
level of bioclimatic (vegetation) subzones and large landscape units that led to 
separation of mountain and plain territories, permafrost regions, etc.; (2) similarity 
of character and intensity of anthropogenic pressure on ecosystems and landscapes 
that includes negative impacts (e.g., pollution) and homogeneity of land manage-
ment (e.g., forest management); (3) similarity in levels of transformation of natural 
vegetation; and (4) comparable input of each ecoregion in major biogeochemical 
cycles (i.e., carbon, hydrological, and nitrogen). Ecoregions are combined in biocli-
matic subzones and zones. A map and list of Siberian ecoregions is available at 
  http://www.iiasa.ac.at/Research/Forestry/Downloaddata/    . A quantitative description 
of ecoregions of Central Siberia is presented in Farber  (  2000  )  and West Siberia in 
Sedykh  (  2009  ) . Here we present the most important aggregated characteristics of 
Siberian ecosystems by bioclimatic zones. 

 While almost all bioclimatic zones and major vegetation types of the Northern 
hemisphere are represented in Siberia, this region is usually associated with taiga – 
coniferous evergreen and deciduous forests of cold climates. Three subzones of 
taiga cover about 77 % of the total land of the region. Tundra (16.3 %) and steppe 
(4.7 %) are two other widely distributed zones. The remaining three zones (arctic 
desert, temperate forests, or sub-taiga, and southern semideserts and deserts) cover 
only ~2 % (Table  6.1 ).  

 Diverse climate, vegetation, and relief of the vast territory of Siberia resulted in 
the development of various soil types. The majority of the area is covered by typical 
forest soils: either sandy ( Podzols ) or loamy soils ( Albeluvisols, Cambisols ). 
Wetlands are also spread widely with  Histosols, Gleysols , and some  Phaeozems . 
Almost every soil type has permafrost signs, especially  Cryosols . Agricultural area 
is generally represented by  Chernozems  in Southern Siberia. Weakly developed 
mountain soils ( Leptosols ) and river valley soils ( Fluvisols ) complete the range of 
soils of the region. Areas in Table  6.2  were calculated based on a digitized soil map 
(Fridland  1989 , modi fi ed to scale 1:1M). More detailed data on Siberian soils are 
available at the above-mentioned IIASA FOR website.  

 Siberia    is largely a forest territory – forest land (i.e., area covered by forest veg-
etation or destined for growth of forest) comprises 61.6 % of the total area of 
which about 20 % are sparse forests (woodlands) – generally in high latitudes, and 
disturbed forests. Forests (or forested areas, de fi ned by the forest inventory manual 
of the Russian Federal Forest Service, RFFS 1995) are relatively simple in terms of 
species composition. They are dominated by seven tree genera – light coniferous 
larch ( Larix  spp.) 40.3 %, pine (basically  Pinus silvestrys ) 13.0 %, dark coniferous 
cedar ( Pinus sibirica  and  P. korajensis ) 6.8 %, spruce ( Picea  spp.) and  fi r ( Abies  
spp.) 7.3 %. Softwood deciduous, mostly birch ( Betula  spp.) covers 12.0 % and 

http://www.iiasa.ac.at/Research/Forestry/Downloaddata/
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aspen ( Populus tremula ), cover 2.4 %. Shrubs (accounted for as forests in regions 
where “high” forests cannot grow due to severe natural conditions) cover signi fi cant 
areas (12.4 % of the total forested area) in high latitudes. The rest (5.6 %) of the 
forested area is presented by hardwood deciduous species, mostly by stone birch 
( Betula ermani ) in oceanic territories of Far East and oak ( Quercus mongolica ), ash 
( Fraxinus mandshurica ), lime ( Tilia mandshurica  and  T. amurensis ), etc., in broad-
leaved forests of the south of the Far East. Larch forests (presented mostly by 
 L. sibirica, L. gmelini,  and  L. kajanderi ) are represented by unique ecosystems 
occurring on permafrost over huge territories in high latitudes, forming the northern 
climatic tree line and the most northern forests on Earth (reaching 72°30 ¢ N). 

 The largest global bog-forest systems extend over large areas in West Siberia. 
Wetlands (de fi ned as forestless territories with a peat layer >30 cm) comprise 
107.4 × 10 6  ha (or 9.6 %). These territories are situated almost exclusively in north-
ern bioclimatic zones. Approximately an area of the same magnitude of relatively 
shallow peatland is covered by forest. Grasslands (18.8 %) are represented by tundra 
and meadow vegetation, mostly located in high latitudes. Only 3.4 % of natural 
grassland occurs toward the south of the middle taiga zone. 

 Dynamics of major classes of land cover, particularly forests, are documented 
since 1961, when results of the  fi rst complete inventory of Russian forests were 
published. By January 1, 1961, of fi cial statistics reported the total forested area of 
the region at 505.4 × 10 6  ha with growing stock of 56.5 × 10 9  m 3  (FFSR  1962  ) . 
Of fi cial data by 2009 reported the area at 594.7 × 10 6  with growing stock at 
58.0 × 10 9  m 3 . However, it has been shown that methods of forest inventory which 
were used during this period reported biased estimates of the growing stock volume. 
An attempt to eliminate the bias, update obsolete inventory data and clarify the area 
by remote sensing data resulted in the area of 602.2 × 10 6  ha and growing stock at 
60.8 × 10 9  m 3  for 2009 versus the of fi cial 594.7 × 10 6  ha and 60.1 × 10 9  m 3 , respec-
tively. Taking into account that the unbiased estimate of growing stock in 1961 was 
52.2 × 10 9  m 3  (Shvidenko and Nilsson  2002  ) , we conclude that during the last  fi ve 
decades the forested area in the region increased by 96.8 × 10 6  ha and growing stock 
by 8.6 × 10 9  m 3 . Such a large increase in area could be explained by several reasons: 
(1) improved accuracy and completeness of inventory data, (2) substantial decrease 
of unforested areas (at ~50 × 10 6  ha for Asian Russia), and (3) encroaching forest 
vegetation in previously nonforest land, particularly in the abandoned agricultural 
lands. Based on of fi cial statistics, the area of cultivated agricultural land in the 
region decreased by 8.7 × 10 6  ha during 1990–2009. 

 However, the dynamics of forested area in most populated regions with intensive 
forest harvest are substantially different. Typically an analysis of the dynamics of 
forests of Central Siberia (i.e., Krasnoyarsk Kray including territories of Republic 
Khakassia, Taimir and Evenkia Autonomous okrugs) generates the following results 
for 1961–2007 (Vtyurina    and Sokolov  2009 ): (1) forested areas decreased by 
5.1 × 10 6  ha (or 5 %), (2) area of mature and overmature coniferous and deciduous 
forests decreased by 17.2 × 10 6  ha (25 %) and 1.7 × 10 6  ha (17 %), respectively, (3) 
total growing stock decreased by 3.2 × 10 9  m 3 , and (4) total growing stock in forests 
available for harvest decreased by 3.7 × 10 9  m 3  (35 %) in coniferous forests and 
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increased in deciduous forests by 1 %. Similar features of forest industrial develop-
ments have been reported for the Irkutsk Oblast (Vaschuk and Shvidenko  2006  )  and 
Far East (Sheingauz  2008  ) . The process of qualitative degradation of most produc-
tive forests in regions with developed infrastructure was observed during the last 
50 years. 

 Overall, man-made changes to forests in Siberia could be brie fl y summarized as 
follows:

   Decreasing quality of forests across the southern part of Siberia expressed by • 
worsening species composition, reduction of areas of forests of high productivity, 
and deconcentration of forests available for industrial exploitation. Major reasons 
for this stem from the long-period practice of harvest of the most productive 
coniferous forests in the form of concentrated clear-cuts, nonecological technolo-
gies and machinery of logging, ineffective use of harvested wood, particularly of 
soft deciduous species (birch, aspen).  
  Shifting forest harvest toward northern regions with undeveloped infrastructure, • 
particularly roads, that causes a scattered distribution of logged areas. Harvest of 
basically coniferous species predestines substantial problems for transition to 
sustainable forest management in future.  
  Siberian forests are not managed in a sustainable way. They suffer from large • 
forest  fi res and outbreaks of dangerous insects (see Sect.  6.3 ) that mostly dam-
ages valuable coniferous forests. Forest  fi re protection is not suf fi cient, and each 
cubic meter of harvested wood is accompanied by losses of about 2.5–3 m 3  killed 
by disturbances.  
  Periodical reforms of Russian forest management (of which those between 2000 • 
and 2007 have been most destructive) substantially decreased governance of 
Siberian forests. Illegal harvest is widely distributed and reaches from 20 to 40 % 
of of fi cially reported data, increasing in boundary regions (Vaschuk and 
Shvidenko  2006 ; Sheingauz  2001,   2008  ) .    

 During the last 60 years, about 6 × 10 9  m 3  of commercial wood, basically repre-
sented by valuable coniferous wood, have been harvested in Siberian forests. Besides 
their resource function, forests provide different environmental, ecological, social, 
biospheric, cultural, etc., services (e.g., Lebedev et al.  1974 ). Water-protection ser-
vices of Siberian forests such as provision of high-quality water, transformation of 
surface runoff into inter fl ow, and regulation of catchment runoff are among the most 
important and widely recognized. However, some aspects of interactions of forests 
with hydrological regimes of landscapes (impacts of forests on total water content in 
landscapes, river discharge, and evapotranspiration) remain questionable (Voronkov 
 1988 ; Protopopov et al .   1991 ; Geographical…  2007 ; Onuchin et al .   2006 ; Onuchin 
 2009 ; Liu  2010  ) . 

 One of the key problems of such debates was the question about increasing pre-
cipitation over forest areas caused by roughness of tree canopies that leads to ascending 
air  fl ows under movements of air masses over forests. However, this theoretically 
attractive idea on the possible ability of a forest to increase the amount of precipita-
tion has not been unambiguously supported by experimental data in boreal territories 
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and cannot be assumed true over Northern Eurasia (Onuchin  2009 ; Liu  2010  ) . 
Assessments of the impacts of forests on redistribution of the water balance between 
cumulative runoff and evapotranspiration is de fi ned by vegetation, climatic, and 
geographical conditions (Fedorov  1977 ; Kabat et al.  2004 ; Hamilton  2008 ; Onuchin 
and Burenina  2008 ; Onuchin  2009 ; Liu  2010  ) . 

 Typically, reduction in biomass and deforestation will increase net runoff, though 
the characteristics of the timing of such runoff will vary given the condition of soil 
water and in fi ltration potential which serves as a trigger mechanism for ground water 
recharge or surface water runoff (Kabat et al.  2004  ) . At drainage basin scales, the 
change in the land cover mosaic and secondary vegetation regrowth creates a complex 
hydrological response as various age classes and successional species have a different 
effect on major water balance characteristics (Shiklomanov and Krestovsky  1988  ) . 

 Forest management operations on catchments are recognized as an important 
factor transforming the major water balance characteristics. According to the type 
of anthropogenic impacts, geophysical conditions, and restoration dynamics, evapo-
transpiration and river runoff could increase or decrease (Onuchin et al.  2009 ). 
Large-scale logging and forest  fi res could become a crucial factor that de fi nes 
 conditions of runoff formation in small- and medium-size river basins. 

 While climate plays a leading role in forming yearly river runoff, non/climatic 
factors (amount and distribution of forest vegetation over landscapes, soils, size, 
and geological peculiarities of catchments) are also very important. Both groups of 
factors are interconnected leading to synergetic effects which could be used for 
regulation of the runoff by forest management operations taking into account 
climate and weather speci fi cs (if they are properly understood). Currently, this under-
standing is insuf fi cient and requires coupled biospheric-hydrological modeling 
(see Chap.   4    , this volume). 

 Boreal forests with steady snow cover during cold periods play a speci fi c hydro-
logical role because of substantial differences of the balance of snow water between 
forests and open areas. Depending upon climatic, landscape, and vegetation condi-
tions, forests usually have greater snow storage (cf., Bulygina et al.  2011  )  and less 
frozen ground providing more stable feeding of streams throughout the year. 
However, increased evapotranspiration rate in forests will lead to decrease in annual 
runoff (Shiklomanov and Krestovsky  1988  ) . For regions where liquid precipitation 
dominates, the differences in water balance are mostly de fi ned by productivity and 
morphological structure of ecosystems (but not by the structure of vegetation cover 
of the landscapes – forest versus treeless areas). More productive ecosystems, 
regardless of whether they are forests or agricultural lands, have higher evapotrans-
piration and lower river runoff.  

    6.2.2   Major Carbon Pools and Productivity of Ecosystems 

 The term  ecosystem productivity of forests  does not have a monosemantic de fi nition. 
Usually two groups of indicators are used to quantify productivity which describe 

http://dx.doi.org/10.1007/978-94-007-4569-8_4
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either the amount of accumulated organic matter (e.g., live biomass, dead biomass 
or detritus) or rates of production of organic matter (e.g., net primary production, 
NPP; net ecosystem production, NEP). Such indicators like growing stock volume, 
net and gross growth are used in forestry to quantify a resource service of forests. 

    6.2.2.1   Carbon Pools 

 Major organic carbon pools include live biomass, dead wood, and soil. Within this 
study, live biomass (LB) of forests was estimated based on modi fi ed forest inven-
tory data and ecoregionally distributed multidimensional models that combine 
biometric characteristics of forests (species composition, age, site index, and relative 
stocking) and seven components of live biomass [stem wood, crown wood, bark, 
foliage, root, understory (shrubs and undergrowth) and green forest  fl oors] 
(Shvidenko et al .   2007a  ) . LB of agricultural land was assessed based on reported 
data of crops (FFSSR  2008  )  and regressions, which connect crop, byproducts, and 
residuals. LB of the rest of vegetation classes was calculated based on measure-
ments in situ during 1960–2010 [the updated database by N. Bazilevich  (  1993  )  was 
used]. For all nonforest ecosystems, live biomass was assessed by three components – 
green parts, above ground wood, and below ground biomass. 

 The most recent (2009) total biomass estimate of terrestrial ecosystems in Siberia 
is 29.55 Pg C (1Pg = 1 billion  t  = 10 15  g), of which 86.5 % are in forests (Tables  6.3  
and  6.4 , Fig.  6.1 ). In general, all land classes have a clear zonal gradient of LB dis-
tribution with some deviations caused by the characteristics of land classes (e.g., 
age structure of forests). It corresponds to the fact that the carbon pool of LB of for-
est ecosystems along the climatic gradient of Central Siberia is positively correlated 
with mean annual temperature and duration of growing period (Pleshikov  2002  ) .    

 The structure of live biomass depends on a number of factors – vegetation type, 
geographical location, level of productivity of ecosystems, and others. In forests, 
55.9 % of LB is allocated in stem wood, 9.9 % in branches (both-over bark), 3.5 % 
in foliage, 23.0 % in roots, 2.2 % in understory, and 5.5 % in green forest  fl oor. 
These average values vary greatly. For instance, the three- to  fi vefold increasing of 
LB of stems toward the south is accompanied by a decrease of the share of ground 
vegetation LB (such as moss, lichens, grass, and shrubs). In northern low productive 
ecosystems, the ground vegetation can contribute about half of the total LB storage 
in the ecosystem and roots – up to 30–35 % and more (Knorre  2003 ; Shvidenko 
et al .   2007a  ) . 

 Other estimates of LB of the entire vegetation cover for the study’s region in the 
above boundaries have never been reported. A number of the assessments that have 
been done for forest LB either for the Asian part of Russia or for individual admin-
istrative regions based on forest inventory of different years present rather consis-
tent results (Alexeyev and Birdsey  1998 ; Zavarzin  2007 ; Usoltsev    et al.  2011  ) . 

 Dead wood is an important indicator of the condition and functioning of forest 
ecosystems. The amount of dead wood (snags, logs, stumps, dry branches of living 
trees) was estimated in all natural ecosystems based on an extended database. Of the 
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total amount of dead wood carbon in all natural ecosystems (Table  6.5 ) at 6.27 Pg C, 
about 92 % are in forests. The amount of dead wood in Siberian forests is extremely 
high (on average 8.33 t C ha −1 , in volume units 38.8 m 3  ha −1 , almost 40 % of average 
growing stock volume). The major reasons for that are: (1) an absolute majority of 
Siberian forests are unmanaged; (2) dominance of mature and overmature, often 
uneven-aged forests; (3) wide distribution of natural disturbances like  fi re and 
insects outbreaks which provide the substantial partial postdisturbance dieback; and 
(4) slow decomposition rate of dead wood over major part of Siberia.  

 We calculated carbon content of the above-ground organic layer (with content of 
carbon >15 %) and the top 1-m layer for mineral soils below; carbon content for 
organic (peat) soil was estimated for 1 m from the surface (Tables  6.6  and  6.7 ). Soil 
organic carbon generates the biggest carbon pools in Siberian ecosystems at 
219.5 Pg C or 19.7 kg C m −2 . Of this amount, 5.0 % of the carbon lies in the on-ground 
organic layer.   

 Evidently, soil carbon content substantially varies by land classes ranging from 
2.12 kg C m −2  for unproductive land to 44.13 kg C m −2  across wetlands. The zonal 
gradient is not clearly expressed because of availability of different soil types in the 

   Table 6.3    Live biomass by major land classes and bioclimatic zones   

 Zone 

 Live biomass, Tg C by land classes 

 Forest  Agro  Burned  Wetland  Grassland 
 Open 
woodland  Total 

 Arctic  0.4  0.4 
 Tundra  404.2  0.2  1.9  308.4  850.5  50.6  1,615.8 
 FT, NT & SpT  2,841.7  0.3  5.4  179.1  291.9  187.8  3,506.2 
 Middle taiga  16,692.5  34.3  58.2  320.6  918.9  296.6  18,321.0 
 Southern taiga  4,870.7  40.9  2.4  152.9  35.6  11.2  5,113.7 
 Temperate forest  222.9  18.0  0.2  7.5  6.3  1.0  255.8 
 Steppe  467.9  126.5  0.4  33.6  22.7  1.8  652.9 
 D & SD  60.4  14.0  0.1  6.9  3.4  0.1  84.9 

 Total  25,560.3  234.2  68.5  1,008.9  2,129.7  549.1  29,550.7 

   Table 6.4    Average (by area unit) live biomass by land classes and bioclimatic zones   

 Zone 

 Live biomass, kg C m −2 , by land classes 

 Forest  Agro  Burned  Wetland  Grassland  Open woodland  Total 

 Arctic  0.13  0.13 
 Tundra  3.43  0.30  0.13  1.02  0.80  0.81  1.03 
 FT, NT & SpT  2.75  0.30  0.18  0.73  1.29  0.78  1.98 
 Middle taiga  4.38  0.33  0.38  0.88  1.24  0.84  3.31 
 Southern taiga  5.44  0.36  0.44  1.22  1.05  1.51  4.34 
 Temperate forest  4.02  0.38  0.45  1.25  1.02  1.48  2.20 
 Steppe  4.84  0.35  0.41  1.21  0.90  1.68  1.27 
 D & SD  5.47  0.34  0.41  1.10  0.59  1.85  1.31 

 Average  4.24  0.35  0.33  0.94  1.01  0.82  2.75 
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same bioclimatic zones. The average carbon ratio of soil to all types of vegetation 
(included LB and dead wood) is 6.12 and for forest −3.62. 

 Previous assessments of organic soil carbon and particularly of the on-ground 
organic layer vary substantially. For total organic soil carbon, they differ from our 
estimate in limits of ±10 % (Orlov et al.  1996 ; Rozhkov et al.  1996  ) . Differences 
for individual land classes are higher. For example, estimates for forest soils are in 
the range from −40 (Alexeyev and Birdsey  1998  )  to +15 % (Rozhkov et al.  1996  ) . 

     Fig. 6.1    Live biomass of Siberian ecosystems, kg C m −2        

   Table 6.5    Dead wood by land classes and bioclimatic zones   

 Zone 

 Dead wood by land classes 

 Stock, Tg C  Average, kg C m −2  

 Forest 
land  Wetland 

 Grass 
land  Total 

 Forest 
land  Wetland  Grassland  Total 

 Tundra  109.3  4.7  59.5  173.5  0.560  0.016  0.054  0.109 
 FT, NT & SpT  625.6  20.7  34.3  680.6  0.480  0.085  0.144  0.381 
 Middle taiga  4,018.1  46.7  293.0  4,357.9  0.926  0.129  0.382  0.797 
 Southern taiga  890.8  23.0  5.6  919.5  0.978  0.184  0.137  0.854 
 Temperate forest  46.2  1.0  2.5  49.7  0.713  0.152  0.227  0.605 
 Steppe  73.7  3.5  0.5  77.7  0.677  0.117  0.015  0.460 
 D & SD  10.6  0.6  0.2  11.3  0.871  0.082  0.031  0.447 

 Total  5,774.5  100.2  395.5  6,270.2  0.833  0.093  0.180  0.615 

 



1836 Terrestrial Ecosystems and Their Change

A number of reasons contribute to this: use of different land cover in the assessments, 
incompleteness of information used, lack of planning of the experiment, etc. Soil 
carbon remains the most uncertain carbon pool of Siberian ecosystems.  

    6.2.2.2   Net Primary Production of Ecosystems 

 Historically, numerous empirical data on NPP of Russian forests were biased due to 
two reasons: (1) they are based on destructive in situ measurements with intervals 
of weeks and months that do not account for a substantial part of NPP (e.g., root 
exudates or volatile organic compounds, VOC) which could reach 15–20 % and 
more in boreal forests (Vogt et al .   1986  )  and (2) the typical incompleteness of NPP 
measurements of some components of ecosystems, like  fi ne roots and below-ground 

   Table 6.6    Soil organic carbon pool (on-ground organic layer + 1 m deep of soil)   

 Zone 

 Soil carbon, Pg C by land category 

 UN  FOR  OW  BA  AR  HF & PS  FL & AA  WL  GL  Total 

 Arctic  0.01  0.03  0.04 
 Tundra  0.42  1.64  1.15  0.18  0.00  0.12  0.00  11.32  14.71  29.55 
 FT, NT & 

SpT 
 0.01  22.86  6.61  0.31  0.00  0.00  0.00  10.92  3.38  44.11 

 MT  0.13  61.32  5.27  2.35  0.05  0.93  0.44  16.40  11.00  97.90 
 ST  0.00  21.48  0.22  0.15  0.69  0.79  0.53  7.91  1.04  32.81 
 TF  0.00  1.13  0.03  0.01  0.38  0.32  0.37  0.24  0.20  2.68 
 Steppe  0.01  2.11  0.03  0.02  3.29  4.13  1.07  0.51  0.55  11.73 
 SD & D  0.00  0.11  0.00  0.00  0.01  0.39  0.03  0.09  0.05  0.68 

 Total   0.60    110.66    13.32    3.03    4.42    6.68    2.42    47.38    30.97    219.50  

  Land category:  UN  unproductive area,  For  forest,  OW  open woodland,  BA  burned area,  AR  arable 
land,  HF  &  PS  hay fi eld and pasture,  FL  &  AA  fallow and abandoned arable,  WL  wetland,  GL  
grassland and shrubland. Zone:  SF  &  NT  sparse forest and northern taiga,  MT  middle taiga,  ST  
southern taiga,  TF  temperate forest,  SD  &  D  semi desert and desert  

   Table 6.7    Average soil organic carbon density (on-ground organic layer +1 m deep of soil)   

 Zone 

 Soil carbon, kg C m −2  by land category 

 UN  FOR  OW  BA  AR  HF & PS  FL & AA  WL  GL  Average 

 Arctic  0.41  9.40  1.13 
 Tundra  2.16  13.76  18.56  12.10  0.00  12.16  7.06  37.51  13.30  16.32 
 FT, NT& 

SpT 
 5.27  22.13  27.34  10.70  10.00  6.44  10.35  44.69  14.16  24.63 

 MT  2.85  16.07  14.87  15.30  14.25  12.59  16.10  45.23  14.31  17.46 
 ST  4.97  24.02  29.62  27.78  18.61  16.74  18.65  63.16  25.55  27.66 
 TF  4.82  19.68  47.19  35.44  23.41  18.97  22.05  40.64  29.73  22.19 
 Steppe  5.35  21.85  27.83  23.57  25.11  21.30  25.50  18.41  20.49  22.44 
 SD & D  0.99  17.66  7.74  11.43  19.86  16.26  19.99  14.41  10.48  15.04 

 Average   2.12    18.38    19.94    14.82    23.45    18.24    21.00    44.13    14.10    19.74  
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parts of shrubs and the green forest  fl oor (Schulze et al .   1999 ; Vasiliev et al .   2001  ) . 
In order to eliminate bias, a new “semi-empirical” method for evaluation of NPP of 
Northern Eurasian forest ecosystems was developed (Shvidenko et al .   2007a,   2008  ) . 
The method is based on simulation of biological production of forest ecosystems 
using aggregation of regional empirical regularities of growth of forest stands and 
dynamic models of live biomass of forest ecosystems. The method does not have 
any recognized biases in contrast to existing empirical methods of assessment of 
forest NPP on large areas. This method has been used for assessing forest NPP. 

 NPP for other classes of natural vegetation has been assessed based on empirical 
in situ measurements. In general, such measurements also have shortcomings similar 
to the above mentioned for forests (e.g., Vasiliev et al .   2001  ) ; however, we were not 
able to avoid these. NPP of agricultural land was de fi ned similarly to live biomass 
of this land class. 

 The total annual NPP of Siberian ecosystems is estimated at 2.76 Pg C year −1 , or 
257 g C m −2  year −1 . By land classes, agricultural lands have the highest NPP 
(402 g C m −2  year −1 ) and open woodlands – the smallest (84 g C m −2  year −1 ); 97.5 % of 
open woodlands are situated in northern zones of Siberia, mostly in the forest-tundra 
ecotone – this is the reason for such low productivity. NPP of forests is estimated at 
283 g C m −2  year −1 . NPP of all land classes has clear zonal gradients (Table  6.9 ). 

 To our knowledge, there were no previous estimates of NPP for the entire region. 
The estimates for forests of individual regions reported by Usoltsev et al.  (  2011  )  are 
consistent with our results. Only one recent estimate of forest NPP for the Asian 
part of Russia has been reported – at 277 g C year −1  for 2003 (Shvidenko et al .  
 2008  ) . Note that previous estimates of NPP for all terrestrial ecosystems over the 
entire country are very diverse – from 2.75 Pg C year −1  (Filipchuk and Moiseev 
 2003  )  for the ~2000s to annual averages of 4.35 Pg C year −1  for 1988–1992 (Nilsson 
et al .   2003  )  and 4.73 Pg C year −1  for 1996–2002 (Zavarzin  2007  )  and up to 
5.1 ± 0.36 Pg C year −1  for 2003–2008 (Shvidenko et al .   2010b  ) . The latter paper 
reports NPP for Asian Russian forests that is very close to the above estimate of 
forest NPP (Table  6.8 ) – at 1.68 Pg C year −1  against 1.70 Pg C year −1 .  

 An important question is how certain are the above NPP estimates of Siberian 
ecosystems. Relatively comprehensive analysis of uncertainties could be done for 
forests (the approach is considered in Shvidenko et al .   2010b  )  that resulted in 
±6–8 % (CI 0.9). This conclusion is supported by comparisons with independent 
assessment by different methods. Yearly NPP de fi ned by 17 DGVMs (Cramer et al .  
 1999  ) , which included changing environment, on average differed from our assess-
ment only by +6 %. The NPP product from Terra-MODIS gives the average result 
almost identical to data of Table  6.8 , but shows a substantial bias of different sign 
for both low and high productive forests of the country.  

 Siberia faces a signi fi cant change of environment, which presumably substan-
tially impacts productivity of ecosystems, i.e., climate change, increasing atmo-
spheric concentration of CO 

2
 , and nitrogen deposition, and along with this a 

substantial acceleration of anthropogenic impacts. While the two last decades 
have been the warmest for the entire period of records, still the observed tempera-
ture trends and precipitation are rather far from limits of sustainable functioning 



1856 Terrestrial Ecosystems and Their Change

of regional ecosystems, particularly forests. However, intensive regional weather 
anomalies become more frequent and sometimes disastrous. 

 The average global concentration of CO 
2
  in the atmosphere continues to grow: in 

1995–2005 this indicator on average increased at 1.9 ppm year −1  (Forster and 
Ramaswamy  2007  ) . The impact of increasing concentration of CO 

2
  on NPP are usu-

ally described by “Killing’s formulae” NPP ( C  
0
 ) = NPP 

0
  [1 +   b   ln ( C  

a
 / C  

a = 0
 )] where 

 C  
a
  – actual concentration of CO 

2
 ,   b   – growth factor;  C  

a = 0
  is a base concentration of 

CO 
2
 , e.g., in the preindustrial period; NPP 

0
  = NPP( C  

a=0
 ) (Bacastov and Keeling 

 1973  ) . As a whole, an invigorative impact of CO 
2
  on ecosystem productivity is sup-

ported by a number of research  fi ndings; however, there are different results and 
opinions about the base parameters of this process. Increasing CO 

2
  concentration 

supports earlier maturing of forest trees (under smaller size in age of maturity) and 
unproportional allocation of carbon in generative organs (de Graaff et al .   2006  ) . 
Shortage of nitrogen decreases the fertilization effect of elevated concentrations of 
CO 

2
  on live biomass increment (Raich and Nadelhoffer  1989 ; Schneider et al .   2004  ) . 

Net C accumulation in boreal and temperate forests correlates with regional levels 
of net deposition of nitrogen (e.g., Magnani et al .   2007  ) . In comparative research of 

   Table 6.8    Net primary production of vegetation by land classes and bioclimatic zones   

 Zone 

 Net primary production, Tg C year −1  by land classes 

 Forest  Agro  Burned  Wetland  Grassland  Open woodland  Total 

 Arctic  0.2  0.2 
 Tundra  28.7  0.3  1.4  34.8  126.6  5.4  197.1 
 Sparse taiga  220.8  0.3  2.9  48.8  38.6  21.8  333.2 
 Middle taiga  1,065.1  39.5  22.4  94.7  180.9  27.3  1,429.8 
 Southern taiga  330.0  47.0  1.0  49.9  25.8  1.2  454.8 
 Temperate forest  19.5  20.7  0.1  3.7  5.4  0.1  49.5 
 Steppe  35.0  145.4  0.2  56.2  23.6  0.2  260.6 
 Semidesert and desert  3.8  16.1  0.0  8.4  3.2  0.0  31.6 

  Total    1,702.9    269.3    28.1    296.4    404.2    55.9    2,756.8  

   Table 6.9    Average net primary production by unit area by land classes and bioclimatic zones   

 Zone 

 Net primary production, g C m −2  year −1  by land classes 

 Forest  Agro  Burned  Wetland  Grassland  Open woodland  Total 

 Arctic  60  60 
 Tundra  244  350  95  115  119  86  126 
 Sparse taiga  214  346  100  200  171  90  188 
 Middle taiga  279  381  146  261  243  77  258 
 Southern taiga  369  419  185  399  758  156  386 
 Temperate forest  351  433  209  623  876  159  425 
 Steppe  363  400  195  2,021  936  166  506 
 Semidesert & desert  348  389  162  1,349  552  185  488 

  Overall average    283    402    137    276    192    84    257  



186 A.Z. Shvidenko et al.

the fertilization impacts of elevated CO 
2
  concentration on forests of different biomes, 

Ciais et al.  (  2005  )  reported the signi fi cant impact of this factor on boreal forests. 
 There are a number of empirical and modeling studies in support of increasing 

productivity along the circumpolar boreal and polar belts. It points to increasing of 
biomass, density, and height of vegetation. For instance, in Canadian tundra the 
biomass of mosses has increased by 74 % and evergreen shrubs by 60 % during the 
last two decades (Hudson and Henry  2009  ) . Some models predict the increase of 
productivity of spruce forests in European Russia (Oltchev et al .   2002 ; Olchev et al .  
 2008  ,  2009 )  in the future if projected increase of atmospheric СО 

2
  will be balanced 

by an increase of available soil nutrients (nitrogen, phosphorus, potassium). A rather 
consistent conclusion of a number of studies, climatic trends, and environmental 
change support an increase of productivity of ecosystems in Northern Eurasia. For 
forest ecosystems, annual average increase of net growth of Russian forests is esti-
mated at 0.4–0.6 % per year between 1960 and 2000 (Alexeyev and Markov  2003 ; 
Shvidenko et al .   2007b  ) , or about 20–25 % over this period. However, the possibility 
to distribute these data over Siberia should be used with caution due to the wide 
distribution of disturbances in the region. A decrease of growing stock in Alaska’s 
forests during 1957–2007 was reported by Rautiainen et al.  (  2011  ) . 

 Change of live biomass’ stock and NPP integrates all natural processes in the 
biosphere as well as the human impacts. It is suspected to lead to a reorganization 
of many components of the production process: reallocation of carbon in above- and 
below-ground parts of ecosystems, changing rate of decomposition of dead vegeta-
tion matter, changing the ratio of major components of carbon cycling (e.g., for NPP 
and heterotrophic respiration), and others. 

 It is hypothesized that warming is one of the major drivers of increasing produc-
tivity of vegetation ecosystems of Northern Eurasia, particularly forests although 
the usual climatic norm of temperature of growth periods is lower than the tempera-
ture optimum for indigenous tree species of temperate (25–30 °C) and boreal 
(15–20 °C) latitudes. This, however, requires a corresponding increase in precipita-
tion which was not observed over vast continental regions of Northern Eurasia dur-
ing recent decades (Lapenis et al .   2005  ) . There are examples from high latitudes 
when temperature increases lead to a decline of radial increment of trees due to a 
shortage of available water driven by elevated temperature (Barber et al .   2000  ) . 
Increasing growth period could enter into the con fl ict with plant’s photoperiodism, 
whereas insuf fi cient chilling negatively impacts NPP. Besides short-term impacts of 
elevated temperatures on ecosystems, there are numerous ecosystem indirect 
responses and feedbacks caused by water regime change, change of succession, 
change of nutrient availability, species composition, and outbreaks of insects and 
pathogens (e.g. Lloyd and Bunn  2007 ). 

 Impact of climate also yields a change of allometric relationships in boreal forests. 
Based on more than 3,000 sample plots, Lapenis et al.  (  2005  )  showed a pronounced 
increase in the share of green parts (leaves and needles) and a decrease in the share 
of above-ground wood in Russian forests between 1960 and 2000. However, there 
is a large geographical variation of this process. The shift has been largest within 
European Russia, where both summer temperatures and precipitation have increased. 
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On the contrary, in the northern and middle taiga of Siberia, where the climate has 
become warmer but drier, the fraction of the green parts has decreased while the 
fractions of aboveground wood and roots have increased. These changes are consis-
tent with experiments and mathematical models that predict a shift of carbon alloca-
tion to transpiring foliage with increasing temperature and lower allocation with 
increasing soil drought. This result might be considered as a possible demonstration 
of the acclimation of trees to ongoing warming and changes in the surface water 
balance which had a moderate trend during the considered period. 

 However, there are many unresolved questions in understanding the interaction 
of a changing environment with boreal vegetation. There is still no clear under-
standing how tree species and ecosystems function under dynamic conditions of 
multiple limitations for life resources. While there are no clear answers a number of 
important questions arise: (1) How stable is direct forcing of photosynthesis and 
NPP by the direct change of environment? (2) How much do limitations for resources 
(water, nutrients) restrict CO 

2
  fertilization effect and how long does the impact of 

such limitations remain substantial? (3) Could nitrogen depositions alleviate a short-
age of nitrogen that is usual for high latitudes? (4) How will cryogenic destruction 
of permafrost impact landscapes of high latitudes? Future experimental and model-
ing efforts are needed to answer these questions of fundamental importance.    

    6.3   Disturbance and Succession Dynamics of Forests 

    6.3.1   Disturbance Regime and Succession Dynamics 

 Natural- and human-induced disturbance is an integral feature of the boreal world. 
Large-scale disturbance shapes the vegetation mosaics that de fi ne boreal landscapes 
and de fi nes the structure of Siberian forest ecosystems by setting the beginning and 
end of successional dynamics (Heinselman  1978 ; Shugart et al .   1992 ; Antonovski 
et al .   1992  ) . Disturbance is an inherent geographical, landscape, ecosystem, and site-
speci fi c phenomenon that interacts as relatively stable processes or combinations of 
speci fi c or novel disturbance that de fi nes the “disturbance regime” of that ecosystem 
or biogeocenosis (Chudnikov  1931 ; Tumel  1939 ; Shvidenko and Nilsson  2000b  ) . 
Major types of disturbance ( fi re, insect/diseases outbreaks, harvest, snow- and wind-
breaks, pollution and industrial transformation) impact, on average, 10–25 × 10 6  ha of 
Siberian forest land annually. 

 Successional dynamics form the foundation for the beginning, development and 
destruction of forests, natural or planted (Sukachev  1972 ; Kolesnikov  1956 ; Sedykh 
 2009  ) . Knowledge of successional regularities serves as the background for under-
standing the spatial and temporal dynamics of forest ecosystems. Speci fi cs of forest 
forming successional processes are revealed in the number of stems, individual or 
species cohorts, spatial extent, health and duration of successional phases (i.e., time 
periods of a speci fi c quantitative and qualitative morphological forest ecosystem 
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state, which is characterized by homogenous structure and regularities of age dynamics) 
and stages (successional age development within the phases, e.g., a period with dark 
coniferous understory succeeding in secondary birch and aspen overstory). 

 Based on classical works of V. Sukachev and B. Kolesnikov, a comprehensive 
classi fi cation of successions in Siberian forests that has been developed and param-
etrized by the European Commission project  Siberia  (D. Efremov, A. Isaev, P. 
Khomentovsky, G. Korovin, V. Rozhkov, V. Sedykh, A. Sheingauz, A. Shvidenko) 
includes six classes – climatic-morphogenic, biogenic, cenogenic or age-related 
changes, pyrogenic or post fi re, anthropogenic, and climax sparse forests growing 
in extreme conditions (e.g., on bogs or subalpine sites) which are divided into 
subclasses, genera, and kinds (Shvidenko et al.  2001 ; Farber  2000 ; Sedykh  2009  ) . 
Of this classi fi cation, only two classes of succession – cenogenic (including three 
major subclasses – succession with change of species, without changes of species 
and point-dispersion) and climax sparse forests represent dynamics driven by 
endogenous factors of ecosystem development. The rest of the classes (>90 % of the 
forest land in Siberia) are driven be exogenous impacts, i.e., by disturbance. 
Expanding on this thought, the beginning and end of cenogenic phases are also set 
by disturbance, and disturbance on climax sparse forest lands could alter the system, 
potentially for centuries. If there is a landscape-scale balance of endogenous and 
exogenous factors, this maintains stability in landscapes at the regional scale. Thus, 
disturbance regimes de fi ne the speci fi cs of the temporal and spatial dynamics 
of Siberian forests, and changes in disturbance regimes could alter the mosaic 
structure of regional-scale landscapes. According to estimates of the Project  Siberia  
(Schmullius and Santoro  2005  ) , phases of pyrogenic succession include from 40 to 
96 % of the total forest land by individual ecological regions of Siberia.  

    6.3.2   Fire 

 Fire is a major natural disturbance in Siberian ecosystems, in particular, in forests, 
because of: (1) dominance of natural ecosystems in Siberia; (2) almost all Siberian for-
ests are boreal forests, and 71 % of them are dominated by coniferous stands of high  fi re 
hazard; (3) a major part of the forested territory is practically unmanaged and unpro-
tected – large  fi res (>200 ha) play an important role in this region; (4) natural ecosystems 
accumulate large amounts of dead organic matter due to slow decomposition of plant 
residuals; and (5) a substantial part of natural ecosystems (particularly in Central and 
Eastern Siberia) are situated in regions with limited amounts of precipitation during the 
 fi re season and/or frequent occurrences of long drought periods during the  fi re season 
that often generates  fi res of high severity. The double-faceted role of forest  fi res – 
destructive and creative – is well recognized in high latitudes. In the central and southern 
part of the boreal zone, forest  fi res are one of the most dangerous environmental 
phenomena, which cause signi fi cant economic losses and have a strong negative eco-
logical impact on forest ecosystems and environment. In unmanaged and unused forests 
of northern and sparse taiga, speci fi cally in permafrost regions, on-ground  fi re with a 
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“normal”  fi re cycle (80–100 years) is a natural mechanism for preventing the decreased 
productivity of forests, paludi fi cation of forest lands and  fi nally, hinders the distribution 
of deserti fi cation (Sedykh  1990  ) . However, even in high latitudes, frequent human-
induced recurrent non-stand replacing  fi res can signi fi cantly decrease the actual 
productivity and resilience of forests (up to 40–50 %). 

 Fire activity is basically driven by four major factors – weather/climate, amount 
and condition of fuel, ignition agents, and human activities. All these together form 
landscape speci fi c  fi re (pyrological) regimes – stable combinations of individual 
types of vegetation (forest)  fi res and their characteristics, as well as speci fi c interac-
tions between ecosystem,  fi re, and other disturbance types. Fire regimes are quanti fi ed 
by a number of indicators, which are explicitly de fi ned in space and time (extent of 
 fi re; frequency, e.g., in form of return  fi re interval; intensity of burning, measured, 
e.g., by radiative energy; indicators of post fi re forest transformation, etc.). 

 On average, for basic forest upland types and geographical localities, the  fi re-
return interval in Siberian taiga forests including all types of  fi re is 25–70 years. 
However, the variation of  fi re frequency is very large: upper limits are 250–300 years 
for wet sites and dark coniferous forests (and up to 500–700 years for wetlands), 
lower limits are 7–15 years, and even less, usually observed in dry pine and larch 
forests in densely populated areas. In a historical perspective, areas in which no  fi res 
occurred during a single life cycle of coniferous taiga forests (200–300 years) are 
negligibly small in drainage sites of the taiga zone (Furyaev  1996  ) . For major forest 
types of the taiga zone,  fi re is physically possible if the amount of on-ground fuel 
exceeds 0.5 kg dm m −2 . Particularly severe  fi res occur in forests disturbed by insects, 
so-called  shelkoprjadniki . 

 The majority of the  fi re events in Siberia are of human origin and about 20–30 % 
in some regions (measured by  fi re extent) can be attributed to natural factors alone 
(mostly lightning). The majority of  fi res (~75–85 %) are ground  fi res, either 
super fi cial or steady. Crown  fi res comprise about 20 %; however, in extremely 
severe  fi re years this share could be doubled (Shvidenko and Nilsson  2000a ; Achard 
et al .   2008  ) . Crown and peat  fi res are stand-replacing  fi res, while on-ground  fi res 
cause a partial dieback which is accounted for from 5–7 % (by initial growing stock) 
to 70–90 % after steady ground  fi res, particularly in usually wet sites and on perma-
frost. Indicators of  fi re regime depend on many factors: weather speci fi cs during the 
vegetation period, fuel characteristics of forests and adjoining vegetation, type of 
forest formation, spatial structure of landscapes, their ecological regimes, inter-
annual climate variability (recurrence of extreme droughts), density of population, 
accessibility of forests, level of forest  fi re protection, and others. 

 Severity and extent of  fi re de fi ne the level of transformation of indigenous veg-
etation that could be expressed by different indicators of disturbance rate (e.g., loss 
of productivity). Publications report that about 35 % of Siberian forests could be 
classi fi ed as disturbed forests. Irreversible change in forest ecosystems becomes 
particularly evident after so-called  mega -or  catastrophic  fi res . Catastrophic wild fi res 
are  fi res covering an area of more than 10,000 ha, resulting in the total destruction 
of vegetation and organgenic horizons of soils, or the simultaneous occurrence of 
several  fi res of the same total area and intensity over a total area of 1,000 km 2  
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(Sheshukov  1967  ) . Sukhinin  (  2009  )  de fi nes catastrophic  fi res as those which envelop 
substantial part of a landscape (>20,000 ha) under conditions of a long-period anti-
cyclone and the highest class of drought; they have an extremely high intensity of 
burning and post fi re dieback >50 % of growing stock. During years of high  fi re 
danger, a “spring”  fi re regime is transformed into a “late-summer” one that re fl ects 
a substantial increase in  fi re severity and a following increase of carbon and 
nitrogen emissions. 

 Long-term consequences of catastrophic  fi res are the irreversible transformation 
of the forest environment, which is obvious beyond the restoration period of indig-
enous forest ecosystems, i.e., exceeds the lifetime of major forest forming species 
(that ranges from 150 to 400 years for major forest forming species of Siberia). 
They reveal the following aspects (Yefremov and Shvidenko  2004  ) :

   A signi fi cant (up to several times) decrease of the biological productivity of • 
forest lands due to the destruction of the indigenous ecotopes and replacement of 
indigenous vegetation formations  
  Irreversible changes of the cryogenic regime of soils and rocks  • 
  Change of long-term amplitude of hydrothermal indicators beyond natural • 
 fl uctuation  
  Changes of multi-year average hydrothermal and biochemical indicators of • 
aquatic and sediment runoff, as well as of hydrological regimes and channel 
processes of water streams  
  Accumulative impacts on atmospheric processes resulting in global climate • 
change  
  Acceleration of large-scale outbreaks of insects and disease  • 
  Irreversible loss of biodiversity including rare and threatened  fl ora and fauna • 
species  
  Transboundary water and air transfer of pyrogenic products  • 
  Change of historical migration routes for migratory birds, ground and water • 
animals    

 In particular, the correlation coef fi cient between the share of unforested areas in 
forest landscapes and the forest  fi re occurrence rate was estimated at 0.49 (CI 0.95) 
(Sheingauz  2001  ) . At the level of forest enterprises, a 1 % increase in a forest  fi re 
occurrence rate on average causes an 8.4 % decrease in the percentage of forest cover. 

 By estimates, forest  fi res increased the total area of deforested lands in the Asian 
part of Russia by up to 20 million ha over the last 50 years (Yefremov and Shvidenko 
 2004  ) . Generally, single or repeated catastrophic forest  fi res transform about 30 % 
of highly productive forest land (with a total stock of live biomass of up to 200–
300 Mg dry matter per ha) to barren land areas for which forest regeneration is 
postponed for an inde fi nitely long period of time (process of “green deserti fi cation”). 
On average for the taiga zone, such lands comprise up to 70 % of bogs, 15 % of 
grass-small shrub and shrub lands, 10 % of open woodlands, and up to 5 % of stone 
 fi elds and stone outcrops. These territories can only be rehabilitated through targeted 
and labor-consuming meliorations. The natural restoration of forests in these areas 
requires several hundred years. 
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 Recent years reveal substantial impacts of catastrophic  fi res on regional weather. 
Observations of atmospheric patterns over burning and smoking forests in Eastern 
Siberia and the Far East in 1998 recognized the presence of anticyclones above huge 
areas of Northern Asia, from the Yenisei River to the Okhotsk Sea (Sokolova and 
Teteryatnikova  2002  ) . These territories, where enormous amounts of forest fuels 
were accumulated and which had a large-scale smoke blanket of a size comparable 
to the extent of the baric systems (i.e., an area of more than 350–400,000 km 2 ), had 
a long period of high atmospheric pressure. It forces the cyclones to take a southern 
bypass. This caused intensi fi ed drought episodes over the  fi re-affected areas that 
extenuate the forest  fi re situation. The presence of anticyclones in temperate lati-
tudes of Eastern Asia both in winter (that is common) and summer time (that is 
unusual) was due to the increased air density (through the cooling down of near-
surface layers caused by the smoke aerosol), and summer anticyclones were dupli-
cating the mechanism of winter ones. Alternatively, such a meteorological situation 
can generate long periods of rainfall and catastrophic  fl oods as in the basin of 
Yangtze River in the summer of 1998. 

 Analysis of meteorological processes based on pressure charts identi fi ed an 
important speci fi c feature. In all years, when in early summer the usual tropospheric 
ridges at a baric height of AT-500 arose in the smoke affected atmosphere, the anti-
cyclones (associated with a drought) persisted in this area over the entire summer. 
This smoke-affected anticyclone remains over the entire warm period, and such a 
phenomenon was observed only in territories affected by the smoke. During the 
summer, the continental tropospheric ridge is being supported by powerful heat 
 fl uxes from  fi re and hot smoke. Only the decreased temperature in late summer 
eliminates the in fl uence of smoke atmospheric aerosol that leads to the gradual 
destruction of the continental tropospheric ridge. 

 Meteorological conditions which initiated catastrophic forest  fi re occurred in 
1954, 1968, 1976, 1988, and 1998 in the Amur River Region, in 1979, 1985, 1998, 
and 2003 – in Eastern Siberia (from Krasnoyarsk Kray to Burjatia and Chita regions), 
in 1996 – in Amur Oblast and in the Republic of Sakha, and in 2002 – in the Republic 
of Sakha (Sokolova and Teteryatnikova  2002  ) . In spite of incomplete understanding 
of the mechanism of the above-mentioned regularities, one could assume that cata-
strophic forest  fi res have a substantial in fl uence on the formation and alteration of 
the regional climates. 

 Substantial negative impacts of catastrophic  fi res in south taiga on biodiversity 
were reported (Kulikov  1998  )  and are particularly dangerous at ecotone boundaries 
of natural habitats of animal and plants. These  fi res decrease the amount of fodder, 
lead to fragmentation of habitats, and eventually substantially decrease populations 
of animals, reptiles, and birds. Also migrating birds and ungulates now use routes 
that differ from their traditional ones. However, forest  fi res of moderate intensity in 
high latitudes could protect and promote biodiversity at both ecosystem and species 
levels (Sedykh  2009  ) . 

 Relatively reliable documented records of areas of vegetation  fi re in Siberia exist 
since 1998 when several remote sensing centers in Russia and abroad started sys-
tematic reporting of areas enveloped by  fi re and burned areas. Improving knowledge 
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and availability of new satellite-based  fi re products substantially improved 
understanding of  fi re regimes and emission estimates from wildland  fi re. Three 
major remote sensing products that were used for detection of vegetation  fi re in 
Siberia – Spot Vegetation (VGT), Terra-MODIS, and Advanced Very High 
Resolution Radiometer on board of NOAA satellites (AVHRR) – have similar tem-
poral and nadir spatial resolutions. Products from VGT and MODIS have better 
geometric  fi delity, radiometric calibration, multi-spectral registration, multi-tempo-
ral registration, and absolute geolocation but are not based on thermal channels. The 
latter is important for  fi re detection due to dominance of ground  fi re in Siberia. 
Different sensors provide substantial diversity of seasonal variation of the number 
of  fi res and the area burned. However   , detection of large  fi res (>200 ha), which 
comprise about 90 % of burned areas in Siberia are of the same magnitude. This 
results in relatively consistent estimates of burned areas by the above sensors (e.g., 
Bartalev et al .   2007 ; Van Der Werf et al .   2006  )  – the differences between the total 
annual areas that are enveloped by  fi re are in the range of ±20–25 %. However, 
some publications present a substantially higher variability. For instance, the aver-
age area of vegetation  fi re over the entire country (of which >90 % occurred in 
Siberia) is reported to be 19.6 million ha from 2003 to 2007 included 6.9 million ha 
in forest (Vivchar  2010  ) , while the estimate of burned area in forest (Ershov et al. 
 2009  )  is 3.9 million ha for the same period. Both of these assessments are based on 
the same remote sensing products (Terra-MODIS). Reliability of these estimates 
remains questionable, particularly for large areas of grassland, croplands, wood-
land, and wooded grassland. Usually coarse resolution remote sensing, particularly 
those based on optical and infrared bands, underestimate the burned areas (Zhang 
et al .   2003  ) . Of fi cial Russian  fi re statistics which represented  fi re in so-called 
“actively protected forests” of Siberia underestimated actual burned areas on forest 
land by an order of magnitude (Shvidenko and Goldammer  2001  ) . 

 In this study we used data presented by the Institute of Forest (Krasnoyarsk) 
(available also at IIASA FOR website). Wild fi re data were acquired based on 
AVHRR imagery (hot spots) with sampling control of burned area by LANDSAT 
(Sukhinin  2008  ) . The approach and algorithm used are described in details in Soja 
et al .   (  2004  ) . Taking into account that AVHRR (bands 2, 3, 4, and 5) overestimate 
burned areas, particularly for small  fi res, the estimates have been corrected by using 
regression with burned-area estimates from LANDSAT ETM+ (resolution 30 m) for 
a number of regions. Likely,    the AVHRR/LANDSAT ETM+ method currently 
provides the most reliable estimates of areas of vegetation  fi res in Russia. 

 The average areas affected by  fi re between 1998 and 2010 in Siberia is estimated 
at 7.4 × 10 6  ha, of which 50–70 % are on forest land (Fig.  6.2 ) with the variation 
from 3.6 (2004) to 16.1 × 10 6  ha (2003). The change of burned areas for the last 
13 years do not give any clear answer about the short-term dynamics of  fi re danger 
in Siberia.  

 However, there is evidence that occurrence of  fi re danger years have been 
increasing during recent decades. Speci fi c weather during the two recent decades 
had a rapid and pronounced effect on  fi re activity and caused new tendencies of  fi re 
regimes. The latter include increase of the extent, frequency, and severity of  fi res; 
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the similar picture is observed during the last several decades across the entire 
circumpolar belt (Kasischke and Turetsky  2006 ; Yefremov and Shvidenko  2004 ; 
Ivanova  1996,   1998 –1999). It has been shown that the observed increases of burned 
areas during recent decades are the result of climate change (e.g., Gillett et al .   2004  ) . 
Large  fi res increased areas of usually nonburned land classes, particularly wetlands, 
which became more vulnerable to  fi re. It substantially increased the total amount 
of greenhouse gas emissions, as well as the amount of such gas components as 
CO, CH 

4
 , CH 

3
 Br, and CH 

3
 Cl due to increasing smoldering consumption (Manö and 

Andreae  1994  ) . 
 Vaganov et al.  (  1996  )  based on dendrochronological analysis for the last 380 years 

reconstructed  fi re frequency in pine forests of two regions in Krasnoyarsk Kray, and 
showed a statistically signi fi cant correlation between climatic indicators and occurrence of 
forest  fi re. The length of the mean  fi re return interval by the regions (of 35 and 18 years) 
was clearly impacted by anthropogenic impacts by end of the studied period. 

 For the zone of northern taiga (River NizhnyayaTunguska basin around Tura in East 
Siberia, about 65°N), the region of dominance of larch forests, Kharuk et al.  (  2008  )  
showed that during the nineteenth century the  fi re return interval (FRI) decreased from 
101 to 65 years in the twentieth century. For the more southern territories (~60°N) of 
the larch-mixed zone ecotone, the decrease was from 97 to 50 years. 

 Efremov and Shvidenko ( 2004 ) reported a trend of increasing annually burned 
area in Khabarovsk Kray during recent decades. 
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  Fig. 6.2    Area affected by  fi re and pests in Siberia in 1998–2010. Average burned area 
8.23 × 10 6  ha year −1  (From 4.2 × 10 6  ha in 1999 to 17.3 × 10 6  ha in 2003). Average area of pest and 
diseases breakout is 2.9 × 10 6  ha year −1  (From 0.6 to 9.4 × 10 6  ha)       

 



194 A.Z. Shvidenko et al.

 Evidently dynamics of  fi re frequency depend on many reasons, both climatic and 
anthropogenic. An important factor is industrial development of previously 
untouched territories. Ivanova  (  1996  )  reported the following sequence of extremely 
dangerous  fi re years for Evenkia: 2 in seventeenth century, 3 in eighteenth century, 
9 in nineteenth century, and 29 in twentieth century. 

 Permafrost and wetlands interacts with  fi re activity, emissions of carbon, methane, 
and other greenhouse gases, and post fi re mortality. Very likely higher temperatures 
and permafrost thaw will increase the  fi re activity and vulnerability of terrestrial 
ecosystems to burning due to (1) changing hydrological regimes over vast territories 
due to decreasing water table and increasing evapotranspiration, (2) wider distribu-
tion of deep burning, and (3) more intensive post fi re dieback. 

 Interactions between  fi re regimes land use and climate may become increasingly 
important for carbon storage and  fl uxes in ecosystems. One could suppose that 
climate change and other pressures (such as industrial development and expanding 
populated areas) will provide a further profound effect on the boreal ecosystem. If 
current climatic predictions are realized, future  fi re regimes will be characterized by 
(1) increasing length of  fi re season; (2) accelerated  fi re activities – number of igni-
tions, large areas with extreme  fi re hazards, etc.; (3) increased area burned, severity 
of burning, and amount of consumed fuel; (4) increased occurrence of disastrous 
 fi res; and (5) increased post fi re impacts on ecosystems and landscapes. 

 The ability of Siberian forest management to cope with these changes is very 
limited. Current forest  fi re protection operates within a narrow margin between suc-
cess and failure, and disastrous  fi res of recent decades in Siberia clearly illustrated 
the scale of problems that arise. It requires substantial changes to forest manage-
ment policies including setting of priorities, prevention programs,  fi re monitoring 
systems, initial attack capabilities, and modi fi cation of some legislative and institu-
tional aspects of forest management like access restriction policies. 

 Research indicates the inability of current  fi re protection systems to successfully 
withstand the increased  fi re pressure even in countries with highly organized  fi re 
protection (like Canada and USA) and could lead to catastrophic consequences 
in countries with  fi re management in disarray (like Russia). The  fi re season-2010 
in Russia, when large  fi res occurred in densely populated territories of European 
Russia, has brought economic losses of about USD ten billion. 

 Based on GCMs and different vegetation models, a substantial increase of  fi re 
hazard is predicted over the entire circumpolar belt mostly due to warming, particu-
larly in southern and continental regions (see also le Goff et al .   2009 ; Balshi et al .  
 2009  ) . There is a general tendency of increasing risk, extent, and severity of forest 
 fi re, as well as length of  fi re season. For Siberia,  fi re danger may increase by a factor 
of 3–4, with a peak in the middle of August. By end of the twenty- fi rst century, the 
risk may be decreasing due to increase of precipitation according the contemporary 
GCM predictions (e.g., Mokhov et al.  2006 ,  2009 , cf., Chapter 3). Intensi fi cation of 
 fi re activities will be accompanied by substantial shift of bioclimatic zones north-
ward up to 600–1,000 km. New climate and accelerated  fi re regimes may halve 
areas of Siberian forests by 2080 (Tchebakova et al .   2009 ). For Canada, an average 
increase in the Seasonal Severity Rating and the resulting area burned is expected at 
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~50 % by mid-twenty- fi rst century (2 × CO 
2
  scenario, Flannigan and Van Wagner 

 1991  ) . An earlier start of  fi re season and signi fi cant increases of area large  fi re in 
both Canada and Siberia has been predicted by Stocks et al.  (  1998  ) . Many other 
studies predict increasing the area burned, particularly due to increasing lightning-
caused  fi res. Altered  fi re regimes, succession dynamics, and permafrost behavior 
could result in a positive feedback intensifying rates of climate change (Kurz et al .  
 1995 ; Lyons et al .   1998 ; Soja et al .   2007  ) . 

 National programs of adaptation to, and mitigation of negative consequences of 
climate change in the boreal zone, should include  fi re protection as a cornerstone of 
current and future sustainable forest management. Development of long-term strate-
gies of adaptation by boreal landscapes to future climates is an urgent problem 
today. The inherent uncertainty of forecasts is a speci fi c problem of such develop-
ments, and hence the need for use of win-win strategies which would be robust to a 
diversity of possible scenarios. International cooperation in further development of 
boreal  fi re protection is an issue of the highest priority.  

    6.3.3   Biotic and Other Disturbances 

 Among numerous biotic disturbances, insect and disease outbreaks are most impor-
tant. Of fi cial data on biotic factor impacts remain only a source of information 
because remote sensing is still not able to identify the partial damage which is usu-
ally caused by pests and pathogens. Very likely, of fi cial statistics underestimate the 
real impacts of biotic disturbances, although this underestimation is probably less 
than for  fi re because major areas of insect and disease infestations are located in 
southern regions, where forest pathological monitoring is provided. According to 
rather consistent opinions of Russian experts, the damage caused by insect and dis-
eases is of the same magnitude of that generated by  fi re (Isaev  1997 ; Baranchikov 
et al .   2001 ; Isaev et al .   2001  ) . In areas of insect and disease outbreaks, the trees are 
killed completely or partially, productivity and vitality of forests are substantially 
decreased, and large amounts of dead wood are accumulated. The latter increases 
 fl ammability of damaged forests and frequency and severity of  fi res that slows down 
the natural regeneration. 

 Phyllophagous are the most harmful group of insects, particularly, in territories 
of concurrent interactions between different types of vegetation (e.g., the ecotone 
forest-steppe, or taiga-subtaiga forests). In zonal taiga vegetation types, insect out-
breaks are initiated by special weather and landscape conditions and have a clear 
cycling character (e.g., Baranchikov  2011  ) . As a rule, warmer and drier weather 
provokes large-scale outbreaks. For instance, the most dangerous Northern Eurasia 
forest insect – Siberian silk moth ( Dendrolimus superans sibiricus  Btl.) has favor-
able conditions for outbreaks in dark coniferous and pine forest, if the sum of active 
temperature exceeds 1,600 °C and radiation dryness index (RDI) by Budyko is >1.5; 
for larch forests the weather should be drier (RDI >2.0). Outbreaks of other dangerous 
insects ( Bupalus piniarius ,  Dendrolimus pini ,  Lymantria dispar ,  L. monacha ) are 
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usual when the amount of heat >1,800–2,000 °C and RDI is 1.5–2.0 (Rozhkov 
 1965 ; Pleshanov  1982 ; Yurchenko et al .   2003  ) . Under such conditions, outbreaks 
take on an eruptive (pulsating) character of the dynamics of insect populations, 
occupy signi fi cant areas and cause signi fi cant economic damage, lead to deep eco-
logical transformation, and result in changes of composition and structure of forest 
cover (Epova and Pleshanov  1995  ) . 

 The history of insect outbreaks in Asian Russia is impressive. In the southern 
taiga of Tomsk Oblast and Krasnoyarsky Kray, seven outbreaks of Siberian silk moth 
occurred during the period from 1878 to 1970, and the areas of dark coniferous forest 
that perished totaled more than 8 × 10 6  ha (Isaev  1997 ). The area of forests killed in 
Siberia and the Far East by this dangerous insect between 1880 and 1969 is estimated 
to be 13 × 10 6  ha with destroyed growing stock of two billion m 3 . Six outbreaks were 
observed in territories of Irkutsk Oblast from 1870 to 1963, and  Pinus sibirica  forests 
were killed over an area of 1.06 × 10 6  ha with losses of 160 × 10 6  m 3  of wood (Rozhkov 
 1965  ) . The outbreak of Siberian silk moss in East Siberia (1993–1997) impacted 
about one million ha and resulted in timber loss of ~50 × 10 6  m 3  in highly productive 
dark coniferous forests (Isaev  1997 ). Much warmer than usual weather conditions 
during the last 3 years of the twentieth century provoked an outbreak of Siberian 
silk moth over a total area of almost ten million ha (2001), mostly in larch forests in 
the far north, where this pest was not typically observed. 

 Of fi cial data for the last decades shows an increase of the areas affected by bio-
genic factors. According to of fi cial statistics, the total area of outbreaks of insect 
and diseases (de fi ned as forested area in which pathological die-back exceeds the 
natural mortality more than two times) in Russian forest under state forest manage-
ment during the period from 1973 to 1987 ranged between 1.5 × 10 6  ha and 
3.8 × 10 6  ha, with an average 2.73 × 10 6  ha (Isaev  1991 ,  1997  ) . During the decade 
1988–1997, the average annual area reported was at 1.55 × 10 6  ha with the seasonal 
variability of individual years from 1.43 to 2.28 × 10 6  ha. The average for 1998–
2010 was 5.48 × 10 6  ha with the peak of 10.4 × 10 6  ha in 2001 (FAFMRF  2010  ) . The 
yearly average area for Siberia is estimated at 2.9 × 10 6 , with substantial variation – 
from 0.6 × 10 6  to 10.4 × 10 6  (Fig.  6.2 ). 

 Pine forests are damaged by pine silk moth ( Dendrolimus pini ), usually in south-
ern regions of West and Central Siberia, and up to Mongolia, where it produces 
severe defoliation of pine stands in dry sites with poor sandy soils. Outbreaks occur 
after several drought years, and could last up to 7–8 years. Curtain dieback of trees 
begins after 2–3 years of damage, and complete dieback after a longer period. The 
biggest harm is observed in young planted pine forests.  Bupalus piniaris  signi fi cantly 
damages pine forests in critical site conditions (e.g., in forest steppe of Upper 
Priobie). Unpaired silkworm ( Lymantria dispar ) damages practically all deciduous 
and larch forests; often its outbreaks co-occur with other dangerous insects (e.g., 
 Denrolimus superans, Lymantria monacha ) (Kondakov  1987  ) . Although under 
one-two defoliations, deciduous and larch forests restored their assimilation organs, 
decrease of current increment can reach 50 %.  Lymantria monacha  is a very heat-
loving species, and its outbreaks happen only under the heat availability of GDD at 
about 2,200 °C, usually in the forest steppe of West Siberia, where single severe 
defoliations are usually observed. 
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 Large-scale outbreaks of dangerous insects during recent decades were also 
reported for the north of the American continent (e.g., Kurz et al.  2008b ; Volney and 
Fleming  2007  ) . As a rule, similar to Siberia, the massive outbreaks were facilitated 
by the impacts of extremely warm and dry summers of several years in a row and 
milder than usual winters that together supported shortening the life cycle and fertil-
ity of insects. It is expected that projected climate change in the boreal zone will 
cause the increase of frequency and intensity of outbreaks in both direct (through 
direct impact of climate) and indirect (through decreasing resilience of ecosystems 
and disruption of community interactions between different components of biogeo-
cenosis) ways (e.g., Stireman et al.  2005  ) . 

 Other large-scale disturbance processes, like drying of large areas of forests, 
caused by a complicated combination of biotic and abiotic factors, are reported for 
different regions of the country. This is a rather typical process in Far Eastern 
spruce- fi r forests. During recent decades, several waves of increasing dieback of 
trees were observed here. During the large wave of the second half of the 1960s, the 
areas of drying forests were estimated to be 5.5 × 10 6  ha in territories of the two 
administrative regions of the Russian Far East – Khabarovsk and Primorsk Krays 
(44 % of the total spruce- fi r forests there) with the storage of dead wood of more 
than 360 × 10 6  m 3  (24 % of the total living and dead growing stock by the moment), 
with average storage of dead wood at about 100 m 3  ha −1  (Ageenko  1969  ) . The next 
wave occurred between 1970 and 1980 in Sikhote-Alin where only in seven forest 
enterprises, 165,000 ha of forest died with a growing stock of 14 million m 3  (data of 
forest pathological survey of 1987–1988). The last wave of dryness was observed 
during the period from 1989 to 1993. Many hypotheses have been expressed attempting 
to explain this phenomenon, but there is no generally accepted answer (Manko and 
Gladkova  2001  ) . 

 Air pollution, industrial destruction of sites and unfavorable weather conditions, 
wind and snowbreak also damage forests over large territories. As a rule, these data 
are not reported in any regular way. A special survey on impacts of air pollution 
(1991) indicated 321 × 10 3  ha of dead forests with 465 × 10 3  ha strongly disturbed 
due to this impact. The survey was substantially incomplete. Surveys in the area 
around Norilsk (the northern part of Krasnoyarsk Kray) in 1992 estimated 2 × 10 6  ha 
of dead forest-tundra landscapes, of which 650 × 10 3  ha of forests has been killed; 
another 1.0 × 10 6  ha forests were found with evident serious negative impact (Isaev 
 1991 ,  1997  ) . Kharuk et al.  (  2006 ) estimated areas of forests declined in Siberia by 
pollution at 3–3.5 × 10 6  ha, – three to four times more than the of fi cially reported 
data for all the country.   

    6.4   Carbon Budget of Siberian Ecosystems 

 There is a substantial set of publications considering different aspects of the carbon 
budget of ecosystems of Northern Eurasia for individual regions, different vegeta-
tion types and countries as a whole (e.g., for Russia). These publications used 
diverse methods, had different information background, and reported a wide range 
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of estimates. In this section, we present the carbon budget for the territory 
delineated for this study (for the  fi rst time), as well as important results obtained by 
major methods of carbon accounting for parts of the region and sometimes – for 
comparison – for the entire country. 

 Current philosophy of ecosystem carbon accounting is based on two prerequi-
sites: (1) a need to follow the major requirements of applied systems analysis, and 
(2) that a proper understanding of the role which terrestrial ecosystems play in the 
global carbon cycling requires a  veri fi ed terrestrial ecosystems full carbon account  
(FCA). The FCA means (1) assessing all  fl uxes of major carbon-containing green-
house gases, aerosols, and lateral carbon  fl uxes in the hydrosphere and lithosphere 
should include all ecosystems and processes in a spatially and temporally explicit 
way; (2) uncertainties are assessed comprehensively and transparently at all stages 
and for all modules of the account; and (3) the methodology used presents informa-
tion how to optimally manage the uncertainties (Shvidenko et al .   2010b  ) . 

 The FCA is considered a complicated, stochastic dynamic underspeci fi ed 
(fuzzy) system that cannot be directly veri fi ed due to obvious cost and resource 
limitations. Fuzziness of the FCA de fi nes that any approach of carbon accounting, 
individually implemented, is unable to recognize structural uncertainties, and the 
usually reported uncertainties in essence represent only a part (i.e., “within model”) 
of the real uncertainties. Thus, the FCA requires a systematic combination of the 
relevant methods (landscape-ecosystem method which covers bottom-up semi-
empirical assessments of C pools and  fl uxes, direct measurements of C exchange 
with the atmosphere by eddy covariance, dynamic vegetation models (DVMs), and 
top-down inverse modeling) and harmonization and multiple constraints of inde-
pendent results. 

    6.4.1   Carbon Account by Landscape-Ecosystem Approach 

 The landscape-ecosystem approach (LEA) is an attempt to implement major sys-
tems requirements to the FCA based on as comprehensive as possible description of 
land and ecosystems and the use of all related empirical data and models. This 
allows for consideration of the LEA as a basis for designing carbon accounting 
schemes and as a background for comparative analysis. The LEA includes a rele-
vant combination of pool-based and  fl ux-based approaches. The pool-based method 
estimates the change of ecosystems’ carbon pools for a de fi nite period of time. The 
 fl ux-based approach is used as a chain calculation:

     = − − −NECB NPP HR D L    

where NECB denotes net ecosystem carbon balance (or net biome production, 
NBP), NPP – net primary production, HR – ecosystem heterotrophic respiration, D – 
 fl ux due to disturbances (including consumption of plant products), L – lateral  fl uxes 
to the hydrosphere and lithosphere. HR includes heterotrophic soil respiration 
and the  fl ux due to decomposition of dead wood. Sign of NECB in this study is 
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used according to the micrometeorological convention: “minus” means carbon sink 
(uptake from the atmosphere) and “plus” means carbon source (emission to the 
atmosphere). 

 The pool-based method has substantial practical limitations due to high uncer-
tainties of the size and dynamics of some pools, particularly soils. An Integrated 
Land Information System that includes (1) a hybrid land cover (HLC) and (2) numerous 
attributive datasets of available measurements serves as an information background 
of the LEA. The HLC for the Russian territory was developed based on the system 
integration and harmonization of multi-sensor remote sensing products (GLC-2000, 
MODIS VCF, AVHRR, LANDSAT TM, ENVISAT ASAR, others), available on-
ground data (e.g., State Land Account, State Forest Account), and other appropriate 
information. The downscaling and parameterization of the HLC have been done for 
each 1-km pixel using a special optimization algorithm. Details of the approach are 
considered in Schepaschenko et al .   (  2010  ) . 

 Sets of different empirical models were used to assess major components of the 
FCA (NPP, HR, D, and L) by land classes of the HLC. Taking into account that 
some initial data, both of fi cial statistics (e.g., areas of forest  fi re, illegal harvests) 
and results of measurements (e.g., NPP for forests) are biased or obsolete, corre-
sponding corrections have been done based on independent sources of information. 
NPP for forests has been assessed based on a new, presumably unbiased approach 
(see Sect.  6.2 ). 

 In order to asses HR, a special model has been developed (Schepaschenko et al .  
 2011  ) . Based on measurements of HR in situ, the model provides corrections by 
zonal speci fi cs of soil types, land uses, and vegetation classes. While the  fl uxes 
due to disturbances were de fi ned by a fairly common approach (as a product of the 
disturbed area and amount of consumed [transformed] carbon), the calculation 
schemes accounted for the speci fi cs of each individual type of disturbance (e.g., 
Kajii et al .   2002  ) . The consumption of plant products (agriculture, forest) was calculated 
based on of fi cial statistical data including imports and exports. 

 The total HR is estimated at 2.09 Pg C year −1 , or ~76 % of NPP (Tables  6.8 – 6.11 ). 
HR of two land classes (disturbed forests and open woodlands) exceeds NPP. 
Consequently, all these ecosystems are unlikely to be in equilibrium. Litter in these 
semi-natural ecosystems decomposes slowly, e.g., Mukhortova and Evgrafova 
 (  2005  ) , so that  fi re and other disturbances are a major regulator of the amount 
of dead organic material and substantially affects soil respiration. Additional 
imbalance is caused by removal of harvested products in forests and agriculture. 
Independent estimates in the northern taiga of Central Siberia by Klimchenko 
 (  2007  )  estimated heterotrophic soil respiration consistent to data reported by Quegan 
et al.  (  2011  )  – between 73 and 59 % of NPP. Similarly, Wirth et al.  (  2002  )  estimated 
48 % for post fi re chronosequences in pine forests of Siberian middle taiga, although 
reported values for NEP (or NEE) for taiga forests of Central Siberia vary greatly 
– from 50–60 to 250–270 gC m −2  year −1  (e.g., Röser et al .   2002 ; Shibistova et al .  
 2002 ; Schulze  2002  ) . Substantial differences between NPP and soil respiration can 
occur, particularly for crops, since a major part of the NPP is removed as yield, e.g., 
the sink of agro-ecosystems of the taiga zone of the region was estimated to be 



200 A.Z. Shvidenko et al.

111 gC m −2  year −1 , or 42 % of NPP (Vedrova  2002  ) . Such effects usually are not rep-
resented in DGVMs.   

 Temperature and precipitation are considered as the best predictors of the annual 
and seasonal dynamics of the soil respiration rate (Raich et al.  2002 ). The high posi-
tive correlation between CO 

2
  emission and soil temperatures was found in natural 

and agricultural ecosystems of the Russian taiga zone (Kudeyarov and Kurganova 
 1998  ) . Soil temperature and soil moisture are considered the crucial environmental 
factors controlling soil surface carbon dioxide exchange rate. These factors interact 
to affect the productivity of terrestrial ecosystems and the decomposition rate of soil 
organic matter (Feiziene et al .   2010  ) . 

 On the global scale, Raich and Schlesinger ( 1992 ) have found that soil respira-
tion rates are positively correlated with mean annual air temperatures and mean 
annual precipitation. A close correlation exists between mean annual net primary 
productivity (NPP) of different vegetation biomes and their mean annual soil 
respiration rates. 

   Table 6.10    Heterotrophic    soil respiration by bioclimatic zone and land classes   

 Zone 

 Heterotrophic respiration, Tg C year −1  by land classes 

 Forest  Agro  Burned  Wetland  Grassland  Open woodland  Total 

 Arctic  0.2  0.2 
 Tundra  14.2  0.1  1.4  28.3  108.9  5.7   158.6  
 FT, N & SpT  133.0  0.2  3.1  41.5  36.9  27.6   242.4  
 Middle taiga  700.2  31.9  26.7  93.5  202.4  43.3   1,097.9  
 Southern taiga  227.1  42.3  2.2  49.6  19.6  2.1   342.9  
 Temperate forest  18.1  16.2  0.1  2.6  2.7  0.2   39.9  
 Steppe  24.9  126.2  0.4  17.6  10.6  0.3   180.0  
 Semidesert and 

Desert 
 2.5  8.2  0.0  2.3  10.7  0.0   23.8  

  Total    1,120.0    225.2    33.9    235.4    391.9    79.2    2,085.6  

   Table 6.11    Average heterotrophic soil respiration by bioclimatic zone and land classes by area 
unit   

 Zone 

 Heterotrophic respiration, g C m −2  year −1  by land classes 

 Forest  Agro  Burned  Wetland  Grassland  Open woodland  All land classes 

 Arctic  59   59  
 Tundra  121  166  91  94  99  91   99  
 Sparse taiga  129  215  107  170  155  114   136  
 Middle taiga  184  308  174  258  263  122   198  
 Southern taiga  254  377  399  396  483  275   289  
 Temperate forest  326  339  325  440  394  307   341  
 Steppe  257  347  375  634  397  271   348  
 Semidesert & 

Desert 
 229  198  249  373  259  223   238  

  All zones    186    336    166    219    176    119    192  



2016 Terrestrial Ecosystems and Their Change

 Evidently, extrapolation of decomposition rates into a future warmer world based 
on observations of current apparent temperature or moisture sensitivities may not be 
adequate. Rather, it is necessary to understand how substrate availability will change 
and how a changing set of environmental constraints to decomposition in a future 
climate will determine the future apparent temperature and climate sensitivity of 
decomposition (Davidson and Janssens  2006  ) . 

 Hence, it seems likely that soil organic C will decrease with increasing tempera-
ture due to climate change (e.g., Shaver et al .   1992  ) . This knowledge has been incor-
porated by many authors (Schimel et al .   1990 ; Jenkinson et al .   1991 ; Thornley et al .  
 1991 ; Kirschbaum  1993  )  who used soil organic matter models to show how a future 
temperature increase could lead to the release of large quantities of C from the 
world’s soils. Gifford  (  1994  )  on the other hand, conducted a similar analysis, but 
concluded that there should be no loss of C with increasing temperature. However, 
the most critical factor in all these analyses is the relativity between the climate 
response functions of net primary productivity and soil organic matter decomposi-
tion. There is a general expectation that increasing temperature leads to increases in 
both net primary productivity which provides the input to soil organic C, and the 
rate of soil organic matter decomposition which determines the loss of soil organic 
C. The critical question is whether NPP or organic matter decomposition rate is 
stimulated more by increasing temperature (Kirschbaum  1995  ) . 

 Fire carbon emissions (for 2009) have been de fi ned based on data of V.N. 
Sukachev Institute of Forest (see Sect.  6.3 ) by the methods described in Kajii et al. 
 (  2002  )  and Shvidenko et al.  (  2011  ) , using also an emissions ratio by biomes and 
type of vegetation collected by Andrea (2010, personal communication) (Table  6.12 ). 
By the area, this year was relatively favorable by  fi re danger. Of the total 6.57 × 10 6  ha, 
about 50 % of burned area was in forest. The clear “spring – early summer”  fi re 
regime of this year de fi ned the relatively small  fi re C emissions – 91.2 Tg C, of which 
55 % were in forest and 22 % on wetlands. Almost 80 % of the total C emissions 
were in the form of CO 

2
 . Interannual variation of  fi re carbon emissions is large – 

from ~40 to 220 Tg C year −1  (Shvidenko et al .   2011  ) .  
 Table  6.13  contains a net ecosystem carbon balance of Siberian ecosystems. 

Overall, Siberian terrestrial ecosystems serve as a carbon sink of 349 Tg C year −1 , 
or 32.5 g C m −2  year −1 . If consumption of plant products is included, the sink 
decreases to 245 Tg C year −1 . Practically all of the sink is provided by forests. 
Disturbed forests are a clear source. On average, grasslands are neutral. However, 
tundra grasslands become a small source. Figure  6.3  presents spatial distribution of 
NECB across the region.   

 NECB(NBP):NPP ratio for all vegetation classes is ~0.11. The overall C sink 
is basically provided by forests (−71 ± 25 g C m −2  year −1 ) which is very close to 
the long-term carbon sink of EU-25 forests – 75 ± 20 g C m −2  year −1  (Luyssaert 
et al .   2010  ) , although major drivers of that are different. Within agricultural land, 
cultivated arable land served as a C source (about +40 g C m −2  year −1 ). This  fl ux 
is almost completely compensated by increasing carbon sequestration on aban-
doned agricultural land. Large areas on permafrost were also estimated as a weak 
source, generally considered as neutral. Uncertainties (“within an approach” 
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estimate, the con fi dential interval, CI, is 0.9) of major  fl uxes, such as NPP and HR, 
are estimated at ±7–12 %. 

 Recently, Pan et al.  (  2011  )  within the global estimate reported change of carbon 
stock in forests of Asian Russia based on the pool-based approach. They estimated 

   Table 6.13    Net ecosystem carbon balance of Siberia in 2009   

 Indicators 
 Total, 
Tg C year −1  

 Fluxes by land classes, Tg C year −1  

 For  Agro  Burned  Wetland  Grassland  Open woodland 

 NPP  2,756.9  1,702.9  269.3  28.1  296.4  404.2  55.9 
 HR  2,085.6  1,119.9  225.2  33.9  235.4  391.9  79.2 
 Fire  91.2  51.0  4.0  1.4  20.2  8.9  5.7 
 Other 

disturbances 
 53.9  53.9 

 Decomposition  133.9  106.0  12.4  2.3  11.4  1.8 
 Lateral  fl ux  43.2  24.2  2.7  0.8  4.3  8.5  2.7 

 Subtotal   −349.1    −347.9    −37.4    +20.4    −34.2    +16.5    +33.5  
 Consumption  104.6  12.0  85.1  4.0  3.5 

 Grand total   −244.5    −335.9    +47.7    ±20.4    −30.2    +20.0    +33.5  

  Fig. 6.3    Net ecosystem carbon balance for 2009, g C m −2  year −1        
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forests of Asian Russia as the net carbon sink at 260 Tg C year −1  on average for 
1990–2007. This estimate is consistent with data of Table  6.13  (−244.5 Tg C year −1 ). 

 Overall a similar character of the NECB has been reported for Central Siberia 
(Quegan et al .   2011  ) . This study presented  fi ve independent estimates of the full 
carbon account of a large region of Central Siberia (about 307 million ha in bound-
aries of Krasnoyarsk Kray and Irkutsk Oblast) using three different methodologies: 
a landscape-ecosystem approach, two DVMs – Shef fi eld DGVM (Woodward and 
Lomas  2004  )  and LPJ (Sitch et al .   2003 ; Gerten et al .   2004  ) , along with two atmo-
spheric inversions. Apart from one of the DVMs, all methods produce estimates of 
the NECB that are consistent both among themselves and with a range of other 
estimates. They indicate the region to be a carbon sink with a NECB of 
27.1 ± 7.4 gC m −2  year −1 , which is equivalent to 347 ± 95 TgC year −1  if considered 
representative for boreal Asia. This is comparable with fossil fuel emissions for the 
Russian Federation, currently estimated as 427 TgC year −1 , but implies that boreal 
Asia does not play the major role in the northern hemisphere land sink, typically 
estimated to be of magnitude 1.5–2.9 Pg C year −1 . LEA and DVM produce substan-
tially different partitioning of NBP into its component  fl uxes. The DVMs  fi nd NPP 
to be nearly balanced by soil respiration, disturbance being a relatively small term 
pushing the system closer to equilibrium. Due to the LEA, soil respiration is 
signi fi cantly less than NPP, and disturbance plays a much larger role in the overall 
carbon balance. This study concluded that the use in the LEA of observationally 
based estimates of soil respiration and a more complete description of disturbance 
 fl uxes suggests that the partitioning derived by the LEA is more credible, and that 
improved process descriptions and constraints by data are needed in the DVMs.  

    6.4.2   Analysis of Carbon Balance of Boreal Asia 
Based on Terrestrial Ecosystem Model 

 Based on the process-based Terrestrial Ecosystem Model (TEM, Hayes et al.  2011  ) , 
McGuire et al.  (  2010a,   b  )  analyzed the C balance of boreal Asia for 1997–2006. The 
boreal Asia region is de fi ned in boundaries settled by the TransCom 3 model experi-
ments (Gurney et al .   2002  ) . The TEM considers the effects of a number of factors 
on its simulations of C dynamics including changes in atmospheric CO 

2
  concentra-

tion, tropospheric ozone pollution, nitrogen deposition, climate variability and 
change, and disturbance/land use including  fi re, forest harvest, and agricultural 
establishment and abandonment. TEM also calculates pyrogenic emissions of CO 

2
 , 

CH 
4
 , and CO from the combustion of vegetation and soil carbon in wild fi res. The 

dissolved organic carbon (DOC) leaching dynamics of TEM are a function of soil C 
decomposition rate, soil DOC concentration, and water  fl ux through the soil. The 
methane dynamics module (MDM-TEM) was used to estimate the exchange of CH 

4
  

with atmosphere of both wetlands, which generally emit CH 
4
  to the atmosphere, and 

uplands, which generally consume CH 
4
  from the atmosphere. The MDM-TEM 

assesses the effects of a number of factors on its simulations of CH 
4
  dynamics 
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including the area of wetlands,  fl uctuations in the water table of wetlands, temperature, 
and labile carbon inputs into the soil solution derived from the NPP estimates 
of TEM. 

 The results of these simulations were compared with estimates of CO 
2
  and CH 

4
  

exchange from atmospheric inversion models and with observations of terrestrial C 
export from Arctic watersheds. The simulated transfer of land-based C to the Arctic 
Ocean was compared against estimates based on a sampling of DOC export from 
major Arctic rivers (McClelland et al .   2008  ) . The land-atmosphere CO 

2
  exchange 

estimate was compared with results from the TransCom 3 atmospheric inversion 
model intercomparison project (Gurney et al .   2008  ) , and CH 

4
  to results from atmo-

spheric inversion-estimated surface emissions (Chen and Prinn  2006  ) . To compare 
the “bottom-up” results from our model simulations with the “top-down” estimates 
from these inversion studies, we summarize our estimates of surface-atmosphere 
CO 

2
  and CH 

4
  exchange for the land area matching the boreal Asia region de fi ned in 

the TransCom 3 model experiments (Gurney et al .   2002  ) . 
 The TEM estimates a net uptake of 42.7 Tg C year −1  as CO 

2
  from the atmosphere 

to the land area of boreal Asia (limited by basins of large Siberian rivers) over the 
1997–2006 time period (Fig.  6.4 ). This terrestrial sink is the result of a positive 
uptake of 302 Tg C year −1  by the terrestrial component as net ecosystem production 
(NEP), the balance between NPP (3,260 Tg C year −1 ) in vegetation and the decom-
position of soil organic matter through heterotrophic respiration (HR 2,958 Tg 
C year −1 ). However, NEP during this time period was substantially offset by the 
release of C as CO 

2
  from  fi res across the region (255 Tg C year −1 ) and the decompo-

sition of agricultural and forestry products (4.3 Tg C year −1 ). Nearly 70 % of the 
pyrogenic CO 

2
  emissions is attributed to the combustion of soil C (178 Tg C year −1 ), 

which when added to the 75 Tg C year −1  gain to the soil from the difference between 
litter inputs from vegetation and HR and to other losses from net biogenic CH 

4
  

emissions and DOC export, results in a net loss of 202 Tg C year −1  from the Arctic 
Basin soil C pool between 1997 and 2006. The loss of soil C is estimated to be 
greater than the net gain in vegetation C simulated in this study (118 Tg C year −1 ), 
resulting in an estimated overall loss of 84 Tg C year −1  in ecosystem C stores in the 
land area of boreal Asia over this time period.  

 The estimates of land-atmosphere CO 
2
  exchange in this study are generally con-

sistent with the range of uncertainty in estimates from the atmospheric perspective, 
although the TEM estimates differ overall in the direction of  fl ux compared to the 
model means of the TransCom 3 results. For boreal Asia, TransCom model means 
suggest a net sink ranging from 30 to 470 Tg C year −1  (±33 to 48 Tg C year −1 ), while 
TEM estimates of Net Ecosystem Exchange (NEE) range from −90 to 0 Tg C year −1 , 
depending on the time period. Monthly NEE estimates from TEM match the sea-
sonal patterns in the TransCom estimates and are within the range of uncertainty for 
most months during the 1997–2006 time period. The exceptions occur primarily 
during the peak drawdown of the summer months, where forward process-based 
models typically predict less uptake relative to inverse models (Pacala et al.  2009  ) . 
The differences in peak uptake between the two estimates are greatest in large  fi re 
years when TEM estimates large  fi re emissions, e.g., 2002–2003 in boreal Asia, 
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although the TransCom estimates do show some negative effect on land uptake 
during those years. 

 Although the area of this simulation by TEM is somewhat different from that 
used in the LEA assessment of major components of carbon cycle above (Tables  6.8  
and  6.10 ), comparison of these two results points out some speci fi c features of 
applications of DGVMs to polar and boreal domains. On average, estimates of NPP 
by TEM, like other DGVMs, seem unbiased and relatively closed to empirical data 
while modeled HR for these regions is higher. The reason for that is likely a balance 
between NPP and HR which in one way or another is hypothesized in major 
DGVMs, but such a balance does not exist in northern ecosystems with a slow 
decomposition rate and regulating role of  fi re. 

 The combination of the biogenic MDM-TEM and the pyrogenic estimates of 
CH 

4
   fl uxes indicate that the terrestrial areas of boreal Asia annually released approx-

imately 41.5 Tg CH 
4
  to the atmosphere between 1997 and 2006, with most of the 

emissions (38.0 Tg CH 
4
  year −1 ) from biogenic sources. There was substantial inter-

annual variation of emissions with the peak emissions in 1998 and lowest emissions 
in 1997. TEM simulations indicate that emissions in boreal Asia increased ( R  = 0.66; 
slope = 0.6 Tg CH 

4
  year −1 ;  n  = 11;  p  = 0.03) during the analysis period. Over the 

decade of analysis, there were very weak trends for increases in air temperature 
(0.6 °C;  R  = 0.33;  p  = 0.3) and simulated soil temperature (0.14 °C;  R  = 0.33;  p  = 0.3) 
in boreal Asia that could have stimulated methanogenesis. While interannual 

  Fig. 6.4    Simulated carbon stock changes and  fl uxes (Tg C year −1 ) of the terrestrial ecosystems of 
boreal Asia, 1997–2006 (Source: McGuire et al.  2010a,   b  )        
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variability in emissions in boreal Asia was not signi fi cantly correlated with changes 
in soil temperature ( R  = 0.25;  n  = 11;  P  = 0.45), it was marginally correlated with 
precipitation variability ( R  = 0.52;  n  = 11;  p  = 0.09). Although precipitation seems to 
control interannual variability in CH 

4
  emission on boreal Asia, the increase in 

simulated water table depth ( R  = 0.14; slope = 0.10 mm year −1 ;  p  = 0.67) is weaker 
than the increases in soil temperature. 

 The monthly emissions for 1996–2001 estimated by Chen and Prinn  (  2006  )  
using a 3D model inverse method for the North American and Eurasian Arctic sec-
tors with the MDM-TEM estimates were compared (McGuire et al .   2010a,   b  ) . The 
inversions show well-de fi ned seasonal cycles peaking in July–August. Signi fi cant 
inter-annual variations in these peaks typically ±4 Tg С year −1  in boreal Asia occur. 
The annual average emissions and timing and average amplitudes of the seasonal 
cycles were in reasonable agreement with the process-based estimates of CH 

4
  

exchange. The monthly emissions agreed well between inversion and process-based 
modeling estimates in boreal Asia ( R  = 0.90; slope = 0.65;  n  = 60;  p  < 0.001). 

 The TEM estimated the DOC delivery to the ocean from boreal Asia to be 
31.6 Tg C year −1  between 1997 and 2006, which is consistent with empirically based 
estimates of DOC delivery to the ocean. About a third of the total DOC exported to 
the Arctic Ocean each year is contributed by rivers emptying into the Kara Sea. 
Boreal needleleaf deciduous forests and forested wetlands had the largest loss rate 
of DOC, averaging about 6 g C m −2  year −1 , and the analysis suggested that these 
biomes in the Kara Sea and Laptev Sea watersheds are responsible for over 61 % of 
the terrestrial DOC (22.2 Tg C year −1 ) delivered to the Arctic Ocean each year. 
Between 1997 and 2006, this analysis did not indicate any trend in DOC export. 

 This analysis indicated that from 1997 to 2006, the terrestrial areas of boreal 
Asia annually gained 42.7 Tg C as CO 

2
  from the atmosphere, lost 31.6 Tg C as DOC 

to the ocean, lost 24.8 Tg C as CH 
4
 , and lost 51.8 Tg C as CO to the atmosphere for 

a total negative carbon balance of 65.4 Tg C year −1  (Fig.  6.4 ). While boreal Asia is 
estimated to be a sink for C, it can generally be considered as a source for green-
house gas forcing based on the conversion of net CH 

4
  emissions to CO 

2
  equivalents. 

Between 1997 and 2006, these simulations estimated that the region was a net 
source of 33.1 Tg CH 

4
  year −1 , a magnitude that is comparable with the atmospheric 

inversion of CH 
4
  that was presented in this study and within the uncertainty of other 

CH 
4
  inversions (McGuire et al .   2009 ). This magnitude of CH 

4
  emissions is equiva-

lent to 761.3 Tg CO 
2
  year −1  calculated on a 100-year time horizon for which 1 g of 

CH 
4
  is equivalent to 23 g of CO 

2
  in terms of global warming potential (IPCC  2001  ) . 

This is over 600 Tg CO 
2
  greater than the net CO 

2
  sink of 156.6 Tg CO 

2
  year −1  

(42.7 Tg C–CO 
2
  year -1 ) estimated by our simulations. A key issue is whether the 

global warming potential of the Arctic Basin is evolving to be a greater sink or 
source of greenhouse gases. 

 The net uptake of atmospheric CO 
2
  simulated for the terrestrial ecosystems of the 

boreal Asia between 1997 and 2006 is a result of the net uptake in vegetation C 
through NPP being greater than the release of vegetation C to the atmosphere through 
 fi re and harvest and the release of soil C through decomposition and pyrogenic CO 

2
  

emissions (Fig.  6.4 ). The net increase in vegetation C is primarily associated with the 
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positive effects of CO 
2
  fertilization, N deposition, and climate (e.g., effects of longer 

and warmer growing seasons on NPP). The net release of soil C to the atmosphere 
is a function of warming on decomposition and the combustion of C in more fre-
quent  fi res. Although not part of NEE, any effect of climate variability that increases 
biogenic emissions of CH 

4
  and the leaching of DOC can also contribute to a decrease 

in the soil C pool. To understand how the effects of these various controlling factors 
interact to produce the contemporary (1997–2006) dynamics of land-atmosphere 
CO 

2
  exchange, it is necessary to compare the importance of the various factors 

in fl uencing terrestrial CO 
2
  exchange between the analysis period of this study to 

previous decades when various studies have suggested that high-latitude terrestrial 
ecosystems acted as a stronger CO 

2
  sink (McGuire et al .   2009 ). 

 The historical simulations of the C balance of boreal Asia using TEM indicate a 
strengthening atmospheric CO 

2
  sink in tundra ecosystems (Fig.  6.5a ), and a strength-

ening source from boreal forest ecosystems (Fig.  6.5b ). The results suggest that CO 
2
  

fertilization effects on NPP are playing the primary role in the C uptake component 
for both tundra and boreal forest ecosystems, and that these effects are increasing 
along with the rise in atmospheric [CO 

2
 ] over the past several decades. However, the 

effect of CO 
2
  fertilization on NEE has been dampened in tundra ecosystems with a 

weakening sink/increasing source effect from changes in climate since the 1970s. 
The source effect of climate variability in tundra ecosystems suggests that increases 
decomposition have been outpacing any warming-driven increases in NPP. The 
increases in decomposition in the simulations are a function of greater microbial 
activity in response to warmer temperatures, as well as a result of more soil C 
available for decomposition from increasing active layer depths due to permafrost 
degradation. Other studies suggest that the microbial decomposition of previously 
frozen organic matter can overcome uptake from increased vegetation productivity 
to alter the C balance in tundra ecosystems over decadal time-scales (Schuur et al .  
 2009  ) . The simulations show an increasing net C sink in the boreal forest ecosys-
tems of boreal Asia prior to the 1970s that has been trending toward a weakening 
sink/increasing source since the 1970s as a result of climate and disturbance effects. 
In the last decade of analysis, it is the large impact on NEE (the increased source) 
from  fi re that is driving the net C source from boreal forests.  

 Similar to previous  fi ndings that the regional net CH 
4
  emissions have increased 

during the twentieth century (Zhuang et al .   2004  ) , this simulation indicates that 
emissions continued to increase between 1996 and 2006. While precipitation seems 
to control interannual variability in CH 

4
  emission on boreal Asia, the increase in 

simulated water table depth is weaker than the increases in soil temperature over the 
decade. Estimates of CH 

4
  emissions by the MDM-TEM are very sensitive to 

increases in soil temperature, which increase methanogenesis, and changes in water 
table position, which affect the amount of soil carbon subject to methanogenesis – 
an anaerobic process (Zhuang et al .   2007  ) . Thus, the slight regional increase of CH 

4
  

emissions appears mainly due to the increasing soil temperature. 
 A previous analysis with MDM-TEM suggests that climate change has the poten-

tial to substantially increase biogenic CH 
4
  emissions throughout northern high lati-

tudes during the twenty- fi rst century (Zhuang et al .   2006  ) . Another analysis focused 
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on Alaska indicates that methane emissions can potentially double by year 2100, 
and that the temperature sensitivity of methanogenesis dominates over the water 
table sensitivity (Zhuang et al .   2007  ) . It is also expected pyrogenic CH 

4
  emissions 

to increase with climate change if  fi re becomes more frequent in northern high lati-
tudes as projected by several studies (Flannigan et al .   2009 ; Balshi et al .   2009  ) . 

 Although no trends in DOC export occur during the 1997–2006 study period, the 
simulations indicate that DOC delivery to the ocean has been increasing by 
0.047 Tg C year −1  over the twentieth century throughout northern high latitudes. 
Based on a factorial simulation experiment, most of this increase (0.039 Tg C year −1 ) 
has been the result of climate variability and change. The response of DOC export 

  Fig. 6.5    Total and individual average annual effects (Tg C year −1 ) of temporal variability in atmo-
spheric [CO 

2
 ], tropospheric O 

3
  levels, N deposition rates, climate,  fi re, forest harvest and agricul-

tural establishment and abandonment on NEE for each decade since the 1960s across ( a ) tundra 
and ( b ) boreal forest ecosystems in boreal Asia (Source: McGuire et al.  2010a,   b  )        
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to climate variability and change is primarily a result of changes in decomposition 
rates over this time period whereas the response to land-use change and  fi re is 
primarily caused by changes in the availability of the soil organic carbon substrate. 
As described earlier, warming increases decomposition to enhance the production 
of DOC from soil organic matter and the amount of DOC available for leaching to 
the neighboring river networks. Warmer temperatures also increase the active layer 
depth due to permafrost degradation to in fl uence DOC export. This exposes more 
soil organic matter to decomposition and hence produces more DOC. Thus, perma-
frost degradation accentuates the effects of warming on the DOC concentration of 
runoff in our simulations. These results suggest that the delivery of DOC to the 
Arctic Ocean will likely increase as the climate warms. 

 The study indicates that between 1997 and 2006, the terrestrial ecosystems of 
boreal Asia were a source of carbon to the atmosphere and to the Arctic Ocean 
(McGuire et al .  2009,  2010a,   b  ) . Because of CH 

4
  emissions of wetlands, boreal Asia 

continues to act as source of greenhouse gas forcing to the warming of the Earth. 
These analyses suppose that CH 

4
  emissions are increasing, and other studies have 

indicated that CH 
4
  emissions are expected to generally increase with continued 

warming of the Arctic (Zhu et al.  2011 ). It appears that the sink for atmospheric CO 
2
  

in boreal Asia is diminishing because of more  fi re disturbance in this decade com-
pared to previous decades. Continued warming of the Arctic is expected to substan-
tially increase  fi re activity. The results of this study emphasize the importance of 
analyzing the dynamics of the C balance of boreal Asia as a linked system of CO 

2
  

and CH 
4
  exchange with the atmosphere and delivery of DOC to the ocean. Earth 

system models that consider carbon-climate feedbacks should treat the carbon pro-
cesses of boreal Asia as a linked system.  

    6.4.3   Eddy Covariance 

 Systematic long-term annual eddy covariance measurements and accompanying cli-
matology in Siberia became possible in the framework of the EuroSiberian Сarbon 
Flux (1998–2000) and TCOS-Siberia (2000–2002) projects initiated by the Max-
Planck Institute of Biogeochemistry, Jena, Germany. 

 The  fi rst results of net ecosystem exchange of CO 
2
 , water, and heat in various 

ecosystems in Siberia for the 1998 growing season were summarized by Schulze 
et al.  (  1999  )  and later, for 1998–2000 and 2002–2004, were overviewed by 
Tchebakova et al.  (  2011  ) . Seasonal and annual dynamics of the carbon exchange in 
a 200-year pine forest, a  Sphagnum  bog, a true grass steppe and a tussock tundra, 
and possible feedbacks of the CO 

2
  exchange to the atmosphere in a changing cli-

mate were evaluated. 
 Net ecosystem exchange of СО 

2
  (NEE) in various ecosystems is related to sen-

sible heat and thus, the Bowen ratio (  b  ), the ratio between sensible and latent heat 
(Karelin and Zamolodchikov  2008 ; Schulze et al .   1999  ) . Maximal  fl uxes of CO 

2
  of 

10–12  m mol m −2  s −1  were usually found in the afternoon and in midsummer with the 
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maximum Bowen ratios in the forest and steppe where   b   > 1 and 6–8  m mol m −2  s −1  in 
the bog and tundra with the less intensive energy exchange above water surfaces 
  b   < 1. 

 Daily NEE depends on meteorological parameters like PAR (photosynthetically 
active radiation), temperature of both the air and soil, and the air humidity. In win-
ter, early spring, and late fall, NEE is slightly positive. During the growing season, 
the NEE course is distinct: it is increasing from spring and reaches its maximum in 
the midsummer and then is decreasing by fall. In mid-summer, NEE increases after 
sunrise, changes its sign from the positive to negative at 6 a.m., and reaches its 
maximum around noon, and then decreases and changes its sign from negative to 
positive about 9 p.m. 

 Table  6.14  summarizes the main components of the carbon balance of the four 
ecosystems studied. Net ecosystem exchange (NEE) is close to the net ecosystem 
production (NEP) in annual and seasonal terms (Schmid et al .   2000  ) . The tussock 
tundra in East Siberia was a carbon sink of−38 gC m −2 year −1  while the southern 
tundra in Taimyr were a minor carbon sink of −10 gC m −2 year −1  (Karelin and 
Zamolodchikov  2008 ; Zamolodchikov et al .   2003  ) . The pine forest in middle taiga 
was a sink of −156 gC m −2 year −1  while the Sphagmun bog was a sink of only 
−29 gC m −2 year −1  (Arneth et al .   2002  ) . The true steppe in Khakassia was a signi fi cant 
sink at −122 gC m −2 year −1 . In the annual course, tundra started working as a carbon 
sink in June, the forest and the bog from late May or early June, and the steppe from 
the end of April. In the fall, these ecosystems become a source: tundra from the 
beginning of September, the pine forest and the bog from the beginning of October, 
steppe from the end of October.  

 Averaged for 1999–2000, the annual NEP of CO 
2
  was equal to 156 gC m −2  

(13 mol m −2 ), and the annual ecosystem respiration (summed from respiration in the 
growing season as 312 gC m −2  modeled from the air temperature and respiration of 
66 gC m −2  in winter measured by the eddy covariance method) resulted in a total 

   Table 6.14    Annual carbon balance components of major ecosystems in central Siberia   

 Forest a  
(1998–2000) 

 Bog b  
(1998–2000) 

 Steppe c  
(2002–2004) 

 Tundra d  
(2004) 

 Max. СО 
2
 - fl ux, 

 m mol m −2  s −1 , July 
 10  6  12  8 

 Net ecosystem exchange 
of СО 

2
 , gC m −2  year −1  

 −156  −52/−30 e  (200 days)  −122  −38 −6 e  

 Ecosystem respiration, 
gC m −2  year −1  

 372  170 (200 days)  375  201 e  

 Ecosystem assimilation, 
gC m -2  year −1  

 −534  −222 (200 days)  −497  −207 e  

   a Tchebakova et al .   (  2002  )  
  b Arneth et al .   (  2002  )  
  c Belelli-Marchesini  (  2007  )  
  d Corradi et al .   (  2005  )  
  e Karelin and Zamolodchikov  (  2008  )   
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photosynthetic production of 534 gC m −2  (Tchebakova et al .   2002  ) . Lloyd et al. 
 (  2002  )  estimated annual NEP for this pine forest to be 174 gC m −2  (14.5 mol m −2 ) 
and ecosystem respiration to be 384 gC m −2  totaling 558 gC m −2  of photosynthetic 
production. 

 The annual NEP of the pine forest was 156 gC m −2  which fell within 90–210 gC m −2  
of the NEP of boreal conifer forests in North America and western Europe mea-
sured by the eddy covariance method (Goulden et al .   1996 ; Valentini et al .   2000  ) . 
Schulze et al .   (  1999  )  and Wirth et al .   (  1999  )  evaluated the NPP of this particular 
pine forest from inventory measurements correspondingly 123 and 144 gC m −2 . 
Bazilevich  (  1993  )  and Monserud et al.  (  1996  )  found the NPP of pine forests in the 
middle taiga of West Siberia to be 206 gC m −2  and to be 161 gC m −2  in Central 
Siberia. Comparative results were received by eddy covariance measurements on 
two forested sites in European southern taiga (Kurbatova et al .   2002  ) . 

 As a result of low respiration, gross primary production (GPP) is 1.5–2 times lower 
than that of conifer forests in Western Europe (Valentini et al .   2000  ) . From 25 various 
forest ecosystems in western Europe cited in this study, only 3–4 forests from the 
harsh climates of Iceland and highlands of the Alps in Italy produce about the same 
NEP as the pine forest in the Siberian middle taiga at the latitude of 60°N. Interestingly, 
despite the different weather conditions of 1998 and 2000, NEE varied insigni fi cantly – 
only 4 % of the annual value. Anthoni et al.  (  1999  ) , for instance, noted that the 
difference in NEP in years with El Niño and without may reach 90 %. 

 As the climate warms and gets drier in the future, studied ecosystems may turn 
from a sink to a signi fi cant source. Zamolodchikov et al.  (  2003  )  pointed the tempera-
ture 14 °C as a limit above which photosynthesis in tundra is inhibited and respira-
tion simultaneously increases, together promoting additional carbon emissions into 
the atmosphere enhancing climate warming. In a warmed and dried climate, carbon 
emission from bogs increases: as carbon dioxide from drying bogs (Morishita et al .  
 2003  )  or as methane from watered bogs. In current climate methane emissions from 
the cryolithozone accounts some 6 % (Karelin and Zamolodchikov  2008  ) . 

 In the pine forest, NEE increases in the course of the growing season. The carbon 
uptake in the 1999 growing season that was 2 weeks longer than the 1998–2000 
average was 18 % greater than C-uptake in other years. Thus, one may suggest that 
in a longer growing season in a warming climate, the forest production would  fi rst 
increase in Siberia. However, because climate is predicted to be not only warmer but 
also drier, the forests would die out due to lack of water. Thus, because of the 
decomposition of dead wood (Knohl et al .   2002 ; Vygodskaya et al.  2002  )  and the 
potential for unprecedented  fi res (Furyaev et al .   2001  ) , in a warmed climate the for-
est may become a carbon source for many years. 

 Boreal bog ecosystems are usually a carbon sink of 30–100 gC m −2  during the 
growing season or year (Arneth et al .   2002 ; Corradi et al .   2005  )  and a GPP of some 
200 gC m −2  for the growing season (Table  6.14 ). However, during dry summers, the 
upper bog may turn from a carbon sink into a carbon source of 50 gC m −2  (Arneth 
et al .   2002  )  suggesting that some bogs may dry out in a warming climate and become 
a signi fi cant carbon source in the atmosphere. Comparing different studies, Corradi 
et al.  (  2005  )  expect, though, that global warming would increase the CO 

2
 –C sink in 

wetlands and tundras. 
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 Subboreal true steppes may be both a signi fi cant carbon sink under different 
disturbance regimes ( fi re, pasture), or a slight sink if they work at a “stationary” 
regime (Titlianova and Tisarzhova  1991  )  when microbes consume NPP during 
several years depending on weather conditions. In our study, in an “nonstationary” 
regime, the true steppe was a sink of 115 gC m −2  year −1  for three seasons recovering 
after multiyear pasturing and that of 130 gC m −2  season −1  recovering after  fi re 
(Belelli-Marchesini  2007 ; Belelli-Marchesini et al .   2007  ) . The true steppe produces 
as much GPP as the pine forest; GPP of both the steppe and pine forest is 2–2.5 
times larger than that of the bog and the tussock tundra (Table  6.14 ). 

 Thus, along with increased carbon emissions due to increased  fi re events and 
area burned in a warming climate, carbon uptake by plants also increases, smoothing 
the negative effects of large  fi res.  

    6.4.4   Synthesis 

 Each of the major methods of carbon accounting has its own strengths and weak-
nesses. Under proper systems designing, the LEA allows to achieve the most reli-
able assessment for recent past and current, in a spatially and temporarily explicit 
way. However, this method does not consider mechanisms of the processes and 
lacks any substantial predictive capacity. DVMs (and, particularly DGVMs) describe 
processes and explain drivers. However, they are a somewhat rough tool for regional 
and national consideration due to the impossibility of properly including regional 
peculiarities in the models and suf fi ciently represent the transformation (distur-
bances) of vegetation cover. There is no solid methodology yet for estimating the 
uncertainty of DGVMs. However, they are practically a single tool for prediction. 
They also supply estimates of important components of carbon cycling for cross-
checking uncertainties. Applications of DGVMs to northern ecosystems show that 
on average DGVMs estimates NPP rather reliably while overestimate HR. This 
results in underestimating the NECB (NBP) of terrestrial ecosystems in Siberia 
by DGVMs. 

 Eddy covariance methodology supplies important direct estimates of exchange 
of atmospheric carbon between ecosystems and the atmosphere. These estimates 
are extremely important for understanding the productivity processes of individual 
ecosystems and parameterization of models. However, these data have substantial 
uncertainties and – what is important – there are substantial problems with upscal-
ing of the results of local measurements. 

 Inverse modeling presents a unique possibility for top-down veri fi cation of the 
above bottom-up estimates. Recent results for Russian natural land received from four 
different inversion approaches for 2000–2004 gave a mean of carbon sink 
−0.65 ± 0.12 Pg C year −1  (inter-model variability) and the median −0.61 Pg C year −1  (P. 
Ciais, 2010, personal communication). In earlier work, Gurney et al.  (  2003  )  calculated 
the average C  fl ux using 17 different inverse models at −0.58 Pg C year −1  for boreal 
Asia (45 ± 44 g C m −2  year −1 ). A smaller sink for this region has been reported by Baker 
et al.  (  2006  )  – 29 ± 19 g C m −2  year −1  and Patra et al.  (  2006  )  – 26 ± 61 g C m −2  year −1 . 
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Taking into account that European Russia provides about one-third of the entire 
country’s sink and the level of reported uncertainties, all the above results are fairly 
consistent. 

 Still, the uncertainty of inverse modeling is high (up to 50–80 %) due to imper-
fect transport models and rare stations for measuring atmospheric concentration in 
Russian territories. However, the inverse estimates of the last decade are consistent 
and all together provide valuable information in understanding the carbon cycle of 
Russian terrestrial ecosystems. Eddy covariance measurements are important for 
the parameterization of the models and a perception of how terrestrial ecosystems 
function but lack proper gradients for upscaling over large territories. 

 In spite of substantial uncertainties, different methods give rather consistent esti-
mates for Northern Eurasia (Table  6.15 ).  

 The above estimates basically refer to the C–CO 
2
  part of carbon cycling. 

Atmospheric methane provides the second-largest radiative forcing after CO 
2
 . 

Globally, the contribution of CH 
4
  to the radiative forcing from preindustrial to pres-

ent time is estimated at about 20 % of all greenhouse gases (Le Mer and Roger 
 2001  ) . To our knowledge, there were no estimates for the region considered in this 
study. Rather detailed studies of methane emissions were provided in West Siberia 
based on detailed in situ measurement (Glagolev et al .   2010,   2011  )  and inverse 
modeling (Kim et al .   2011  ) . These estimates are rather consistent varying in limits 
from 2.9 to 3.2 Tg CH 

4
  year −1 . In a recent inventory, Shvidenko et al.  (  2010a  )  esti-

mated the total biosphere methane  fl ux for entire Russia at 16.2 Tg C–CH 
4
  year −1  

including 10.5 Tg C–CH 
4
  year −1  from wetlands and other wet soils, 1.5 Tg C–CH 

4
  year −1  

from agriculture, 1.1 Tg C–CH 
4
  year −1  from  fi re, and 3.1 Tg C–CH 

4
  year −1  from 

water reservoirs. This study estimated methane  fl uxes from West Siberian wetlands 
at 3.4 TgC–CH 

4
  year −1  that is consistent with the above studies. Taken into account 

that wetlands of Siberia comprise about 75 % of Russian territories in this land 
cover class (107.4 million ha of the total of 144.6 million ha), one could suppose 
that a major part of the country’s methane emissions is provided by the study’s 
region. Modeling results that were obtained by TEM are substantially higher – about 
38 Tg CH 

4
  year −1  from biogenic sources (McGuire et al .   2010a,   b  ) . These estimates 

show that by the global warming potential, C–CO 
2
  sink in Siberia is almost compen-

sated by the methane emissions, although uncertainties of methane’s assessment for 
Russia are high. 

 Given the large stores of carbon in northern high latitude regions, the response of 
the carbon cycle of boreal Asia to changes in climate is a major issue of global 
concern (McGuire et al .   2006  ) . Analyses to date indicate that the sensitivity of the 
carbon cycle of Siberia during the twenty- fi rst century is also highly uncertain.   
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    6.5   Changes Within Climate-Driven Ecotones in Siberia 

 The response of trees to climate change is expected to be signi fi cant at the climate-
driven ecotones, e.g., in the alpine and northern forest-tundra ecotones. There are a 
number of observations of tree response to warming, including species invasion into 
the tundra, stand densi fi cation, and growth increment increase along the northern 
and alpine tree-lines during recent decades (e.g., Kullman  2007  ) . These phenomena 
are also considered for different regions of Asian Russia (e.g., Shiyatov  2003 ; 
Shiyatov et al .   2007 ; Soja et al .   2007 ; Devi et al .   2008 ; Kharuk et al .   2004,   2010a , 
 2010b  ) . These studies were located within the Ural and Altai – Sayan Mountains, 
the northern tree line around the Yenisei meridian, and the “larch-mixed taiga” eco-
tone in Central Siberia. The results obtained showed that Siberian pine and larch 
growing in the alpine forest-tundra ecotone are strongly responding to warming by 
an increasing increment, stand densi fi cation and regeneration density, upward tree 
line shift, and transformation of  krummholz  to arboreal forms. Similar phenomena 
were observed for the northern forest-tundra ecotone. 

    6.5.1   Northern Tree Line 

 The Northern tree line on the Polar Ural Mountains (the western border of the 
study’s region) and westward from the Yenisei meridian is formed by a combination 
of elevation and northward temperature gradients. Along the northern edge of boreal 
forests in the Polar Ural Mountains, Shiyatov et al .   (  2007  )  reported a 35-m upward 
shift of closed larch dominated stands between the years 1910 and 2000. Along with 
the current shift of tree-lines, dendrochronology analysis describes former tree-line 
dynamics in the forest-tundra ecotone (Shiyatov  2003  ) . Observations within the 
most northward forest stand (Ary-Mas, 72°+N) dominated by larch showed regen-
eration advance into tundra and stand densi fi cation (Kharuk et al .   2004 ,  2006 ). For 
the period 1970–2000, stand density was increased (at ~1.6 times); the advance of 
regeneration was approximately 3 m year −1 .  

    6.5.2   Tree-Line Evolution in South Siberian Mountains 

 Historically, climate-induced waves of upslope and downslope tree migration were 
reported for the alpine forest-tundra ecotone (Fig.  6.6 ). Tree mortality was observed 
during the Little Ice Age and followed the cooling with a lag. Living tree mortality 
dates showed that the tree-line advance began at the end of the nineteenth century 
and lagged behind temperature changes. Larch and Siberian pine regeneration now 
survives at elevations up to 160 m higher in comparison with the maximum observed 
tree-line recession during the Little Ice Age and surpasses its historical maximum 
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during the last millennium by up to 90 m. Temperature change of 1 °C promoted an 
upward shift in the tree-line of about 80 m. The tree-line advance rate was estimated 
at 0.90 ± 0.22 m year −1  (Kharuk et al .   2010b  ) . Similar values were found for the 
Polar Ural Mountains (0.4 m year −1 ; Shiyatov et al .   2007  ) . The mean rate of regen-
eration advance during the last century was 1.2 ± 0.24 m year −1 , increasing to 
2.35 ± 1.26 m year −1  during the last three decades. The observed warmer winter tem-
peratures were important for regeneration recruitment because of reduced desicca-
tion and snow abrasion, which are the main causes of tree/regeneration damage and 
mortality (Shiyatov  2003 ; Kharuk et al .   2006 ,  2009  ) . Meanwhile at high elevations, 
seedlings are still in the vulnerable stage and can be killed by cold winters (in 
 synergy with winds), resulting in recession of the tree-line.   

  Fig. 6.6    The history of tree establishment and mortality at the Sengilen site and reconstructed air 
temperatures for northern Siberia and the Northern Hemisphere. 1, 2 are the dates of tree origin 
and mortality, respectively. 3 and 4 are the reconstructed air temperature deviations for southern 
Siberia (March–November temperature; Schwikowski et al  2009  )  and the Northern Hemisphere 
(annual temperature), respectively. Bars show elevation of treelines:  A  – “historical,”  B  – “refu-
gee,”  C  – “postcooling” treelines;  D  – regeneration line. Insert: a view on the “refugee tree line”       
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    6.5.3   Forest Densi fi cation and Area Change 

 Studies within the Altai-Sayan Mountain System sites showed a 150 % increase of 
dense forest stand area within upper forest belt during the last four decades due to 
growth of preestablished trees (Kharuk et al .   2010a,   2010c  ) . An increase of growth 
increment in trees was observed starting in the mid 1980s, which was strongly 
correlated with mean summer temperatures. 

 Stand densi fi cation was also observed along rivers and streams due to earlier 
snowmelt, which increases the growing period. At the southern edge of the boreal 
forests in Siberia an upward shift of the closed forest border was observed to be 
about 63 ± 37 m between 1960 and 2000. Studies within the Polar Ural Mountains 
also showed a considerable stand densi fi cation over the last four decades (Shiyatov 
 2003 ; Devi et al .   2008  ) . Forest densi fi cation itself improves the microclimate for 
tree survival under harsh environmental conditions by reducing desiccation and 
snow abrasion. Greater stand density also leads to increased snow accumulation, 
which facilitates the local regeneration potential in a positive feedback loop (Kharuk 
et al .   2007  ) . During recent decades, in the Polar Ural Mountains, a doubling of winter 
precipitation was correlated with an upward shift of the tree-line (Devi et al .   2008  ) . 
Substantial densi fi cation in tree-line populations seems to be a common phenome-
non in northern and high-elevation environments and occurs more frequently than 
actual elevational tree-line advance (Kullman  2007 ; Kharuk et al .   2008  ) .  

    6.5.4   Forest Response to Climate Variables and Relief Features 

 Forest response to climate variables at high elevations is nonuniform because tree 
establishment and survival depend on the availability of sheltered (wind protected) 
areas. In mountains, the forest spatial distribution is dependent on azimuth, elevation, 
and slope steepness (Vygodskaya  1981 ; Polykarpov et al .   1986  ) , and this pattern 
changed over recent decades. With respect to aspect, the forest area distribution is 
asymmetric and elevation-dependant. At lower elevations, forest patterns were oriented 
approximately northward with minimal forest cover observed on the southern 
slopes where trees experience water stress. As the elevation increased, the forest 
area distribution orientation changed in a clockwise direction, becoming oriented 
eastward at the highest elevation. The observed changes can be attributed to wind 
impact, which increases as elevation increases. The typical upper boundary is a 
mosaic as tree and regeneration survival depends on the availability of sheltered 
relief which is provided by rocks or local depressions. It was found that at any given 
elevation, the majority of forests occupied slopes with greater than mean slope values, 
and at higher elevations forests shifted to steeper slopes (Kharuk et al .   2010c  ) . 

 Thus, forest response to warming was dependant on topographic relief features 
and this response signi fi cantly modi fi ed the spatial patterns of high elevation forests 
in southern Siberia during the last four decades.  



220 A.Z. Shvidenko et al.

    6.5.5   Transformation of Krummholz into Vertical Forms 

 Milder climate also promotes changes in tree morphology, i.e., transformation of 
mat and prostrate  krummholz  into the vertical form (Kharuk et al .   2006 , 2010b; 
Shiyatov et al .   2007 ; Devi et al .   2008  ) . Recent decades of warming caused a wide-
spread transformation of larch and Siberian pine mat and  krummholz  to a vertical 
form, which began mainly in the late 1980s. This date coincides approximately with 
the period when winter temperatures surpassed the mean value during the twentieth 
century. Larch was much less likely than Siberian pine to be found in  krummholz  
forms. Larch surpasses Siberian pine in frost and wind resistance and grew in arbo-
real forms where Siberian pine was still prostrate. Shiyatov et al.  (  2007  )  and Devi 
et al.  (  2008  )  reported similar transformation of larch  krummholz  into vertical forms. 
Meanwhile, periodic shoot and needle desiccation, caused by synergy of low tem-
peratures during cold winters and wind impact, decrease vertical growth.  

    6.5.6   Ecotone “Zone of Larch Dominance – Mixed Taiga” 

 For Central Siberia it was shown (Kharuk et al.  2007  )  that dark coniferous species 
(Siberian pine, spruce and  fi r) are expanding into habitat of larch. The invasion of 
dark coniferous species into historical larch habitat was quanti fi ed as an increase 
of the proportion of those species both in the overstory and regeneration. Siberian 
pine and spruce have high  K  

 i 
  [propagation coef fi cient:  K  

 i 
  = ( n  

 i 
  −  N  

 i 
 )/( n  

 i 
  +  N  

 i 
 ), where 

 N  
 i 
  and  n  

 i 
   –  the proportion of a given species in the overstory and regeneration, 

respectively] values both along the margin and in the center of zones of absolute 
larch dominance, where their presence in the overstory is <1 %. The age structure 
of the regeneration (with mortality control) showed that it was formed mainly dur-
ing the last two to three decades. The results obtained indicate climate-driven 
migration of Siberian pine, spruce, and  fi r into traditional larch habitat. Very 
likely, this process is substantially driven by changes in permafrost regimes. On 
the western and southern margins of the larch-dominance zone, regeneration of 
dark coniferous species formed a second layer in the forest canopies, which could 
eventually replace larch in the overstory. With stand densi fi cation, Siberian pine 
received an additional advantage since larch is a shade intolerant species (Kharuk 
et al .   2007  ) . 

 In a warming climate, Siberian pine should enjoy a competitive advantage due to 
its higher temperature response and shade tolerance. Thus, current climate change 
should lead to the shift of Siberian pine into larch forests. Substitution of deciduous 
larch by evergreen conifers, decreases albedo and provides a positive feedback for 
even greater warming. The other expected consequence is an increase of biodiver-
sity since Siberian pine-dominated communities provide a better food base for 
animals and birds. Larch will continue to maintain its advantage in drier areas and 
in zones of temperature extremes, particularly on permafrost.   
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    6.6   Future Trajectories of Forest Ecosystems in Siberia 

    6.6.1   Individual-Based Models of Forest Dynamics 

 Climate change has been identi fi ed as a driver of structural compositional change in 
the Russian forest. Purves and Pacala  (  2008  )  reviewed predictive models of forest 
dynamics and structure and suggested that the world’s relatively low-diversity 
boreal forests are prime areas for the examination of ecological models because 
enough inventory data has been collected to make the species parameter estimations 
needed by the models. We concur with the spirit of their assertion. The model dis-
cussed here is the product of two decades of an ongoing synthesis of the silvics of 
boreal forest trees for species parameter estimations for boreal forests (Shugart et al .  
 1992  ) . In the past 20 years, individual-based models (IBMs) have expanded to 
provide increasingly accurate predictions and simulations of forest change over time 
(Mladenoff  2004  ) . These models have been applied to investigate forest disturbance 
and succession, to manage forest stands, and to predict how forests will respond to 
alterations in environmental scenarios. 

 The examples considered here use one of a class of forest individual-based models 
called “gap models” (Shugart and West  1980  )  to project responses of the Russian 
boreal forests to changes in climate. Individual-based gap models simulate indi-
vidual trees, their growth, mortality, and decomposition into litter in a relatively 
small area, typically the size of a forest gap (Urban and Shugart  1992  ) . These mod-
els simulate the vertical dimension but often are incorrectly classi fi ed as nonspatial 
models in that they do not interact in the horizontal. This limitation ended with 
subgrid-based and horizontally explicit versions (Urban et al .   1991 ; Weishampel 
et al .   1992  ) . The models often include ecosystem processes such as nutrient cycling 
and interactions with the local abiotic environment (Scheller and Mladenoff  2007  ) . 

 One of the primary results of the importance of the dynamics of structure is illus-
trated in Fig.  6.7 . Successional carbon dynamics is shown as predicted by the 
FAREAST model (Yan and Shugart  2005  )  simulating the forest dynamics of 
Changbai Mountain (intrazonal boreal forests on the North Korean and Chinese 
border). In this succession, deciduous conifer forest (with  Larix  as the dominant 
species) converts over time to a mixed Spruce-Fir ( Picea  and  Abies ) forest. The 
deciduous stands begin to break up after about 100 years of stand development. The 
forest acts as a strong carbon sink for the  fi rst 100 years of forest dynamics after 
stand initiation on bare ground (in case of regeneration after disturbance the decom-
position of legacy material would exceed C accumulation in live biomass for the  fi rst 
10–20 years, possibly longer). After about 100 years, the mortality and decomposi-
tion of the initial early successional forest biomass causes the forest to be a relatively 
strong carbon source for almost 200 years. Then the carbon standing crop of the 
forest settles into a quasi-equilibrium where the forest is neutral in its carbon source-
sink relation to the atmosphere. The leaf area of the forest is relatively constant from 
about 50 years onward. The dynamic response of this forest to disturbance from a 
leaf-canopy model (based solely on leaf gross-primary-production kinetics) would 
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not capture these signi fi cant shifts in the source-sink status of the forest because it 
ignores several essential factors that control the retention of C accumulated through 
production processes such as tree size, longevity, and species succession. 
Furthermore, these factors are critical for simulating tree mortality which are a 
major pathway in C cycling of forest ecosystems. Yet this process is dif fi cult to 
capture in most current biophysical models, because of their mathematical structure 
(ordinary differential equations applied over relatively large areas with an assump-
tion of spatial homogeneity). An important additional consideration is the need to 
include a woody debris pool which also plays a signi fi cant role in C storage 
and cycling.  

 These are speci fi c examples of an important general problem. Many of the models 
that are currently being applied to determine regional and global productivity use 
mathematical functions that are derived from the physiological and biophysical 
performance of leaves – even though the models themselves are typically formulated 
and calibrated for landscapes. The actual heterogeneity of leafy canopies found in 
both the horizontal and the vertical dimensions of vegetation can create signi fi cant 
problems in such upscaling (Shugart  2000  ) . For example, a leaf area of 4 held by a 
single large tree is  not  metabolically equivalent to a leaf area of 4 held by a collection 
of small trees – the plant respiration rates in the two cases could be very different. 
Essentially, vegetation of different structures could be similar for one ecosystem 
property (e.g., productivity, biomass, height, etc.) but not for any of the others. 

 This might be thought of as an interesting theoretical problem, were it not for the 
fact that highly aggregated leaf-based models (in some cases augmented by remotely 
sensed variables such as photosynthetically active radiation or PAR absorbed by the 
vegetation) are the backbone of our prediction of global productivity, carbon uptake 

  Fig. 6.7    The simulated forest species composition dynamics expressed as cumulative biomass (t 
C ha −1 ) for succession from bare ground Changbai Mountain (People’s Republic of China/
Democratic People’s Republic of Korea) at 1,500 m in elevation (From Yan and Shugart  2005  )        
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and loss, and vegetation cover. These models can characterize the productivity and 
biophysical properties of large regions and are used for assessing carbon  fl uxes 
associated with these regions. Thus, the issue of properly including the effects of 
vertical and horizontal variability in our understanding of regional ecosystem 
dynamics has arisen as an important problem to improve our predictive capability. 

 Forest gap models are well suited to evaluate the effect of climatic  fl uctuations 
on forest structure and composition. Following the addition of species range data, 
the forest gap model, FAREAST, was tested across the broad geographic and cli-
matic variation of Russia using independent forest inventory biomass data (Shuman 
et al .   2011  ) . 

 The version of the FAREAST model (Yan and Shugart  2005  )  applied here simu-
lates the composition of the Russian boreal forest in response to current and changing 
climate conditions and is suitable for exploring the feedback between climate and 
forest composition at both the continental and regional scale. Species silvics for the 
more temperate-forest species of the southern border with China and Russia are 
already in the FAREAST model; parameters for species in Northern Eurasia were 
added for a total of 52 tree species. Species range maps for these 52 species are used 
to include appropriate diversity on a site-speci fi c basis. The model was used to 
simulate the impact of changes in temperature and precipitation on both total and 
genera-speci fi c tree biomass across Siberia and the Russian Far East. 

 For the model runs with temperature or precipitation change, a linear increase in 
temperature or precipitation or both takes place from years 0 to 200 of the simula-
tion. This is followed by an additional 150 years of simulation during which the 
climate stabilizes around the conditions attained in year 200. A nonparametric 
factorial ANOVA was used to assess differences in the biomass (t C ha −1 ) of  Larix  
spp., dark conifers, and the total forest biomass among model runs that employed 
different climate treatments at 10-year intervals. 

 Under the in fl uences of a warming climate, the FAREAST model simulates cases 
in which the patterns of succession change qualitatively. Two examples are shown 
in Fig.  6.8 . In the top panels of Fig.  6.8 , the simulated forest dynamics (200 simu-
lated plots averaged annually over 350 years) shows succession of the  Larix -
dominated forest for conditions appropriate to Irkutsk region in southern Siberia. 
The successional pattern is for an increase in  Larix  biomass during initial stand 
development that reaches a maximum biomass in simulated year 200. As the initial 
even-aged stands of  Larix  break up and transition to a mixed-aged mosaic, the bio-
mass over the landscape drops (Fig.  6.8 ) over the next 150 years (from years 200 to 
350). Under climate warming,  Larix  persists as a dominant until the even-aged 
stands break-up and then there is a transition to a  Betula  – Pinus  mosaic landscape. 
The composition shift is much like a successional response with a species shift as 
forests mature. This compositional shift is part of the simulated “normal” succes-
sional development seen in forests of the Russian Far East (Fig.  6.8 ) in which an 
initial pioneering successional stage dominated by  Larix  transitions to  Pinus - Picea  
forest. One also can see this classic successional replacement pattern in the simula-
tions of the northern Chinese forests (Yan and Shugart  2005 , Fig.  6.7 ). Under climate 
change, the forests of the Russian Far East retain the replacement successional 
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pattern (Fig.  6.8 ) but the composition of the mature-phase forest is different (a 
mixed  Pinus  with broad-leaved deciduous-tree-species forests). In the Irkutsk for-
est, landscape climate change induces a new successional pattern of stand replace-
ment; in the Far East forest the same pattern of climate change has the same broad 
type of successional replacement but with different dominant species.  

 Distributed gap-models can project forest response to climate change (Fig.  6.9 ) 
including forest structural properties over the Siberian boreal forest. These model 
responses can be compared to those of other more aggregated models (Vygodskaya 
et al .   2007 ; Tchebakova et al .   2009  )  to determine the sensitivity of the predicted 
responses to forest structure. Using the FAREAST model distributed on points 
across Siberia, one can inspect the response of the forest to different climate-change 
scenarios. The case shown in Fig.  6.9  is for a simple sensitivity analysis with an 
increase of 4 °C across 372 sites. What emerges is an expected pattern of biomass 
distribution for Siberia and the Russian Far East (Fig.  6.9 , left) with high levels of 
biomass (t C ha −1 ) in the Russian Far East and in the southern part of Siberia. 

  Fig. 6.8    Cumulative biomass (t C ha −1 ) of species from model simulations for two locations in 
Russia. Each graph displays composition by the dominant genera. The base cases in each of the 
pairs of graphs represent the successional dynamics from a bare ground condition in year 0 for 
350 years of ecological succession. Also, in each pair of simulations is a climate-change case with 
a temperature increase ramping up over the  fi rst 200 years of succession to an increase in average 
temperature of 4 °C; this level of change in then continued until year 350. ( a ) and ( b ) Simulated 
mixed species biomass dynamics (t C ha −1 ) for Irkutsk in southern Siberia. The effect of tempera-
ture increase of 4 °C across 200 years of forest succession causes transition from  Larix  spp. domi-
nance to mixed species forest ( b ) when compared to base scenario ( a ). Legend for ( a  and  b ) shown 
to the  right  side of ( b ). ( c ) and ( d ) Simulated mixed species biomass dynamics (t C ha −1 ) for 
Veselaja Gorka in the Russian Far East. The effect of temperature increase of 4 °C across 200 years 
causes transition to a mixed-species forest dominated by  Pinus  spp. ( d ) when compared to base 
scenario ( c ). for ( c  and  d ) shown to the  right  side of ( d )       
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Under a warming, there is a substantial decrease in biomass through middle Siberian 
sites, particularly in the forests of the region surrounding Novosibirsk and Tomsk in 
southwestern Siberia. The diverse high-biomass forests of the Russian Far East 
maintain their biomass levels and even increase due to a warming, but there is a 
potential change in composition (Fig.  6.8 ). The change is complex across all of 
Siberia and the indication is that wide forest monitoring is necessary to obtain a 
complete picture of the nature of the change. Please note that the responses do not 
include the possibilities of increased rates of disturbance (notably  fi re and insect 
pests), which could be expected to increase in their effects with warming.   

    6.6.2   Potential Land Cover Change in Siberia Predicted 
by Siberian Bioclimatic Model 

 The changing climate rearranges land cover and impacts biophysical and biochemical 
processes directly and indirectly through land cover change. To understand these 
climate-induced vegetation changes, bioclimatic models of either a static (time-
independent), dynamic (time-dependent), or mixed nature are used. To simulate zonal 
vegetation across Siberia (within the window: 60–140°E and 48–72°N, about 12 
million km 2  ) during the twenty- fi rst century, a Siberian bioclimatic model, SiBCliM 
was designed (Tchebakova et al .   2003  ) , a static, envelope-type large-scale bioclimatic 
model based on the Siberian vegetation classi fi cation of Shumilova  (  1962  ) . SiBCliM 
uses three bioclimatic indices to characterize a climatic envelope of each vegetation 
class: (1) growing degree-days above 5 °C, characterizing plant requirements for warmth; 

  Fig. 6.9    230-year-old forest landscapes at 372 sites across Siberia and Russian Far East simulated 
by the FAREAST model for Each point is the average of 200 one-twelfth  ha  plots simulated 
through succession from bare ground and then averaged at Each point.  Left : Simulated total mixed-
species biomass for historical climate data.  Right : Difference in total biomass (t C ha −1 ) between a 
+4 °C climate warming and the historical baseline. Decrease in biomass is in  red  and  orange ; 
increase in shades of  green        
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(2) negative degree-days below 0 °C, characterizing plant tolerance to cold; and (3) an 
annual moisture index (ratio of growing degree days above 5 °C to annual precipitation), 
characterizing plant resistance to water stress. SiBCliM was updated to include 
permafrost (the active layer depth), a critical ecosystem determinant in the extremely 
cold continental climates of Siberia (Tchebakova et al.  2009  ,  2010 ) . SiBCliM includes 
14 vegetation classes, 10 boreal (tundra, forest-tundra, northern, middle, southern 
dark-coniferous and light-coniferous taiga, forest-steppe, and steppe), and four tem-
perate (conifer-broadleaved, forest-steppe, steppe, and semidesert) vegetation classes 
that do not exist in the current Siberian climate but are included in SiBCliM because 
of their potential importance in future climates. The SiBCliM performance was evalu-
ated by comparing modeled and actual vegetation maps using the kappa statistics 
(Monserud and Leemans  1992  ) . The overall agreement between these two maps was 
a “fair” match (kappa 0.53). 

 To simulate vegetation cover and hot spots of vegetation change in Siberia in a 
changing climate by the end of the twenty- fi rst century, we used two IPCC climate 
change scenarios that re fl ect opposite ends of the spectrum, the Hadley Centre 
HadCM3 A2, the largest temperature increase, and B1, the smallest temperature 
increase (IPCC  2007a,   b  ) . We evaluated then possible feedbacks of vegetation 
change to the climatic system (albedo and thus net radiation change) that may miti-
gate/accelerate vegetation shifts at the end of the twenty- fi rst century in response to 
the harsh HadCM3 A2 scenario (Fig.  6.10  1C). According to this scenario, northern 
vegetation types (tundra, forest-tundra, and taiga) would decrease from 81.5 to 
30 %, with southern (forest-steppe, steppe, and semidesert) vegetation prevailing on 
67 % of Siberia (Table  6.16 ). A moderate change in vegetation is predicted from the 
B1 scenario (Fig.  6.10  1B). According to this scenario, habitats for northern vegeta-
tion classes would decrease from 81.5 to 50 % enabling southern habitats to expand 
from 18.5 to 50 %.   

 Fire and the thawing of permafrost are considered to be the principal mecha-
nisms that will promote zonal vegetation shifts across Siberia in a rapidly changing 
climate. 

 In a future warm and dry climate in Siberia, zonobiomes could shift northward 
as far as 600 km (Tchebakova et al.  2009  ) . Trees at the northern tree-line would 
move by means of migration. Migration rates of boreal tree species as estimated 
from paleoecology may reach 300–500 m year −1  or even less (Udra  1988 ; King and 
Herstrom  1997  ) , thus taking a millennium for a vegetation zone of hundreds of 
kilometers in width to be completely replaced by vegetation of a neighboring zone 
under warming. Species with broad climatic niches and high migration rates could 
adjust to a rapidly warming climate while species with a restricted range of suitable 
habitats and limited dispersal are likely to disappear  fi rst (Solomon and Leemans 
 1990  ) . While extirpation and immigration are the main processes at the margins of 
the forest distribution, within the forest zone, natural selection and gene  fl ow are the 
primary processes favoring tree adaptation to climate change (Davis and Shaw 
 2001 ; Rehfeldt et al .   2004  ) . Evolutionary processes of adjusting to predicted cli-
mate change would take a time at least one order of magnitude greater than the time 
it takes for the climate itself to change. Estimates for  Pinus sylvestris  in Siberia 
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  Fig. 6.10    Vegetation distribution in 2080 predicted from current climate ( a ) and the moderate 
HadCM3 B1 ( b ) and the harsh A2 ( c ) climate change projections. Vegetation class key: 0 - Water; 
Boreal: 1 - Tundra; 2 - Forest-Tundra; Northern Taiga: 3 - dark, 4 - light; Middle taiga: 5 - dark, 
6 - light; Southern Taiga: 7 - dark, 8 - light; 9 - Subtaiga, Forest-Steppe; 10 - Steppe; 11 - Semidesert; 
Temperate: 12 - Broadleaf; 13 - Forest-Steppe; 14 - Steppe, 15 - Desert       

   Table 6.16    Potential vegetation change (%) in Siberia by 2080 predicted from two climate change 
scenarios   

 Vegetation  Current climate, %  Had CM3 A2, %   Δ , %  Had CM3 B1, %   Δ , % 

 Tundra  18.3  2.0  −16.3  7.5  −10.8 
 Forest-tundra  8.5  2.4  −6.1  4.0  −4.5 
 Taiga 
  Light-conifer  36.1  19.9  −16.2  25.7  −10.4 
  Dark-conifer  18.5  9.0  −9.5  12.1  −6.4 
 Forest-steppe  6.1  23.8  17.7  22.5  16.4 
 Steppe  10.0  30.1  20.1  19.1  9.1 
 Semidesert  2.5  12.9  10.4  9.0  6.5 
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suggest that 5–10 generations (above 150 years) are required for the evolutionary 
process to follow a predicted warming. Genotypes would be reorganized within tree 
distributions, and tree boundaries would follow a changing climate. The forest 
adjustment to climate change would occur, but it would require a long time due to 
the large amount of change predicted by the end of the current century (Rehfeldt 
et al .   2004  ) . 

 At the southern tree-line, forest  fi re would promote a replacement of forest veg-
etation by grasslands. A drier climate would result in increased tree mortality in the 
southern taiga, thus increasing  fi re fuel accumulation. When paired, both factors, 
increased fuel load and  fi re weather, show that risks of large  fi res would signi fi cantly 
escalate in dry southern Siberia and in central Yakutia advancing new habitats for 
steppe and forest-steppe rather than forests. In a warmer and drier climate, post fi re 
forest regeneration may not be possible due to decreased precipitation and increased 
evapotranspiration. Grasses would replace forest, as suggested in several model sce-
narios (Rizzo and Wiken  1992 ; Smith and Shugart  1993  ) , because they are adapted 
to less precipitation and droughts, and they are able to recover after frequent  fi res 
due to a short life cycle. 

 Future climate is often regarded as analogous to the mid-Holocene climate 
(Borzenkova and Zubakov  1984  ) . In Siberia, the mid-Holocene climate as recon-
structed from mid-Holocene vegetation (Chap.   3    ) was warmer and wetter than the 
present (Monserud et al .   1996  ) . The climate of the twenty- fi rst century as predicted 
from GCMs is warmer and drier. The mid-Holocene and future climates are likely 
to be dissimilar and impact terrestrial ecosystems differently, so they may not be 
regarded as analogous. 

 Altered land cover would generate additional regional forcing and feedback to 
the climate system resulting in a potential nonlinear response to changes in climate. 
Predicted signi fi cant changes in land cover across Siberia by the end of the century 
would initiate change in surface albedo and thus energy  fl uxes between the bio-
sphere and the atmosphere. To evaluate possible effects of feedbacks of vegetation-
induced albedo change to net radiation change to accelerating/mitigating vegetation 
shifts over Siberia, we  fi rst evaluate albedo change by 2080. Albedo of both current 
and the 2080 vegetation was calculated for each pixel as a sum of winter albedo 
(vegetation covered by snow), summer albedo (snow-free vegetation), and albedo of 
the winter-to-summer and summer-to-winter transition periods. Albedo values were 
ascribed to each pixel for each year period from Budyko  (  1974  ) . The snow period 
was calculated from the regression relating it to July and January temperatures 
( R  2  = 0.72,  p  < 0.0000); the winter-to-summer and summer-to-winter transition 
period was calculated from the regression relating this period to the snow period 
( R  2  = 0.51,  p  < 0.0000). Average annual albedo change by 2080 was calculated as the 
difference between 2080 and current albedo. According to the harsh A2 scenario, 
albedo would increase over 44 % of the area in the southern and middle latitudes in 
Siberia due to the forest retreat. Albedo would decrease in 56 % of the territory 
mainly in the northern latitudes and highlands, where tundra would be replaced by 
forest with smaller albedo and in southern grasslands where the snow-free period 
would extend. With consideration of changes in snow cover, tundra characterized by 
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a high seasonal variation in albedo showed increased feedbacks (greater atmospheric 
heating) compared to forests characterized by less seasonal variation in albedo that 
showed lesser feedbacks (less atmospheric heating) (Chapin III et al .   2000  ) . Thus, 
resulting warming due to effects of albedo and snow cover change would be greater 
at high latitudes and lesser warming or some cooling would occur at middle and low 
latitudes. 

 Change in albedo would change energy  fl uxes: shortwave radiation (Rs) and thus 
net radiation ( R ). Net radiation evaluated as  R  = (0.6*Rs +   a  ) with  R  2  = 0.93, 
 p  < 0.0000, and shortwave radiation evaluated as Rs =  Q *(1 −   a  ), where  Q  is total 
radiation and   a   – albedo, results then in  D  R   ~  0.6*  Q * ( D   a  ), assuming  Q  and 
 R  = (0.6*Rs + a) are constant in the future climate. 

 The simulations show that under a greater warming (scenario A2), net radiation 
balance would increase by 2,200 × 10 13  MJ year −1  in half of the area in the north and 
would decrease by 700 × 10 13  MJ year −1  in the other half of the area in the south 
totaling 1,500 × 10 13  MJ year −1  over the entire Siberian window, about 1.2 × 10 13  m 2.  
Compared to the net radiation 1,000–2,000 MJ m −2  year −1  in current climate, this 
change is about 10 % in the A2 climate and 6 % in the B1 climate. 

 To estimate albedo-induced net radiation feedbacks to vegetation, net radiation 
was transformed to growing degree-days, GDD, the climatic constraint we use in 
our SiBCliM, with  R  2  = 0.82,  p  < 0.0000. Corrections for growing degree-days were 
calculated coupling this regression with the net radiation maps in the A2 and B1 
climates at 2080 (Figs.  6.11  and  6.12 ). SiBCliM was run again for the A2 and B1 
climates to understand how vegetation would shift with regard to the predicted 
albedo-induced feedbacks. Potential albedo feedbacks due to land cover change 
predicted from IPCC scenarios may result in additional warming in the north pro-
moting the further forest advance into tundra, and some cooling in the forest-steppe 
ecotone promoting the forest return in the south (cf., Vygodskaya et al.  2007  ) . Due 
to albedo feedback effects, the forest may gain some more area of tundra and may 
lose less area in grasslands gaining an additional 6–8.5 % (Fig.  6.13 , green).    

 Thus, global and regional circulation models need to account for feedbacks from 
terrestrial ecosystems to get more reliable projections.  

    6.6.3   Prediction at Landscape Level 

 Reliable prediction of future states of the boreal forest under global change requires 
understanding the complex interactions among forest regenerative processes (suc-
cession), natural disturbances (e.g.,  fi re, wind, and insects), and anthropogenic dis-
turbances (e.g., timber harvest). At a landscape level, long-period predictions have 
been simulated based on the process-based, spatially explicit dynamic model of 
forest succession and disturbance LANDIS-II (LANDscape DIsturbance and 
Succession) (Mladenoff  2004 ; Scheller et al .   2007  ) . The model independently simu-
lates multiple ecological and anthropogenic processes so that interactions of these 
processes are an emergent property of the simulations. LANDIS-II consists of a 
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  Fig. 6.11    Vegetation-induced albedo change in 2080 predicted from the moderate HadCM3 B1 
( upper ) and the harsh A2 ( lower ) climate change projections projections. Albedo class key: 
0. Water; 1. - <-0.3, 2. -0.3-(-0.2), 3.- 0.2 -(-0.1), 4. -0.1-0, 5. 0-0.1, 6. >0.1       

  Fig. 6.12    Albedo-induced net radiation change in 2080 predicted from the moderate HadCM3 B1 
( upper ) and the harsh A2 ( lower ) climate change projections. Dark-blue marks net radiation 
increase (warming), light-blue marks net radiation decrease (cooling)       
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core collection of libraries and optional extensions that represent the ecological 
processes of interest (e.g., succession, wind disturbance, biotic disturbance,  fi re, 
biomass harvest, etc.). The model can be linked to the outputs of global circulation 
models (GCMs) to allow climate change to interact with landscape processes in the 
simulation environment and to process-based physiological models. 

 LANDIS-II represents the landscape as a grid of interacting cells at an appropri-
ate resolution (e.g., 100 m), and each cell may contain multiple species and each 
species can be represented by one or many age cohorts. Each cohort will establish 
and respond to disturbance as a function of its life history attributes. Various distur-
bance extensions can be turned on or off, and the timber harvest extension allows 
the examination of alternative management regimes. The primary model outputs are 
maps of forest conditions, including species, age classes, aboveground biomass (living 
and dead), disturbance types, and their respective severities. 

 The model has been used to study the relative effects of climate change, timber 
harvesting,  fi re and insect outbreaks on forest composition, biomass (carbon), and 
landscape pattern in south-central Siberia (Gustafson et al .   2010,   2011a,   b  ) . The 
study area was represented by an almost intact forest region near Ust’-Ilmsk, at the 
boundary of southern and middle taiga, with a total area of about 315,000 ha. 
Permafrost is rare in the study area. Future climate parameters were based on the 
Hadley GCM (HadCM3) A2 scenario (Gordon et al .   2000  )  for the years 2080–2099. 
Mean monthly temperatures in the study area were predicted to rise by about 5 °C 

  Fig. 6.13    Potential albedo feedback effects on the forest area:  green  – forest area increased due to 
additional warming (albedo decrease) in the north and some cooling (albedo increase) in the south 
promoting the forest return;  yellow  – forest area decreased       
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during the twenty- fi rst century, and annual precipitation was predicted to increase 
by about 20 %. For the study area, the Hadley GCM projections were intermediate 
among those of the major GCMs, and precipitation and temperature trends were 
linear through the twenty- fi rst century and variability was stable. LANDIS-II was 
coupled with a forest carbon and water balance model PnET-II, version 4.1–1.2c 
(Aber et al .   1995  ) . This model matched well empirical observations in the region 
under current climate (e.g., for aboveground NPP within 4 %, Gustafson et al .   2010  ) . 

 The most interesting result of the study was that major response variables (e.g., 
forest composition, Fig.  6.14 ) were more strongly in fl uenced by timber harvest and 
insect outbreaks than the direct effects of climate change. The effect of the expected 
future climate was signi fi cant, but its effect was minor compared to harvest and 
insects, except the abundance of Scots pine. Climate did have a modest effect on 
the  fi re regime. The total area burned per decade and mean severity of  fi res was 
projected to be slightly increased, with higher variability under future climate. 
However, both the area burned and  fi re severity were lower by end of the simulation 
period under the future climate scenario because of changes in the species composition 
of the forest. The amount of live aboveground biomass and the level of forest 
fragmentation were related to the amount of disturbance associated with each scenario. 
Biomass increased during the last 100 years of the simulations under the insect 
scenario because insects favor tree species with higher growth rate.  

 The direct effects of climate change in the study area are not as signi fi cant as the 
exploitation of virgin forest by timber harvest and the potential immigration of the 
Siberian silk moth. Direct climate effects generally increased tree productivity and 
modi fi ed probability of establishment, but the indirect effects on the  fi re regime 
often seemed to counteract the direct effects. Harvest and insects signi fi cantly 
produced changes in forest composition, reduced living biomass, and increased 
forest fragmentation. It is expected that a warming climate will allow a major 
tree-killing insect, the Siberian silk moth ( Dendrolimus sibiricus superanse ), which 
currently does not occur in the study area, to exploit resources north of its current 
distribution by reducing the frequency of extreme cold events that kill overwintering 
individuals. 

 Simulation of the historical climate and disturbance regimes (historical regime 
of natural variability – HRNV) showed variation within the empirical range of pro-
portions for most species and age classes, but the range of variability for some 
species (and ages) is currently near the extreme. Several reasons may contribute to 
this. The initial conditions map was partially impacted by human intervention 
during the recent decade that has generated more perturbation compared to the HRNV. 
This may shift the regularities of successions which have a “wavy” character and do 
not reach equilibrium during relatively short (e.g., 200 years) periods. Finally, while 
the model reproduces the empirical (current)  fi re regime quite closely, gradation of 
disturbance parameters (e.g.,  fi re tolerance) may be too coarse to describe subtle 
differences of the  fi re tolerance of some species (e.g., spruce and  fi r). 

 Of the multiple global changes studied, climate had the least direct effect on spe-
cies and seral stage composition. However, the arrival of the Siberian silk moth 
would be an indirect effect of climate warming, and the consequences may be quite 
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devastating. More direct climate effects on composition have a lag time and they 
induce long-lasting ecological changes that interact with other disturbance pro-
cesses to fundamentally alter the ecosystem dynamics of these forests. Timber har-
vest activity produces a sudden and signi fi cant change in composition, particularly 
age class distribution. Climate also did not have a signi fi cant effect on biomass, 
likely because the positive effects of warmer temperatures on net primary production 

  Fig. 6.14    Maps of change of forest composition under four different scenarios. Prediction for 
intact forests at ecotone of southern and middle taiga (the area at 315 × 10 3  ha, Ust’-Ilimsk region 
of Irkutsk Oblast) by LANDIS-II model       
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and establishment probability were canceled out by increased losses to  fi re. This is 
consistent with projections for boreal forests in Canada (Kang et al .   2006 ; Kurz    
et al .   2008a ; Girardin and Mudelsee  2008  ) . However, this study did not incorporate 
CO 

2
  fertilization effects on net primary production that may signi fi cantly interact 

with other global change effects (Alo and Wang  2008 ; Peng and Apps  1999  ) . 
 Another application of LANDIS-II to the same region examined the ability of 

broad silvicultural strategies to reduce losses to disturbance, maintain the abun-
dance of preferred species, mitigate fragmentation and loss of age class diversity, 
and sequester carbon under future climate conditions (Gustafson et al .   2011b  ) . A 
factorial experiment was conducted manipulating three factors representing timber 
cutting strategies (cutting method, cutting rate and cutblock size). Simultaneously, 
the model simulated natural disturbances ( fi re, wind, insect outbreaks) and forest 
succession under projected future climate conditions as predicted by an ensemble 
of four global circulation models (CCCma, DFDL-CM2, HadCM3, and MPI-
echam5). 

 As a result, the cutting method and cutting rate treatments had a large effect on 
species and age class composition, residual living biomass and susceptibility to 
disturbance. Clear-cutting reduces productivity in the short term, but increases it 
over the long term (>200 years), an effect that is likely related to changes in species 
composition. However, some of the more productive species may not be those of 
greatest commercial value. Cutblock size (within ecologically accepted limits) 
seems to have little effect except on fragmentation, so it can be used to achieve 
fragmentation objectives without fear of compromising other objectives. Based on 
the results, a “recommended” strategy was simulated and compared to the current 
forest management practice (“business as usual”) (Gustafson et al .   2011b  ) . The rec-
ommended strategy resulted in higher forest productivity, increased abundance of 
favored species, and reduced fragmentation, but it did not signi fi cantly reduce losses 
to disturbance. No single strategy appears able to achieve all possible forest man-
agement objectives. Forest management has limited power to reduce total losses to 
disturbance because the species most likely to reduce disturbance rates are not cur-
rently economically valuable. Silviculture can have an effect on losses by a single 
disturbance type, but not all types simultaneously. 

 Although these results do not point to a clear, universal management solution to 
sustaining healthy forests in south-central Siberia, they do provide insight into the 
direction and magnitude of the effects of very general strategies in the face of cli-
mate change and interacting disturbances. 

 The application of LANDIS-II to forests of central Siberian landscapes lead to 
conclusions that global change is likely to signi fi cantly change forest composition 
of central Siberian landscapes, reduce the ability of Siberian forests to sequester 
carbon, and may signi fi cantly alter ecosystem dynamics and wildlife populations 
by increasing forest fragmentation. However, the model does not predict irrevers-
ible decline and death of forests in the region, as some other models considered 
above do.   
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    6.7   Brief Summary 

 In order to understand how Siberian terrestrial ecosystems might respond to ongoing 
and anticipated climate and environmental change, at least four different important 
processes should be considered – expected ecosystem change in vitality and pro-
ductivity, acceleration of natural disturbance, migration and alteration of the land 
cover (including changes in patterns of species cohorts), and character and intensity 
of anthropogenic pressure. Global change in both of its major interacting drivers – 
climate and humans – generates diverse but mostly dangerous challenges for Siberian 
ecosystem, particularly forests. 

 Vulnerability of Siberian ecosystems, particularly in a long run, is high. Overall, 
global change could provide both positive and negative impacts on ecosystems, 
their spatial distribution, structure, and functioning. Major drivers of increasing eco-
systems productivity are: (1) elevated atmospheric CO 

2
  concentration, (2) increased 

nitrogen deposition, and (3) longer and warmer growing seasons. However, the 
combined impacts of these processes on productivity of northern ecosystems (and 
particularly, forests) and the long-term C balance are not completely clear (see also 
De Vries et al .   2006 ; Euskirchen et al .   2006  ; Juday et al.  2005 ) , particularly the 
interaction between processes (i.e., dynamics of NPP and HR in the changing envi-
ronment, intensi fi cation of disturbance regimes, and changes in ecosystems). There 
is much empirical and modeling evidence of changes in ecosystems in boreal Asia, 
including productivity, both increasing and decreasing, particularly at northern and 
southern tree-lines and altitudinal transition zones. Overall, terrestrial ecosystems 
of Siberia still serve a net carbon sink of about 0.3–0.4 Pg C annually. This sink is 
provided by forests and – to a much smaller extent – by wetlands. Other major land 
classes serve, on average, as a relatively small carbon source. 

 Some empirical and modeling results show that future climate and environmental 
change, together with increasing natural disturbance could have a clearly negative 
impact on vegetation and change some ecosystems from C sinks to C sources, par-
ticularly in disturbed forests and ecosystems on permafrost. These changes also 
serve as prerequisites to feedbacks to weather and climate, which could accelerate 
future disturbance regimes in Siberia. The future trajectories of Siberian ecosystems, 
particularly forests, will strongly depend upon a number of large-scale social and 
economic decisions which inter alia include transition to integrated land management 
on the landscape basis, implementation of an ecologically friendly paradigm of 
industrial development of Siberian territories, increase overall governance of renewable 
natural resources, and transition to adaptive forest management. These problems are 
still far from any practical solution in the region. 

 Risks to terrestrial ecosystems, which include steppe, forest, tundra, and agricul-
tural lands, that are initiated by climate change and anthropogenic pressure are 
summarized:

   Negative impacts of processes that degrade or destroy permafrost structure • 
including physical destruction of sites, thermokarst, and soli fl uction  
  Dramatic changes of the heat balance of landscapes  • 
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  Irreversible changes in hydrological regimes on large territories  • 
  If IPCC climatic predictions were realized, the region would become a large • 
source of carbon, mostly in form of methane  
  Loss of soil fertility due to water erosion, soil compaction, deserti fi cation, lack • 
of nutrients, salinization, change of water table and other changes in water 
regimes, and soil contamination  
  Decrease of resilience and the decline of biological productivity of boreal for-• 
ests, particularly at southern edge of the forest domain and in permafrost 
territories  
  Critical increase of mortality of trees in boreal forests  • 
  Lack of water resources in arid areas of the region  • 
  Damage of agriculture lands in river valleys due to an increase in inundation  • 
  An increased or expanded spatial distribution of traditional and new insects and • 
more frequent occurrence of pan-Siberian outbreaks  
  Dangerous alteration of forest  fi re regimes  • 
  Loss of biodiversity due to disturbances and loss of species which are not able to • 
cope with the changing environment  
  Impacts of air pollution, soil and water contamination in regions of intensive • 
industrial development    

 In spite of numerous studies on global change in Siberia, many ecological pro-
cesses and tendencies are poorly understood. There are a number of fundamental 
problems that require urgent investigation: setting thresholds of acceptable (nonde-
structive) impacts on ecosystems taking into account nonlinear and multivariant 
responses of ecosystems to a long-term accumulation of stress; system (holistic) 
analysis of a complicated dynamic system to include assessment of ecosystem 
impacts, responses, and feedbacks in ecosystems that are biophysically unique (i.e., 
ecologically, socially, economically, and distinctly evolved); theory and practice of 
decision making in a changing world under a variety of uncertainties; and the devel-
opment of integrated observing systems. Uncertainty of climatic, social, and eco-
nomic predictions is high. These uncertainties create special dif fi culties to the 
development of future strategies of coevolution of human and nature in high 
latitudes. 

 This region requires the urgent development of an anticipatory strategy of adap-
tation to, and mitigation of, the negative impacts of global change, because this is a 
large enough region to feedback to regional and global climate systems and this is a 
region that is predicted to experience temperature changes up to two- to threefold 
greater than the global mean.      
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