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Abstract. We determine the net land to atmosphere flux (DGVMs) suggest a much lower uptake -a91 TgCyr?,

of carbon in Russia, including Ukraine, Belarus and Kaza-and we argue that this is caused by a high estimate of het-

khstan, using inventory-based, eddy covariance, and invererotrophic respiration compared to other methods.

sion methods. Our high boundary estimate 842 Tg Cyr !

from the eddy covariance method, and this is close to

the upper bounds of the inventory-based Land Ecosys-

tem Assessment and inverse models estimates. A lowet Introduction

boundary estimate is provided at1350 TgCyr! from

the inversion models. The average of the three methods id he carbon balance of Russia plays an important role in the

—613.5TgCyrl. The methane emission is estimated Sepa_global carbon cycle, primarily due to its large areas of forest

rately at 41.4 Tg Cyrl. and peat- and wetlands and its enormous soil carbon reser-
These three methods agree well within their respective ervoirs. Tundra and wetland make up about 25% of the total

ror bounds. There is thus good consistency between bottonrea; 49 % of Russia is forested while agriculture and grass-

up and top-down methods. The forests of Russia primarJand make up the remaining 26 % (Fig. 1).

ily cause the net atmosphere to land flux602 Tg Cyrl Because only a small area of Russia exists south ©N50

from the LEA. It remains however remarkable that the @nd more than half of the country lies north of’6Q large

three methods provide such close estimate§16, —662, regions of Russia experience six months of snow cover and

—554Tg Cyrl) for net biome production (NBP), given the soils that are permanently frozen. For instance, the Lena

inherent uncertainties in all of the approaches. The lack of0asin is almost covered completely by permafrost, at places

recent forest inventories, the few eddy covariance sites andlP to several hundred meters depth. In these areas, over thou-

associated uncertainty with upscaling and undersampling ofands of years, large stores of carbon in lake sediments and

concentrations for the inversions are among the prime cause8 Wetland, forest and tundra soils were created. This could

of the uncertainty. The dynamic global vegetation modelshappen because the low temperatures at northern latitudes in-
hibit microbial decomposition, while carbon input through
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photosynthesis could remain at high levels during the bo-also found consistency between the bottom-up and top-down
real spring and summers. Consequently, there are now largestimates, within the reported uncertainties of each approach.
stores of carbon (C) in northern high latitude regions, par- Since the early 1990s, Russia has seen some important po-
ticularly in permafrost regions (International Arctic Science litical developments that bear on the carbon cycle dynamics
Committee, 2010). at continental scale. After the collapse of the Soviet collec-
IASC (2010), McGuire et al. (2009) and Tarnocai et tive farming system, a significant decrease in area of agri-
al. (2009) in, what are probably the most up to date andcultural lands in the Russian Federation occurred. According
comprehensive reviews of the Arctic carbon balance, estito the official Russian statistics (Kurganova et al., 2010a),
mate soil carbon storage of northern high latitude terres-43 Mha of agricultural lands (including 30.2 Mha of arable)
trial ecosystems to be between 1400 and 1850 Pg in thevere abandoned after 1990, and the ratio between croplands
upper three meters of soil. The precise magnitude and spaand grasslands was significantly changed. Another estimate
tial variability remain largely unknown. Schepaschenko etfor 2009 accounted for 30 Mha of arable lands which have
al. (2011b, 2012b) estimated the stock of organic carbon imot been converted to forest (Shvidenko et al., 2010a). This
the Russian Federation (RF) at 323 Pg in the first 1 m of thewas by far the largest land use change (LUC) of the 20th
soil, including 16 Pg C in the on-ground organic layer. Zimov century in the Northern Hemisphere (Lyuri et al., 2010), of
et al. (2006) argue that there exists approximately 400 Pg ofvhich the implications for shifts in C budgets and pools of
carbon in currently frozen soils that was accumulated in non-the territory of the Russian Federation still need to be con-
glaciated regions during the Pleistocene, in what was therirmed. Current estimates of C accumulation in grassland
steppe—tundra vegetation. These carbon-rich loess soils ammils after abandonment are uncertain, with estimates of the
called Yedoma sediments. Another 250 Pg C may be storedhiosphere to atmosphere flux froe8 Tg Cyr~! (Vuichard,
in deep alluvial sediments below 3m in river deltas of the et al., 2008) to—45Tg Cyr! (Kurganova et al., 2010a,b),
seven major Arctic rivers (Schuur et al., 2008), with half of mostly in European Russia. In Kazakhstan, where cropland
this alluvial carbon being in the Lena delta (Tarnocai et al.,area decreased by 40 % between 1990 and 1996 due to aban-
2009). donment, a C sink could exist as well but has not been esti-
Not only soil carbon stocks make the boreal zone of mated.
Russia an important player in the global carbon balance. We provide here an integrated analysis of the full terres-
NOAA-AVHRR NDVI (normalized difference vegetation in- trial carbon budget of Russia based on four different methods
dex) trend studies have indicated greening trends in the arege.g. Schulze et al., 2009). The analysis includes all terrestrial
(Myneni et al., 1997; Zhou et al., 2001). Increasing temper-and inner aquatic ecosystems (lakes, rivers and other water
ature and the lengthening of the growing season (Serreze eeservoirs). It should ideally also include fluxes of all impor-
al., 2000; Chapin et al., 2005) would cause enhanced biotant carbon contained in gases (carbon dioxidez;@arbon
spheric activity (Lucht et al., 2002; Beer et al., 2006; Chen etmonoxide, CO; methane, GHand non-methane hydrocar-
al., 2006). A recent study of NOAA-AVHRR NDVI trends bons, NMHC), particles and aerosols to the atmosphere, hy-
indicates a decrease in photosynthetic activity (browning)drosphere and lithosphere in a spatially and temporally ex-
during 1997-2006, following the greening signal observedplicit way. While we currently cannot achieve this complete
during 1982-1997 (Piao et al., 2011 and Serreze and Barrypicture, we do present an estimate of the;Qldlance that is
2011). Piao et al. (2008) and Parmentier et al. (2011) indi-of critical importance in establishing the vulnerability of the
cate that at the end of the growing season enhanced respirgermafrost system to climate change. To be useful in guiding
tion may reduce the gains in uptake from the spring. Atmo-both policy implications and further research, we also assess
spheric inverse models (Bousquet et al., 1999; Gurney et althe uncertainties involved (Shvidenko et al., 2010b).
2002; Fbdenbeck et al., 2003) and forest inventory studies We use a comprehensive landscape-based inventory
(Nilsson et al., 2000; Shvidenko and Nilsson, 2003) confirmmethod (LEA), developed at IASA (Shvidenko et al., 2010a;
that there is a carbon dioxide sink in the RF, but the pre-Schepaschenko et al., 2011a), to make estimates of C stocks
cise magnitude of the sink is still a matter of considerableand fluxes. Further observational constraints come in the
debate. More recently, Quegan et al. (2011) presented a muform of eddy covariance data from a network of ecological
tiple constrained analysis of the carbon budget of a large reebservatories (M. J. van der Molen, personal communication,
gion (~ 300 Mha) in Central Siberia using forest inventory, 2012) and an analysis of inverse model estimates that provide
remotely sensed data and modeling. They concluded thaf top-down constraint on the budgets. Bottom-up Dynamic
in particular, heterotrophic respiration and disturbance were/egetation Models (DGVMs) are used to provide insight into
not well represented in the dynamic global vegetation mod-the mean and interannual variability in fluxes.
els (DGVMs) used. Ciais et al. (2010), in an analysis of the
Northern Hemispheric C budget, suggest the existence of a
net biosphere to land flux of CQOof the order of—0.6 to
—1Pg Cyr!for Russia during the period 2000-2004. They
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Fig. 1. Vegetation (land cover) classification in Russia specifically made for estimating greenhouse gas fluxes and stocks (from Schep-
aschenko et al., 2011a).

2 Methodology and data sources integration and harmonization of multi-sensor remote sens-
ing products (GLC-2000, MODIS VCF, AVHRR, LAND-
2.1 Land Ecosystem Assessment (LEA) SAT TM, ENVISAT ASAR, others) and available in-situ data

(e.g. State Land Account, State Forest Account, data on nat-

Within the LEA, the accounting schemes for carbon budgetsural and human-induced disturbances). The downscaling and
are a combination of flux-based and pool-based approacheparametrization of the HLC is performed for each 1 km pixel
The fluxes of net biome production (NBP), net ecosystemusing a special optimization algorithm. Details of the ap-
production (NEP) and net primary production (NPP) are cal-proach are described in (Schepaschenko et al., 2011a). Ar-
culated together with autotrophic and heterotrophic soil res-guably, this product is one of the most accurate descriptions
piration and the flux due to the decomposition of dead wood.and classifications of terrestrial ecosystems of Russia.
The lateral outflow of carbon consists of the flux to the litho- Major components of the LEA were defined by sets
sphere (weathering) and the flux to the hydrosphere in disof different empirical models applied by land classes and
solved and particulate (in)organic carbon through rivers. Abioclimatic zones. Net primary production (NPP) was as-
separate calculation concerns the fluxes caused by naturskssed based on several in-situ measurements (beside those
and human-induced disturbances, net flux due to trade andf forests). Forest NPP was estimated by an original, ar-
the consumption of plant products. The precise combinatiorguably unbiased approach (Shvidenko et al., 2007). These
of fluxes used depends on the precise selection of final doestimates of NPP do not allow separate estimates off€O@
main boundaries (see below). In the pool-based approach thidlization and nitrogen deposition effects. Heterotrophic soil
fluxes are calculated from the time difference in stocks. Poorrespiration (Hr) was assessed through a special accounting
knowledge of, for instance, carbon pools in soils poses sesystem by identifying type of soil, vegetation class and bio-
vere restrictions on the use of the pool-based method, but foglimatic zone, with corrections applied for climatic charac-
some applications like forest biomass estimated from foresteristics of individual growth seasons.
inventories, it provides useful results (Pan et al., 2011). About half of the Russian forests have been inventoried

The empirical basis for the LEA is the Integrated Land more than 25yr ago (Solontsov, 2010). Thus, data of for-
Information System (ILIS) for Russia developed by IIASA. est inventories should be treated with considerable caution
The ILIS includes a Hybrid Land Cover (HLC, Fig. 1) and as their validity depends on the reliability of updating the
several attributive datasets of available measurements. Thebsolete forest inventory data. Very few studies have ac-
HLC for the Russian territory was developed based on thecess to the relevant combination of remote sensing, ground
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measurements and empirical models to be able to update rexear Zotino in Central Siberia; a larch and a pine forest near
ported forest inventory data. (Pan et al. 2011). Two periodsyakutsk in Eastern Siberia; a typical tundra site near Chokur-
were included in the Pan et al. (2011) analysis: 1990-1999lakh in Northeastern Siberia; and a tussock sedge tundra site
and 2000-2007. In order to estimate dynamics of soil andon a floodplain near the latitudinal tree line near Cherskii in
dead wood carbon, data of detailed snapshot inventories frorthe far northeast of Siberia. Thus, the major ecosystem types
2007 have been used. The carbon dynamics for the above péaiga, tundra, steppe and taiga—bog mosaic are represented.
riods were estimated from empirical models of input for or-  Half-hourly net ecosystem exchange (NEE) fluxes were
ganic matter into soil and impacts of disturbances on carborfirst integrated into daily NEE totals. Half-hourly data was
pools. The analysis was performed separately for Europeatreated for nighttime corrections and gap-filled according
and Asian Russia. to standard procedures (Reichstein et al., 2005; Papale et

The fluxes due to disturbances were defined as the prodal., 2006). Daily totals were accepted only when more than
uct of the disturbed area and amount of transformed carbor80 % of the hourly values of a day were present, otherwise
the calculation schemes accounted for the specifics of eacthey were gap filled. For each site, the daily NEE data were
individual type of disturbance (e.g. a modified approach ofgrouped into 61 blocks of 6 days and averaged over all avail-
Seiler and Crutzen (1980) was used in LEA for wild fires). able years. This results in average annual cycles of NEE for
The consumption of plant products (agriculture, forest) wasall sites, except for Cherskii and Hakasia HAK1, which each
calculated based on official statistical data including importsrequired one unfilled block to be filled by linear interpo-
and exports. lation. Considering the rather smooth course of NEE, this

Agricultural land includes currently cultivated and aban- does probably not introduce a large error. As a first estimate,
doned arable land (that has not been transferred into forestyve assume that unobserved wintertime NEE fluxes are zero.
fallows, cultivated pastures and hayfields. The carbon balThis may be an assumption that causes an overestimation of
ance of agricultural land was estimated by accounting allthe uptake. For instance, the spruce forest in Federovskaya
the relevant fluxes of carbon. Thus, it includes on the car-shows an estimated loss during winter of around 100 g€ m
bon gain side net primary production, the effects of the ap-(Wang et al., 2010), however for forest and tundra experi-
plication of fertilizers and liming. Carbon losses include soil encing stronger winters, this would be less. In the absence
respiration, disturbances if relevant (i.e. fire), the lateral fluxof measurements under those conditions, we cannot reliably
and consumption. The initial data used comes from Fed-estimate this quantity further. The annual net ecosystem pro-
eral State Statistics Service reports (FSSS, 2009) by adminductivity (NEP) results from integrating the annual course of
istrative units (81 in total). The following indicators were NEE.
used: land structure (crops, hayfield, pasture, fallow), seeded
area by crop type (grains, industrial crops, vegetables, fee@.3 Inverse model estimates
crops), harvest by crop, and fertilization (Schepaschenko et
al., 2012a). We use the results of 12 inverse models, projected on the

Empirical equations (Rodin and Krylatov, 1998) were usedRECCAP Russia mask. The data are available mostly from
to assess live biomass fraction and NPP based on the harvedt990-2008. Table 2 gives a listing of the inversion schemes
Crop residuals were estimated as the difference between netsed (see also R. Gurney, personal communication, 2012
primary production and harvest (based on climatic indicatorsfor further detail). Inversions provide estimates of net atmo-
soil and land use types). Crop residuals were accounted fasphere to land C&fluxes, assuming known fossil fuel GO
as an input of organic matter to the soil carbon pool. emissions. The land—atmosphere residuap @0x is calcu-

Error calculation of the different components was lated by removing these fossil fuel G@missions from the
achieved by running a Monte Carlo analysis as described imet flux.
Shvidenko et al. (2010b).

2.4 DGVMs
2.2 Eddy covariance estimates
We use the results of 8 DGVMs (Sitch et al., 2008) whose

Data were used from 14 sites representing the main ecosystata was collected for the purpose of the TRENDY inter-
tem types in Siberia and European Russia, as listed in Supeomparison Iittp://dgvm.ceh.ac.ykand made available to
plement Table S1. From west to east they are an oligotrophithe RECCAP (Regional Carbon Cycle Assessment and Pro-
bog, a wet and a dry spruce forest near Tver in the territorycesses) (Canadell et al., 2011) participants. The models are
of the Central Forest Biosphere State Reserve, 350 km wesun with a merged CRU-NCEP forcing dataset over 1901—
of Moscow in European Russia; a natural grassland-stepp2009 fttp://dods.extra.cea.fr/data/p529vipahd provide at
near Hakasia in southern Central Siberia (HAK1), a regen-their grid resolution, typically 1 degree, estimates of GPP,
erating grassland on agricultural fields abandoned in 199NPP, NEP and/or NBP. Respiration can also be obtained from
(HAK2) and one on fields abandoned in 1994 (HAK3); a these data. The models used are CLM4, ORCHIDEE, HY-
bog, a pine forest, a mixed forest and a Siberian fir forestLAND, LPJGuess, LPJ, OCN, SDGVM, and TRIFFIBX{p:
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[lIwww-Iscedods.cea.frlinvsat/RECCAPIh the simulations 2.8 Land use change in LEA
an actual, non-dynamic land cover was used. The models are
run to equilibrium with a 286 ppm C£xoncentration driven ~ Two processes defined land use change in Russia after the
by 1901-1920 climatology. From there a changing climate1990s, the crucial period after the decline of the Soviet sys-
and CQ are prescribed and the runs are executed from 1901tem where large changes in the economy took place. These
2009. The data for the geographical area of Russia are obare taken into account in the LEA as follows. The first was
tained using the RECCAP mask. We included Kazakhstanthe abandonment of agricultural land. Estimates of the total
Ukraine and Belarus in our current estimates. area of arable lands withdrawn form agricultural use given
In addition to these relatively large, continental-scale for the period 1990-2005 diverge widely ranging from 10.1
fluxes, there are a number of smaller fluxes that need to béFAOSTAT) to 34.0 Mha (Larionova et al., 2003) to 48.6 Mha
known to calculate a “closed” carbon budget of the area (sedas the difference between the total area of arable land by the

below). State Land Account and cultivated land — 76.4 Mha in 2007,
FSSS, 2009). The second was the increase of forested area of
2.5 Lateral fluxes to hydrosphere and trade 31.3Mha in 1990-2007 (Pan et al., 2011) due to encroach-

ment of forests in abandoned agricultural land, decreasing
River export of organic matter was taken from the COSCAT harvest (FFS'RF, 2009) and zonal and altitudinal shift of
(Meybeck et al., 2006) dataset and provided in Table 1 forforests likely due to climate change (e.g. Kharuk et al., 2010).
all rivers flowing out of the Russian territory. These numbersIn the next section we also provide a separate assessment of
are obtained by multiplying discharge with DOC and POC these effects based on model results and experimental evi-
and DIC concentration to obtain the final export fluxes. Notedence.
that this may introduce a bias if either the discharge or the
concentration shows large temporal variability.

3 Results

2.6 Trade and wood export _ _
We first present the results of four independent methods to

For trade, we use the approach and estimates based on cigalculate the Russian carbon balance. These include the Land
et al. (2008). Wood export is taken from original Russian Ecosystem Assessment, the result from eddy covariance es-

statistics and the FAOSTATh(tp://faostat.fao.org/site/628/ timates, presenting NEE and NEP, and the modeling results
default.aspx from the inversion schemes (NBP) and DGVMs (NBP). We

then provide estimates of a number of smaller lateral fluxes
that help us to calculate the final estimates of the Russian car-
bon balance. Finally, we calculate the Russian balance from

We use two estimates of vegetation fire emissions provided combination of these numbers in the last section.
for 1998-2010. In the LEA we use (Shvidenko et al., 2011a)3 1 LandE A
burnt areas defined using NOAA AVHRR from the modified ~* and Ecosystem Assessment

gfsoéghrr: ?:;;gﬁgcwgrescﬂ:ezt t?)l.e(lﬁr?i?l Agt'e?ﬁg'g:?sl %r(;igcei'ﬂ_]e results of the most recent assessment of carbon budget
. 9 e : 'S3r Russian land by LEA are presented in Table 2 (Shvidenko
ing areas. Carbon emissions were estimated based on Seﬂg{ al., 2010a). The budget was based on the climatic condi-
and Crutzen (1980) using land cover characteristics and bio;, " ' g

physical indicators from the hybrid land cover. The Secondtlons and disturbances of 2009. On average, this year is repre-

. . . sentative of the average climatic conditions since the 1970s
estimate is based on the widely used GFED-3 data prod- _ . . '
uct (van der Werf et al., 2010). GFED-3 @@missions as it does not show any extreme behaviour (Roshydromet,

2011).

are calculated by a revised version of the Carmegie-Ames- In 2009, terrestrial ecosystems of Russia generated a net
Stanford Approach (CASA) biogeochemical model and im- flux of atmospheric C@to the land of—0.76 PgCyrt.1

proved satelllte-derlvgq estimates of area b“.r”‘?d' fire WL rests provide for about 90 % of this sink. The 90 % confi-
ity, and plant productivity to calculate fire emissions for the

1097-2009 period at a 0.5patial resolution with a monthly dence interval (Cl) error estimate (Shvidenko et al., 2010a),

. .using Monte Carlo analysis, is also dominated by the error
time step. For November 2000 onwards, the GFED-3 eStI'in the forest fluxes. The relative error of the NPP estimates

mates are based on burned area, active fire detections, and . . :
- : > s of the order of 5%, while the estimate of heterotrophic

plant productivity from the MODerate resolution Imaging

Spectroradiqmeter '(MODIS) sensor. We extracted the data 1peccap employs a sign convention where the net flux from

for the Russian territory. atmosphere into the land is denoted as negative. For the common

Emissions caused by biotic impacts in forests (mostly in-pjological productivity, NPP, NEP, and NBP terms, we stick how-
sect outbreaks) were estimated based on an algorithm deewver to a positive sign if there is net growth. Respiration fluxes are

scribed in Shvidenko et al. (2010a). positive as they represent a flux to the atmosphere.

2.7 Fire and insect outbreaks

www.biogeosciences.net/9/5323/2012/ Biogeosciences, 9, 532832012
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respiration carries a larger relative errer 10 %). The sink 1.2 %. The above estimate of the fire emission does not in-
density of Russian forests is close to the long-term carborclude decomposition of post-fire dieback.
sink density of the EU-25 forests at754+20gCnr2yr—1 These fire estimates are close to the results reported in
(Luyssaert et al., 2010). Overall, these results are close t&FED3 (van der Werf et al. 2010) — this study estimated the
the previous estimates of the IIASA group for 2003—2008 average burnt area in 1998—-2010 at 9.17 Mha y#11.5 %)
(Shvidenko et al., 2010c), taking into account that they onlyand emissions of 137 Tg Cyt (+13.2 %). Figure 3 shows
estimated NBP for terrestrial ecosystems with consumptiorthe monthly and annual pattern of carbon emissions due to
of agricultural products not included in the results. The two fires for the two methods used. Noteworthy are the large
major biospheric gross fluxes, NPP angdg-are estimated emissions in 1997 and 2003. Overall, the average emis-
at 4.76 and 3.46 Pg Cyt, respectively. sion due to fires during 1998-2010 is estimated at 120—
The spatial distribution of this carbon budget (for 2009) 130 Tg Cyr !, with an estimated uncertainty 6f25 % (van
shows considerable variation, and substantial areas, particuider Werf et al., 2010). Note from Fig. 3 that a variability of
larly on permafrost and in disturbed forests, show both sinka factor 0.5 to 3 is estimated around this average value. Note
and source behaviour (Fig. 2). also that fires have a C sink legacy: in central Russia, NDVI
The forest area increased during the past 18 yr by 31.3 Mhaecovery after stand-replacing fires was calculated to occur
(to 845.6 Mha in 2007). The average change in total organidn 13 yr (Cuevas-Gonzalez et al., 2009). In absence of a reg-
carbon in forest ecosystems for this period was estimated atlar forest biomass inventory, it is difficult to estimate the C
259 TgCyr! for Asian Russia (giving a net atmosphere— sink of the area of re-growing forests on Russia. The latter is
land flux of —39gCnt2yr~1) and 170 TgCyr! in Eu- included as a part of the total sink of the forests.
ropean Russia (creating a net atmosphere—land flux of Carbon emissions due to other environmental impacts and
—105gCnr2yr~1). This yields a value for the whole of biotic disturbances were also taken into account. These ap-
Russia of 429 TgCyr! (-52gCnr2yr—1). Major contri-  ply to areas affected by insect and diseases, direct con-
butions to this change were the increase of live biomassumption of plant product biomass, decrease of NPP and
(mostly in the European part) and dead wood and on-groungbost-disturbance dieback of forest. For areas that were dis-
litter (mostly in Asian Russia). The uncertainty of these esti-turbed or lost stability, decreasing NPP and increasing post-
mates was estimated to be abat®5 % (Cl 0.95) (Pan et al., disturbance dieback were taken into account. The flux of
2011). We emphasize, however, that in that study the FAG50.8 Tg Cyr! to the atmosphere for 2009 due to impacts
definition of forest was used while all results from the LEA of insect and diseases (Table 2) should be considered as a
use the Russian definition. This causes a difference in theonservative estimate; for years with pandemic outbreaks
NBP for Russian land of about 15 %. of foliage-eating insects, such a flux could be substantially
Changes in climate of the last two decades provoked subhigher (e.g. for 20002001, when areas affected by Siberian
stantial acceleration of vegetation fires in the Russian terrisilk worm in Siberia were estimated above 10 Mha) (FFS'RF,
tory. Catastrophic (mega-) fires, enveloping large areas, ca@009).
be of high severity and provide major impacts on ecosystems Overall, agricultural land acts as a substantial sink in the
and landscapes. Piao et al. (2011) have observed a decline bEA, including the response to abandonment since 1990.
spring and summer NDVI since 1997 after two decades ofHowever, if consumption of the agricultural products is taken
greening, and attributed this to climate trends. Over 1982-into account, substantial areas of arable land would become a
2005, Goetz et al. (2007) analyzed AVHRR vegetation in-net carbon source. In our budget we separately calculate the
dices and found increases in Northeast Siberia and decreasesnsumption at 170.4 Tg Cyt (Table 2).
in the Yakutsk region, attributed to recent fire emissions. Se- Wetlands are estimated as a relatively high net sink in 2009
vere impacts appear now to have become a typical feature of—53.4 Tg Cyr1, Table 2). However, we have to take into
the current fire regime. Note that most fires are ignited byaccount low carbon emissions due to moderate fires, particu-
humans (Mollicone et al., 2006). larly on wetlands in 2009. On average, fire on wetlands pro-
Shvidenko et al. (2011) reported the total burnt area invided ~ 16 % of all the fire emissions in 1998-2010. Note
Russian territories in 1998-2010 to be 106.9 Mha or onthat in the CH budget the wetlands play a very important
average 8.23Mhayt with a substantial interannual vari- role (e.g. Petrescu et al., 2010).
ability, from 4.2 (1999) to 17.3 (2003) Mhayt. Forest- Several land classes were estimated as a net C source —
land comprises about two-thirds of this area. The estimatedpen woodlands, burnt areas, grasses and shrubs (Table 2).
amount of vegetation carbon consumed by fires by the LEAOpen woodlands are represented, to a significant extent, by
model is on average 121.0 Tg Cyt going from 50 (2000) forests disturbed by different agents, and grass and shrubs
to 231 (2003) TgCyrl. The uncertainty of this estimate are mostly situated in the northern bioclimatic zones on per-
is around+9 % for the area andt23% (Cl 0.9) for the  mafrost with a high heterotrophic respiration due to warming
emissions. The emitted products of burning included C-during recent decades.
CO, (84.6 %), CO (8.2 %), Chi(1.1 %), and NMHC (1.2 %). The results from the LEA above are limited strictly to the
Particulate matter accounted for 3.5 %, of which Ms Russian territory. Reliable information on the carbon budgets
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Table 1. Estimates of carbon export (dissolved inorganic carbon (DIC), dissolved organic carbon (DOC), and particulate organic car-
bon(POC)) together with basins and estimated discharge. Basin delineation from Meybeck et al. (2006).

COSCAT name Principal basin Discharge DICflux DOC flux POC flux
km3yr~1  Ggyr! Ggyrl Ggyr!?
West Kara Sea Ob, Taz, Pur, Nadym 878.63  2778.53 2967.01 1372.16
East Kara Sea Yenisei, Pyasina, 699.56 5480.98 2942.18 1215.88
Taymyra, Lenivaya
West Laptev Sea Lena, Khatanga, 583.45 6756.96 2457.63 1875.32
Olenek, Anabar
East Laptev Sea Yana, Omoloy, 36.39 157.26 163.81 127.27
Sellyakh
East Siberian Sea Kolyma, Indigirka, 184.67 1003.13 967.23 482.79
Alazeya, Pegtymel,
Khroma
New Siberia Plateau  no important rivers 1.92 8.56 3.49 2.96
West Chukchi Sea Rekuul, Amguema 25.79 152.30 114.96 71.06
Anadyr Gulf Anadyr 65.07 404.48 275.63 165.31
West Aleutian Basin  No important rivers 59.67 407.18 197.69 129.00
South East Kamchatka 65.97 368.76 253.68 258.73
Kamchatka Coast
East Okhotsk Sea Penzhina, Gizhiga 116.46 687.89 636.41 289.60
North West Amur, Uda, Tugur 432.57 2851.32 1897.72 1076.97
Okhotsk Sea
West Japan Sea No important rivers 84.27 912.70 473.39 500.13
Endhoreic areas 600 7940 2772 2772
Total 29910 16123 10339

Table 2. Carbon fluxes (Tg C yrl) from LEA associated with biosphere by sources and land classes (Shvidenko et al., 2010a). Note that
production fluxes such as NPP are positive by default when there is growth. All other fluxes in the RECCAP convention represent a flux
from biosphere to atmosphere when positive. The balance is then calculated frorHYREC-Fire-Insect. The balance represents NBP

of the LEA. HgRris heterotrophic soil respiration, DEC is disturbance.

Land class and Area, Carbon flux, Tg Cyrby source

processes Mha NPP dn DEC Fire Insect Balance 90% ClI
Forest 820.9 2610.2 1637.0 175.0% 55.5 50.8-691.9 175.3
Arable 77.8 409.1 3304 0.4 -78.3 334
Hayfield 24.0 109.1 79.5 11 —-28.5 9.2
Pasture 68.0 330.8 212.0 1.7 —-117.1 26.2
Fallow 19.0 21.2 16.7 0.3 —4.2 2,1
Abandoned arable 29.9 151.6 104.5 1.0 —46.1 14.2
Wetland 1446  395.2 3175 33 21.0 —53.4 35
Open woodland 85.1 84.2 116.0 2.8 5.7 40.3 12
Burnt area 23.7 32.9 38.9 13.4 14 20.8 4.7
Grass and shrubland 315.7 618.8 611.4 13.2 9.2 15.0 54.3
Interim water**** —44.0 11.8 15
Consumption of 170.4** 35
plant products

Biosphere total 1709.8*** 4763.2 3463.8 207.7 97.2 50.8-761.3 195.9

* Including site effect of forest logging (6.3 Tg C]wr.

** Including wood products (28.4 Tg Cyh.

*** Including unproductive areas and infrastructure which are not indicated in Table 2.

*** C-CO 5 flux from inland water reservoirs; note that results of Table 1 do not account for C export to the hydrosphere and the
lithosphere.
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Fig. 2. NBP of Russian terrestrial ecosystems from the LEA system.
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6 A ——Ermissions by Figure 4 shows the cumulative NEE for each of the 14 sites.
. \ ” - Three clusters of sites may be distinguished: a wetland clus-
2 o G ter where annual C®land to atmosphere fluxes occur of

o LA U AL g o between—50 and—90g C nt2yr~1, a grassland cluster of

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

between—125 and—170gCnr2yr—1, and a forest cluster
Fig. 3.Comparison of carbon emissions from vegetation fire in Rus-With more variable NEE rates. Among 7 forest sites, 4 sites
sia from Shidenko et al. (2011a) between 1998-2010 with data ofZotino pine and fir, Yakutsk pine and larix) show an uptake
GFED3 (van de Werf et al., 2010). between-200 and—300g C nt2yr—1, and the 3 other (Tver

dry and wet spruce and Zotino mixed forest) have an NEE be-

tween 0 and-150g C nT2yr—1. Consequently, all sites ap-

pear as net sinks of GQas expected for growing forests.
of Ukraine, Belarus and Kazakhstan is scarce and often noThe wet spruce forest site near Tver in European Russia is
complete. These countries have presented their second n#ie only site that is on average a source of,G®the atmo-
tional communications to the UNFCCC Secretariat (avail- sphere, whereas it is Geutral is some years. This may be
able atunfccc.int/resource/docs/natcr hese countries show explained by the mature successional stage of the forest, the
for forests a net land to atmosphere fluxc8.6 TgCyr!in large respiration from the boggy soil and the contribution to
Belarus,—15-18 TgCyr? in Ukraine and—1.3TgCyr?! the flux of an area of windthrow in the area. It must be noted
in Kazakhstan, on average, for the last 5yr of the reportingthat the Tver sites are more sensitive than other sites to treat-
periods. However, emissions in agriculture and incomplete-ment of low turbulence data, probably because of the larger
ness, particularly of items of carbon disposal, virtually com- amount of winter measurements and the frequency of calms.
pensate the forest sink and change the total estimate of NBFhe slope of the lines in Fig. 4 is a measure of the daily up-
for the region to within 1-2 %. The default IPCC method- take rate. Itis striking to see that, except for the bog sites near
ologies used and the incompleteness of the accounts do n@itver and Zotino, the slopes compare well for a large number
allow assessing the uncertainties involved. We therefore exef sites in the middle of the growing season (growing season
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020 40 60 80 100 120 140 160 180 200 220 240 260 260 300 320 340 360 Table 3 presents the final results of NEP estimated from
' . ' the limited available set of eddy covariance towers across
Russia. We present also a scaled-up estimate based on these
; . observations. We note a number of uncertainties. First, the
estimate is based on a limited number of sites that are con-
= — sidered representative of each biome. We realize that esti-
mating the sink of the Russian biosphere from 14 eddy co-
variance sites is a rather grand assumption that should be
treated with caution. However, since we are comparing sev-
eral methods in this paper to estimate the overall Russian car-

50

-80| —— Chokurdakh
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= Haka:
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-150-

cumulative NEE (g C ni%)

= Yakutsk Larch
i — o e Valtek Larch bon balance, we believe our approach is justified within the
250/ — Zatino Pine limits of the assumptions and error estimates and that these
o e o sites are representative. The second issue relates to the esti-
S S < mate of land use change fluxes. To estimate the uncertainty

associated with this, we present in Table 2 estimates from
Fig. 4. Mean annual net uptake and release of carbon for a set oboth the LEA system and the Global Land Cover estimates
eddy covariance sites. For names of the sites, see text. of land cover (GLC, 2003). For forests the estimates of NEP
between LEA and flux tower upscaling are quite close; for
tundra and wetland, however, large differences exist. This
sensitivity of emissions to land cover classification was noted
is loosely defined here as the season when carbon dioxidearlier by Petrescu et al. (2010) who identified the land cover
uptake occurs). The differences in annual Q@ptake be- estimates as one of the main uncertainties in estimating CH
tween sites appear to correlate well with the length of theemissions. Karelin and Zamolodchikov (2008) have provided
growing season. This suggests that the length of the growingn assessment of NEE in Russian tundra on 11 sites also
season does not only determine to a large part the variabilitfrom eddy covariance data and came to an average NEE of
of NEE between years, but also between sites. The length 0£4.94+ 17.4 g C n72. This is close to neutral C{balance of
the growing season varies from about 2 months at the tundréundra and is also rather different from our current estimate.
sites to about 7 months in Tver. The assumption of zero NEEOur current estimate is, however, close to that of LEA.
before and after the measurement season is not supported by
the Fig. 4 for some sites, most notably the fir and mixed for-3.3 Inverse model estimates
est near Zotino and the pine and larch forests near Yakutsk
and the tundra site near Chokurdakh. We use the results of 12 different inversion models and ex-
From the direct observations of NEE, NEP is calculatedtract the values for the Russian territory. In Fig. 5 we show
including corrections for neglected winter fluxes (Wang et the mean and the range (min, max) of the inversion schemes.
al., 2011) and the use of an open path sensor that is sensNote that towards the end of the period, the number of mod-
tive to significant errors in conditions of cold temperatures. els, as well as the number of observational stations used in
For forest, low and high estimates, which are based on thehe inversions, increases. Most of the model estimated net
age class distribution of the forest and the sampling bias thatand—atmosphere CQlux, with subtracted fossil CQemis-
nearly all eddy covariance observations exhibit, are taken irsions, suggest a relatively stable sink of atmospherig,CO
well-established, well-growing forests. Thus, NEE from flux while some others suggest a slowly increasing sink. For our
observations is somewhat being biased towards a €k analysis we use the mean atmosphere to land flx of
(Wang et al., 2011). The lower NEP estimate (66 % of thethe last 10yr at-653TgCyr? for the period of 1998
NEE based value) is most likely to be closer to reality than2008, for which most of the models yield results (Table 4).
the higher one. Table 3 presents these values and the totdlhis result is in line with published model results, which
scaled value based on relative area. The final estimate of thare available for NBP of boreal Asia, 6630 Tg C yr! for
NEP of Russian ecosystems is a net biosphere to atmosphef®80 Mha (Maksyutov et al., 2003);580 TgCyr ! (from
flux of —1.033 Pg C yr!, which compares with that obtained an average of 17 inverse models, Gurney et al., 2003), and
by the LEA technique (940 Tg Cy", when excluding the —332TgCyr?! (Baker et al., 2006). Ciais et al. (2010), us-
export of C from ecosystems to river headstreams and timing 4 different inversions for the period 2000—-2004, estimate
ber removal from forest. This is largely due to the fact thatina net biosphere to atmosphere flux of £af about—600
both bottom-up estimates forest is the main contributor ando —700 Tg C, which also agrees well with our mean value.
those estimates are close. We note that the error estimat&@here is no uncertainty estimate attached to these numbers
as provided by the range in this case, is skewed towards thether than the range, which varies, if we exclude the GEO-
lower estimate of-760 PgCyr! and is larger in absolute STAT and MATCH outliers, in the present study froa890
value that the 90 % ClI interval error of the LEA. to —1305Tg Cyr1. Chevalier et al. (2010) propagated the
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full error covariance matrix for a single inversion model Japan and Ohkostk seas. It is important to note that the
and obtained over Russia an uncertainty of the order ofrivers draining into lakes and endorheic basins also present
0.7PgCyr! (1o Gaussian error). This is comparable in a noticeable outflow of carbon. Other published estimates
magnitude to our observed range. are similar from 23.5 to 28.4 Tg Cyt for DOC + POC and
We also show the interannual variability as estimated33.8 Tg Cyr! for DIC delivered to the Arctic seas of Rus-

by the standard deviation of the yearly estimates fromsia (Romankevich and Vetrov, 2001). The fate of this terres-
each model. This is reasonably consistent at around 200+rial carbon on the continental shelves is not examined in this
250 Tg Cyr1). While thus the exact magnitude of the Rus- study, but a significant fraction could be oxidized. Note also
sian sink can vary, the balance of the evidence suggests that recent results suggest that the outflow, as measured at
strong and consistent (i.e. small interannual variability) bio-the mouth of the rivers, is not necessarily equal to the input

sphere to atmosphere flux of aroun650 Tg Cyr L. from the terrestrial ecosystems, and that during transport bio-
geochemical transforms may take place (Battin et al., 2009),

3.4 DGVMs which make substantial re-assessment of our estimates prob-
able.

The use of DGVMs at national level (even for such a large  gased on aggregation of the available measurements of the
country as Russia) allows us in principle to study interannualgssian territories, Shvidenko et al. (2010c) reported the to-
variability and trends in GPP and respiration. They necesy| |ateral export of organic carbon from the catchments to the
sarily oversimplify the real land cover, and as such do Nothydrosphere and lithosphere at-886 Tg Cyr?, of which
include some i.mportant_land cIa;ses for Russia (e.g. bogsie export to the hydrosphere constitutest&d1l Tg C yr2,

often underestimate (or ignore) disturbances, lack forest aggomparable to our numbers, and the carbon accumulation on
classes, and ignore harvest. As a rule, they also do not iNgeochemical barriers of the lithosphere at208 Tg C yr2.
clude features such as permafrost, thermokarst processes af|o export to the hydrosphere includes C fluxes to all rivers

do not yet adequately include impacts of disturbances. and numerous inland lakes. These estimates are in line with
Virtually all DGVMs of the RECCAP database show an 5 recent global analysis (Alvarez-Cobelas et al., 2012).

increase in GPP over the whole period from 1920 to 2008

(Fig. 6). This is balanced by an equally increasing amount 5 Forest products and wood export—import

of respiration. The average NBP, averaged over the Rus-

sian territory for the last 20yr as estimated by these mod-oficial data of removal of wood from Russian forests is low-
els, is stable and points to a small land to atmosphere flux of,ia5ed due to substantial illegal harvest and only partial ac-
—199TgCyr*; however, the variability between the mod- o nting of the rural consumption. The total removal due to
els, as expressed by the range, is large and ampunts to 100 %p types of harvest is estimated at 51 Tg CYyfor 2003—

of this value. The average of the DGVMs’ NPP is very close 5010, 0f the total removal, wood products export minus im-
to that of the LEA estimates; the heterotrophic resp|rat|0nport was accounted at 21— 1.1 =20 Tg C yr L, with export
differs by about 0.5 to 1PgCyiL.depend|ng on the period  gypstantially exceeding import (Shvidenko et al., 2010a).
chosen, with the 1990-2008 estimate the largest. The carbon balance of wood product pools that eventually
release CQ back to atmosphere includes increases in the
long-term wood product pool (12 Tg CW), short-term pool
emissions including fuel wood, unused waste and residu-

To be able to calculate the final carbon budget of Russia an@!S ©f wood processing (19 Tg CY", and the flux from

compare the four basic approaches, we need some small@Feviously accumulated wood products. In Russia, the total
and lateral fluxes to be calculated. amount of C stored in wood product pools decreases with

time because the new inputs are less than the output, reflect-
4.1 River export ing former decades of higher harvest. Import of food and
other carbon products amount+d8 Tg Cyr 1.
The river export from Russian rivers to the coastal seas is
taken from the COSCAT catchments database (Meybeck e4.3 Land use change and land abandonment since 1990
al., 2006) that contains rivers exporting into the ocean (Ta-
ble 1). The total summed outflow is 16.1 Tg Cyrfor dis- Land use change is often estimated by a bookkeeping method
solved (DOC) and 10.3 Tg Cy# for particulate (POC) or- based on Houghton et al. (2012). Unfortunately, after 1990
ganic material. Total dissolved inorganic (DIC) material is this database was not updated when considerable changes
29.9TgCyr1; this brings the total outflow of carbon to occurred after the fall of the economic Soviet system, and
56.4TgCyrl. The majority of carbon export takes place this presents a problem. Particularly, the area of arable lands
into the coastal Arctic seas, with the main contributions com-in Russia has drastically decreased since the early 1990s
ing from the Ob, Yenisey and Lena (30.8 TgC¥y. Amuch  when the Soviet economy collapsed. This land use change
smaller export takes place from the rivers flowing into the (LUC) is considered the largest of the 20th century in the

4 Smaller and lateral fluxes
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Table 3. Estimated carbon uptake by biosphere calculated from eddy covariance observations. The values for specific forest and non-forest
ecosystems are upscaled simply by estimating their areal extent. We give two estimates to identify uncertainty, but use eventually only
the GLC estimate. This largely affects the non-forest biomes. The corrected NEE is obtained by accounting for age distribution of forests

(M. J. van der Molen, personal communication, 2012).

Land cover GLC area LEA Observed NEE Corrected NEE NEP

in 1012 m?2 gCm2yr1 gcm2yrl TgcCcyrl
Tundra 3.9 2.3 58 -30 —119
Wetlands 0.5 15 -52 —63 =31
Grasslands 1.1 0.7 -107 -74 -80
Agriculture 1.6 2.2 0 0 -0
Larch 3 2.8 —200 —151 —448 (—296-475)
Pine 14 1.3 -197 —149 —207 (—98-157)
Spruce 0.9 1.1 1 1 -1
Fir 0.2 0.2 —279 —198 —37 (-25-39)
Mixed/other 29 43 -119 —38 —111 (-73-118)
Area weighted 17.1 16.1 -60 —1033 (-760-1097)
mean
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Fig. 5. Mean (black line) and range (grey area) of an ensemble of 12 inversion schemes for geographic Russia, Belarus and Ukraine. The
range is determined by the maximum and minimum of the ensemble for each year.

Northern Hemisphere and is responsible for a substantiatook place after 2000 in Belarus, and after 1990 in Central
CO, sink determined by the recovery of soil organic car- Asia (e.g. Kazakhstan), see e.g. Henebry (2009).
bon that was previously depleted during intense cultivation According to field measurements of soil carbon content
(Guo and Gifford, 2002). Formerly ploughed lands were in- after LUC, carbon accumulation rates decline over time and
deed found to increase the carbon content in the soil profileare well described by a negative logarithmic model with the
already after 4 yr since the LUC, as a consequence of the ersoil carbon pool tending asymptotically to a new equilibrium
croachment of recovering grassland vegetation (Kurganovéevel (Kurganova et al., 2010a). Observed average increments
et al., 2008). Vuichard et al. (2008), using a model pre-in soil carbon are 132 21 g C nT2yr—1 (meant SE) within
scribed with FAO data for rates of cropland abandonment, esd5 yr after land abandonment, &0 g C nT2yr—1 between
timated a mean sink 6£8 Tg C yr ! between 1991 and 2000 15 and 30 yr, and drop to 484 g of C nT2yr—1 when arable
(—47gCm-2yr 1. Thisis likely to represent an underesti- fields remain uncultivated fos 30 yr.
mate because regrowth of forest and shrubs over abandoned The magnitude of the sink varies also across different soil
farmland was not modeled, and the study was restricted tdypes of the Russian agricultural regions: mean carbon accu-
southern European Russia, whereas significant abandonmentulation rates within the 0—20 cm soil layer during the first
15yr after abandonment range froa66+ 24 g Cnr2yr—1
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Fig. 6. Mean (black line) and range (grey area) of an ensemble of 8 dynamic global vegetation models (DGVMs) for geographic Russia,
Belarus and Ukraine. The range is determined by the maximum and minimum of the ensemble for each year.

Table 4. Estimates of the average net biospheric carbon balance o€roplands on Chernozem soil in Hakassia at 5 and 10
Russia using 12 different inversion schemes (Gurney et al., 2012)years after LUC, made by eddy covariance measurements
Time period and interannual variability (IAV), expressed as the stan-of ecosystem C@fluxes, show NEE rates 0£216.2 and

dard deviation, are also given. —143.3gCnr2yr1 (Belleli, 2007), which agree with the
results from soil inventories.
Inverse system  Time Average net 1Aw) Estimates of total carbon sequestration in abandoned agri-
period biosphere to (TgCy) cultural soils in Russia after 1990 differ widely by one order
atmosphere flux

of magnitude {64 to —694 Tg C) because of differences in
methodological approaches, limited amount of experimental
C13 CCAM 1992-2008 —820 210 data, time periods addressed, but mostly due to inconsisten-

(TgCyrY

CSU 2003-2006 —630 408 cies in the area of abandoned arable land among different
CARBON- 2000-2007 —907 199 - . i
TRACKER-EU statistical sources. On the assumption that the best estimate
CARBON- 2000-2007 —872 242 for the area of abandoned arable lands since 1990 in Rus-
TRACKER-US sia is 30.2Mha (FSSS, 2009; the remote sensing estimate
GEOSTAT 1997-2001 27 76 consistent with the area of cultivated land is 34.9 Mha in
JMA_2010 1985-2008 —1305 237 2009, Shvidenko et al. 2010a), based on a large number of
LSCEPEYLIN = 1996-2004 —587 97 experimental data (Kurganova et al., 2010a), this indicates
LSCE4DVAR = 1988-2008 —895 360 the total carbon accumulation in the first 20cm depth of
NICAM NIWA  1988-2007 —390 260 | of § bl ils 5548+ 35 Tq C h od
NIESPRABIR  1993-2006 —992 259 soil of former arable soils is- g C over the perio

PSU 2001-2003 —906 288 1990-2006. This yields an average rate of C accumulation of
MATCH 1992-2005 —1.14 4.75 —34+2.2TgCyr!inthe 1990-2006 time window.

Average —690 246 4.4 CH, fluxes

The total anthropogenic emissions from Russia of,@&dm

2001 to 2005 are 19.5TgCVyt (EC-JRC/PBL, EDGAR
version 4.0, 2009), of these 15 Tg Cyrare due to the pro-
duction of primary fuel, 1.5 Tg C yr* due to enteric fermen-

in Kastanozems te-175+ 52 g C nT2yr~1 in Chernozems,
with Albeluvisols and Phaeozems having similar intermedi-

21
ate rates £131+13 and—134+369CnT“yr, respec- tation of livestock, and the rest made up of wasteland produc-

tively). However, as a result of the high variability in .the' tion and biomass burning. Wastewater treatment also adds
rates of accumulation for each soil type, there are no signif-

. ) . : _ closeto 1 TgCyrt.
icant differences among different geographical regions. In- el
terestingly, estimates of the carbon balance of abandoned

Biogeosciences, 9, 532834Q 2012 www.biogeosciences.net/9/5323/2012/



A. J. Dolman et al.: Terrestrial carbon budget of Russia 5335

The net efflux of methane to the atmosphere caused byable 5. Calculation of the carbon budget of Russia starting from
the biosphere within the Russian territory was estimatedNEE (net ecosystem exchange) of the LEA and eddy covariance
by a “semi-empirical” landscape ecosystem approach simiimethod.D is disturbancer lateral fluxes. See text for further ex-
lar to the LEA as 16.2 3.9 TgCyr . Model estimates of ~Planation.

CH4 fluxes for the Russian territory were derived by Pe-

trescu et al. (2010) at 27.6 Tg Cyr. Their estimate, how- C?_rbg” I'_lees
ever, refers only to boreal and arctic wetlands. A compara- (TgCyr) _
ble estimate for boreal Asia, based on a combination of the EC LEA  Inversions  DGVM
biogenic MDM-TEM and the fire emissions, reported the an- NEE -1033 -1079.2
nual release of around 41.5 Tg Cyrbetween 1997-2006, Fire 137 97.2
with most of the emissions (38 Tg Cy4) from the biogenic Insects 508 508
McGuire et al., 2010) LUC (agriculture) -34
sources ( ! o : , Cons. plant prod. 1704 170.4
Previous estimates of the biosphere’s methane flux from ngp=NEED 7088 —760.8 _653 —199

Russia are very diverse — from 11 Tg @y~ 1 (Harris et al., Wood net export 20 20
1993) to 20 Tg C yr! (Nilsson et al., 2000) to 30 Tg Cy# Food net export 18 18
(Zelenev, 1996) and even 39 TgCyr (Rozanov, 1995). Hydro/lithosphere 56 61
M t regional estimates demonstrate more con- mo o eEDF ~0148 6618 oo

loré recent region al _ . Fossil fuel 454 454
sistency in the estimated emission. While estimates of cp, 41.4 41.4 41.4
methane flux for West Siberian wetlands during the last NEE-D-F-Fossil Fuel —119.4 —166.4 —58.6

two decades differed an order of magnitude (from 1.6 to
above 20 Tg Cyrl), estimates of the last several years vary
around 3.2-3.5TgCyr (e.g. Glagolev et al., 2010a, b), food and hydrology from this number to obtain the final land
which is very close to the above LEA estimate for this re- to atmosphere flux of Russia for the EC, LEA and inverse
gion (3.4TgCyr?). models at-614.8,—666.8 and-559 Tg C yrL, respectively.

We take the net land to atmosphere flux of {d be the  wjith an estimated 454 Tg C of fossil fuel per year (UN-
anthropogenic flux of 19.5 plus the mean of the two estimatessccc, Shvidenko et al., 2011), this leaves a net atmosphere
of the biospheric fluxes of 27.6 and 16.2 TgC¥r(21.9) to land flux of—160.8,—212.8 and-105TgCyrL
yielding a flux of 41.4 Tg Cyr!. This also provides arange  The DGVM results suggest a much smaller NBP than the
of 35.7t0 47.1TgCyrk. other three methods. This is most probably related to the sub-
stantially higher estimate of heterotrophic respiration in the
DGVMs compared to the other methods (see also discus-
sion). We therefore exclude the DGVM result in the calcu-

Our final bottom-up estimate of the Russian net land to at/ation of the final carbon budget.

5 The carbon budget of Russia

mosphere flux is based on the following equation: For the LEA the estimated error in NBP is based on Table 2
and assuming the component errors (not shown) are Gaussian
NBP = NEP— D — FiaT — F(CO,CH,.VOC). (1) by nature and independent. This brings the error (90 % CI) in

the NBP estimate to 195.8 Tg Cyr. The range in EC meth-
where D represents the disturbance flux, comprised of fire,ods (Table 3) yields the final estimated range of NBP 842
harVeSt, etC., the net lateral fluxes include eXport througho —687 Tg Cyrl_ For the model ensembles we also use the
rivers and the net flux as a result of trade and consumptiongange. For the inverse methods the range woule-BBO to
In Table 5 and Fig. 7, this procedure is shown in more detail._1350 TgCyr . It is noteworthy that the DGVM estimate
We start by bringing the LEA and Eddy Coveriance (EC) es-js considerably lower than any of the means or the lowest es-
timate to the same level, i.e. NEE. To achieve this, we need tgimate of the range. The range in DGVM NBP estimates is
calculate NEE from LEA by NEE =NPPHsr—DEC (note  _153t0-345TgCyr?.
that Hsr contains only soil respiration; the remaining het- A realistic upper bound would thus be around
erotrophic respiration and decay of wood, etc., are covered 342 TgCyr! from the EC method (and close to the
by the DEC term). The EC observations provide a direct_ EA and inverse upper bound), with a lower range at

measurement of this quantity. Subtracting fire and insect dis-_1350 Tg C yr! from the inversions, and around an average
turbance from the value of the LEA provide NBP; from the of _613.5 TgCyr? from the three methods.

EC we use the GFEDS3 estimate and have to add in the sink

that arose from land use change. This sink, amounting to

—34TgCyr1, is part of the LEA but not of the EC method. 6 Discussion

The resulting NBP (NEE minus disturbance) is now compa-

rable to the flux seen by the inversions and calculated by th&@he bottom-up, Land Ecosystem Assessment, eddy co-
DGVMs. We further subtract the net lateral fluxes of wood, variance upscaling and inverse modeling present rather

www.biogeosciences.net/9/5323/2012/ Biogeosciences, 9, 532832012
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in forests) in the range of 0.23-0.26 Pg C¥r(Zavarzin,
2007; Shvidenko et al., 2010c). The DGVMs calculate a het-
erotrophic respiration rate of 4 and 4.5 Pg CYThis is con-
siderably larger than any of the other estimates. We conclude
, that a large part of the uncertainty in the calculation of NEP
600 ‘ and subsequently NBP, resides in the precise calculation of
heterotrophic respiration.

The Land Ecosystem Assessment is a detailed, spatially
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200 i " explicit carbon account for the Russian region (Shvidenko
0 - I' - - . et al.,, 2010a,b). While the country as a whole served as a
< 550 e net carbon sink, the LEA also finds that substantial areas are
g 00 (EA neutral or act as a relatively small carbon source. These ar-
i eas are mostly confined to permafrost territories. This may
00 BDGYM be an indication that substantial areas at high latitudes may
-800 switch from sink to source as a result of regional warming

(Hayes et al., 2011). However, the fire emissions in these
studies are substantially higher than the empirical estimates
(Van der Werf et al., 2010; Shvidenko et al., 2011). Note that
Fig. 7. The carbon balance components of Russia. The origin of theMcGuire et al. (2012) find a different tendency, albeit not
numbers used is described in the text. with the complete current set of DGVMs. It is the correct
description of the relative temperature sensitivity to photo-
synthesis and respiration that in the first instance produces
consistent results. The terrestrial ecosystems of Russia prdhe climate sensitivity of the high latitude carbon fluxes.
vided during the last decades a net biosphere to atmosphere Quegan et al. (2011) use a similar approach as in the
flux of around—0.6 Pg C yrl, and forests were responsible current study to estimate the carbon budget of central
for 90-95 % of this value. Interannual variability of NBP is Siberia. They find an average biosphere to atmosphere flux
driven largely by seasonal weather, but is not extremely largeof —27.54+7.2gCn12yr—1, which corresponds to about
in absolute terms, while locally regimes of natural distur- —470 TgCyr? if extrapolated to the Russian territory of
bances, mostly fire and insect outbreaks, may cause substah?.1x 1012 m? (Table 2). This is remarkably close. Zavarzin
tial carbon losses. (2007), Kurganova et al. (2010), and Filipchuk and Moiseev
Previously reported estimates of NPP range from(2010) also report rather consistent results in the estimation
2.75Pg Cyr! (Filipchuk and Moiseev, 2003) for- 2000,  of the accumulated NBP of the country’s terrestrial ecosys-
to averages of 4.35 Pg Cyf for 1988-1992 (Nilsson et al., tems or individual classes, such as forests and agriculture.
2003) and 4.73Pg Cyt for 1996—2002 (Zavarzin, 2007) However, the major carbon fluxes like NPRghnd particu-
to 5.1+ 0.36 PgCyr! (Shvidenko et al., 2010c). Several larly fluxes caused by disturbances differ in these studies by
other studies, using the chlorophyll index method, reportedup to factor of 3—4 due to different inputs, completeness and
NPP in limits of £10% to the LEA estimate (Zavarzin, reliability of the accounting methodologies. As an example,
2007). Our DGVM estimate for NPP is within this range with estimates of forest NPP were 204 g Chyr—1 (Filipchuk
4.07 and 4.7 Pg Cyr for the earlier part of the 20th cen- and Moiseev, 2003) to 275gCtayr—1 (Zamolodchikov
tury and the last 20 yr, while the LEA estimates a value of and Utkin, 2000) and even to 614 g CAyr—1 (Gower et al.,
4.8 Pg Cyrl. However, for the DGVMs heterotrophic respi- 2001). Importantly, the uncertainties of these latter estimates
ration rates push the NEP far below the values calculated byre not known.
the LEA. This was noted earlier by Quegan et al. (2010) for Lack of knowledge and insufficient empirical data are
mid Siberia. among the important reasons that contribute to uncertainties
Kurganova (2003) estimated soil respiration to amount toof the results. For instance, it has been shown that assess-
5.67, 2.78 and 2.89 Pg Cyt for the total soil respiration ment of forest NPP based on field measurements leads to bi-
and its heterotrophic (kk) and autotrophic parts, respec- ased conclusions because practically all measurements in situ
tively. She used direct measurements and an upscaling procémade in Russia by destructive methods) are not able to ac-
dure. Schepaschenko et al. (2011b, 2012b) used land use ardunt for some important components (e.g. carbon turnover
ecosystem type, bioclimatic zone, climatic conditions of in- of fine roots, root exudates, VOC). Similarly, uncertainty of
dividual years and NPP on soil respiration, and estimated soilipscaled eddy covariance data cannot be assessed by formal
heterotrophic respiration of Russian lands at 3.47 Pg&.yr methods due to the small amount of measured sites. How-
This is~ 25 % more than the estimate by Kurganova (2003).ever, these estimates do generate a “probable space” for the
There are a very few estimates of €@missions to the atmo- net ecosystem exchange. Similarly, inversions rely on often
sphere caused by the decomposition of dead wood (mostlpoorly defined a priori values and sparse observing stations.
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of this uncertainty. Denning, A. S., Bousquet, P., Bruhwiler, L., Chen, Y.-H., Ciais,
The set of inverse models supplied important top-down in- P, Fung, I. Y., Heimann, M., John, J., Maki, T., Maksyutov,

formation for verification. Our analysis shows almost iden- S Masarie, K., Prather, M., Pak, B., Taguchi, S., and Zhu,
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