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Supplementary Text

Method of estimation of aboveground carbon stocks from CWD and live AGC
The net land-atmosphere carbon exchange results from the changes in live AGC
(AGCjpe, estimated by L-VOD), from changes in the litter and soil carbon pools and
from a lagged CO, emission from decaying coarse woody debris (CWD). Ignoring the
soil and fine litter changes, the total aboveground carbon stocks (AGC,,;) are defined
here as the sum of AGC;;,, and total CWD carbon stocks (CWDCy,,), accounting for
the net changes of live and dead aboveground carbon stocks in terrestrial ecosystems at

temporal and spatial scales:
AGCror = AGCyipe + CWDCyot (D)

Over the Siberian forests, CWD carbon stocks (CWDC) is mainly driven by the
background mortality and forest disturbances (e.g., wildfire, windstorm and droughts).
The carbon loss from CWDC were determined using decomposition and consumption
by firest. This decomposition rate is low because of low temperatures and short growing
seasons?, relative to tropical forests. Stand-replacing fire is the main cause of natural
tree die-off in Siberia®4, increasing CWDC in some areas, but also consuming CWDC.
Here, the CO2 emission from CWD was assumed to be induced by decomposition
(Section 1.1 below) and combustion by stand-replacing fire (Section 1.2 below). Thus,
CWDC,,; was computed as the sum of carbon stocks resulting from (1) mortality of

trees caused by stand-replacing fire ( CWDCsiana—repiacing ). (2) the initial

accumulation for years before 2010 (CWDCiy,itiq1), @and (3) the mortality of trees by

annually background mortality (CW D Cpqckgrounda mortatity), and expressed as:
CWDCtot = CWDCstand—replacing + CWDCinitial + CWDCbackground mortality (2)

In addition, accounting for the different climatic regions, separate calculations of
the CWD carbon stocks were made for Western Siberia, East Siberia and Far East
regions, of which three climatic regions including Northern taiga, Middle taiga and

Southern Taiga were accounted, respectively (Fig. S17).
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In Section 1.1 below, we gave the details of calculations of the CWDC

decomposition. Details of the calculations of CWDCys¢ana—repiacing: CWDCinitiqr @nd

CWDCpackground mortality aré given in Section 1.2.

1.1 Decomposition of CWD carbon stocks

Through decomposition, CWDC is partly released to the atmosphere via
heterotrophic respiration, partly transformed to fine litter and soil carbon pools via
fragment litter, and partly leached to dissolved organic carbon. Since respiration
comprises the majority of carbon loss during CWD decay?, we assumed that the decay
loss of CWDC is directly emitted to the atmosphere as CO». The changes in carbon
stocks of CWD over time were expressed using a first-order kinetics model? :

CWDC, = CWDC,_, X et (3)

where CWDC, is the CWD carbon stocks at tth year, CWDC,_, is the initial value
of CWDC at time t = 0, and k is the decomposition rate at which CWDC decreases

over time, listed in Table S3 based on plot-level studies.

1.2 Changes in CWDC by accounting for decomposition and combustion

We calculated changes of CWDC from (1) the initial accumulation prior to 2010
(CWDCinitiar ), (2) mortality of trees caused by stand-replacing fire
(CWDCstand—replacing) and (3) mortality of trees by annual background mortality, e.g.,

self-thinning and other stand dynamic processes (CW D Cpack ground mortatity) -

Four parameters were used in the calculations:

Ratiol-nitial, the ratio of CWDCinitial to AGClive in 2010 (AGClive,2010) was
estimated based on plot-level studies (Table S4), which included the consequence of
previous stand replacing fires, because all forests in Siberia experienced fire at some

point in the past.

Ratiogge consumption, the ratio of AGC;,,. consumption during stand-replacing

fire events (Table S5).

Ratiocwp,y,sumption” assumed to be a constant, is the percentage of coarse woody



debris consumed during stand-replacing fire events (Table S6).

Ratiopgckground mortality » asSUmed to be a constant, is the ratio of annual

background mortality to AGCj;y 2010 (Table S7).

Fraction;, the percentage of stand-replacing fire area within the SMOS-grid
(25>25km) at year i. Annual stand-replacing fire area from 2010-2019 was provided
by ref°.

(1) Initial CWD carbon stocks (CWDCinitiar)

The year 2010 was considered to be the initial year, and CWDC,,;+iq: Was defined
as the total carbon stocks of CWD at the initial state, which has accumulated prior to
2010. Because CWD;,;riqr Can not be measured over the whole study region, it was
estimated from the ratio between CWDC at initial state and AGCj;. in 2010
(AGCiive,2010) aS:

CWDCinitiat = AGCiive,2010 X Ratiomitiar 4)
Then, accounting for decomposition and combustion due to stand-replacing fires

in subsequent years, CW DC;y;tiq; IN the following years can be calculated as:

**|n 2011:
CWDCinitia,2011
= CWDCipitiqr X "
X (1 — Fraction,gy1 X RatiOCWDconsumption) ©)
**|n 2012:
CWDCinitiar,2012
= CWDCipirias X €~ 2k X (1 — Fractionypyq X RatiOCWDconsumption)
X (1 — Fraction,g,, X RatiOCWDconsumption) (6)
**In year n:

n
CWDCinitiarn = CWDCipipiq X e F¥(n=2010) 1_[ (1
i=2011

— Fraction; X RatiOCWDconsumption) (7)



(2) CWD carbon stocks induced by  stand-replacing fire
(CWD Cstand—replacing)

Stand-replacing fires are defined in this study as fire events that lead to substantial
tree mortality due to fire damage, immediately or during subsequent years after the fire®.
Meanwhile, combustion during stand-replacing fires typically removes ca. 1% of

AGCyiye (Table S5) and 65% of the accumulated CWDCstana—repiacing iN Previous
years (Table S6). Thus, total CWDC induced by stand-replacing fires at year n
(CWDCL ) included two components: (1) the increment of CWDC

tand—-replacingn
formed by stand-replacing fires in year n, and (2) the accumulated CWDC from

previous years, including carbon losses caused by combustion and decomposition. Thus,

the calculation of CWDCEma—replacingn Was described by:

**In 2011:

The increment of CWDC induced by stand-replacing fire in 2011:

CWD Cstand—replacing,ZOll
== AGCliUe,ZOlO X (1 - RatiOAGcconsumthn) X FT‘ClCtiOTLZOll (8)

where AGCijpe 2010 1S the AGCy;e in year 2010.

Then, the total carbon stocks of CWD caused by stand-replacing fire in 2011

were expressed as:
total —
CWDCstoagld—replacing,ZOM - CWDCstand—replacing,2011 (9)
**In 2012:

a. The increment of CWDC induced by stand-replacing fire in 2012:

CWD Cstand—replacing,ZOlZ
= AGCjipe 2011 X (1 — RatioAGCwnsumwon) X Fraction,g, (10)

b. CWDCstana—repiacing,2011 Was decayed and consumed in 2012, expressed as:



2011
CWD Cstand—replacing,ZOlZ
— -k
- CWDCstand—replacing,zon Xe
X (1 — Fraction,gq X RathCWDconsumption) (11)

Then, the total carbon stocks of CWD caused by stand-replacing fires in 2012 were

expressed as:

total _
CWDCstand—replacing,2012 - CWDCStand—replacing,ZOIZ +

CWD Cszt(()llnld—replacing,zmz (12)
Thus,
**In year n :

The total carbon stocks of CWD (CWDCE e repiacingn) Caused by stand-

replacing fires at year n were expressed as:

total
CWD ngagd—replacing,n
=CWD Cstand—replacing,n
total
+ CWDCsl?arclld—replacing,n—l
X (1 — Fraction,, X RatiOCWDconsumption) (13)
where 2013 < n < 2019, CWDCs¢ana—replacingn N year n was calculated using the

following expression:

CWD Cstand—replacing,n
= AGClipen—1 X (1 - RatioAGCconsumption) X Fraction, (14)

where AGCjiye n—1 1S AGCy;y, at the year before fire.

(3) CWD carbon stocks produced by annual background mortality

(CWD Cbackground mortality)

Similar to the calculation of CWDCstand—repiacing @bOVe, total CWD carbon

stocks induced by background mortality at yearn (CWDCLSEE. )

background mortalityn

included two components: (1) the increment of CWDC induced by background
mortality at year n, and (2) the accumulated CW DC in previous years, of which carbon
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losses caused by both consumption (due to stand-replacing fire) and decomposition

were accounted for. The calculation of CWDCLoGY  ound mortatity,year 15 described

below:

**In 2011

CWD Cbackground mortality,2011

= AGCiipe 2010 X (1 — Fractionygq1)

X Ratiobackground mortality (15)
Thus,
CWD Clgzgcllcfground mortality,2011 = CWD Cbackground mortality,2011 (16)
**In 2012
a. The increment of CWDC induced by background mortality in 2012:
CWD Cbackground mortality,2012
= AGCpe 2011 X (1 — Fractionyg,,)
X Ratiobackground mortality (17)

b. CWDCpackground mortatity,2011 Was decayed and consumed in 2012, expressed

as.

2011
CWD Cbackground mortality,2012
— -k
- CWDCbackground mortality,2011 Xe
X (1 — Fraction,gq, X RathCWDconsumption) (18)

Thus, the total carbon stocks of CWD caused by normal mortality in 2012 was

expressed as:

total
CWD Cbackground mortality,2012
= CWD Cbackground mortality,2012
2011
+ CWD Cbackground mortality,2012 (19)

**In year n:

The total carbon stocks of CWD (CWDChou - ouna mortatity,year) CaUsed by



normal mortality at year n was expressed as:

CWDctOtal

background mortalityn
=CWD Cbackground mortality,n
+ CWDCIEZECIchground mortality,n—1 X e_k
X (1 — Fraction,, X RatiOCWDconsumption) (20)

where CWDCyqck ground mortatity,n Was calculated using the following expression:

CWD Cbackground mortality,n

= AGCiipen-1 X (1 — Fraction,) x Ratiopackground mortality (21)

where AGCjye -1 1S AGCyyy at one year before fire.

Therefore, the total aboveground carbon stocks were expressed as:
**In 2010

AGCiotarz010 = AGCiive 2010 + CWDinitial (22)
**In 2011

_ total
AGCiotar 2011 = AGClve 2011 + CWDinitiar2011 + CWDCiana—repiacing 2011

total
+ CWD Cbackground mortality,2011 (23)

**In year n

l
AGCtotal,n = AGClive,n + CWDinitial,n + CWDCstgcfrclld—replacing,n

+ CWDCEoL (24)

background mortalityn



Supplementary Figures
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Fig. S1. Temporal variations in annual AGC over the Siberian forests, expressed

as the difference from 2010 values. A, C, E, Annual variations in AGC in West

Siberia (A; n = 817) (49.67°N — 66.14°N, 59.38 °E — 89.82 °E), East Siberia (C; n =



2923) (49.08°N- 67.12°N, 79.09°E- 121.82°E) and Far East regions (E; n = 2679)
(43.13°N - 69.66°N, 105.74°E - 179.89°E), respectively. B, D, F, Corresponding
changes in live AGC are shown for partly burned and unburned regions. The ranges
represented by shading around the line show the minimum and maximum of AGC
changes estimated by six calibrations (Supplementary Table 1). Annual fire-disturbed
areas calculated using the MODIS active fire product are indicated by the yellow bar
(Method in the main text). Unburned regions were defined as SMOS grids not affected
by fire (annual fire area fraction less than or equal to 1% during 2006-2019 and the

remaining regions of the Siberia were defined as partly burned regions.
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Fig. S2. Anomalies in annual land surface temperature (SKT), the Standardized
Precipitation Evapotranspiration Index (SPEI) at 12-month timescale, soil
moisture (SM) and precipitation (P). Yearly anomalies were calculated using the z-
score: (value — mean)/standard deviation. Precipitation and SKT are provided from

ERAS®,
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Fig. S3. Spatial patterns of 2015 anomalies in AGCy;,., LPDR VOD, MODIS

growing season LAI, annual SPEI at 12-month timescale, precipitation (P), soil

moisture (SM), land surface temperature (SKT), vapour pressure deficit (VPD),

annual forest loss (FLoss) and burn area fraction (BA). Yearly anomalies were

calculated using the z-score: (value — mean)/standard deviation. Precipitation and SKT

are provided from ERA5®. VPD was calculated using the method in ref” based on the

ERAS dataset.
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Fig. S4. Same as Fig. S3 but for 2016.
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Fig. S5. Same as Fig. S3 but for 2017.
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Fig. S6. Same as Fig. S1 but for LAI.
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the median values and one standard deviation, respectively.
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Fig. S7. Unburned and partly burned regions of Siberia. Unburned regions were
defined as SMOS grids (~25km) with annual fire area fraction less than or equal to 1%
during 2006-2019. Annual active fire areas were estimated by MOD14A2. The
remaining regions (annual fire area fraction larger than 1% at least one year of 2006-

2019) were defined as partly burned regions.
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Fig. S8. Spatial patterns of trends in AGC and LAI during 2010-2019. We mapped
the significant trends (P<0.05) in AGC;,: (A), AGCype (B), CWDC (C) and MODIS
LAI (D), respectively. Yearly changes in forest-loss (E) and burned area (F) were
estimated using the Hansen and MODIS datasets, respectively, as for Fig. 2E and 2F in
the main text. The Theil-Sen test was used to determine trend direction while the
Mann—Kendall test was used to assess trends for statistical significance, regarding
trends as significant when P < 0.05. (n=6419, 6419, 1750, 2359, 6419, 6419 for A- F,

respectively)
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Fig. S9. Fire years and tree species of the selected burned pixels for the calculation

of AGC;;,. and LAl loss/recovery in response to wildfires. We selected the burned

pixels (n=184) having burned once (less than 1% in the unburned years) during 2006-

2019, with the once burned fraction >10% in the burned year (A) during 2010-2019.

The corresponding tree species, including Birch, Maple, Larch, Spruce and Pine, were

mapped (B) provided by ref 8.
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Fig. S10. Time series of AGC;;,, and VOD from LPDR (VODvrpr) during 2010-
2019 over the Siberian forests, expressed as the difference from 2010 values.
AGCy;,e density was estimated by L-VOD. The Theil-Sen test was used to determine
the trend direction and the curves are corresponding linear fitting of the yearly data.

Similar interannual variations between AGC;;,. and VODyippr Can be observed over

Siberia and subregions (e.g., West Siberia, East Siberia and Far East).
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Fig. S11. Spatial patterns of the dynamics (net changes and trends) in AGC;,,. and
VOD from LPDR (VODv.ror) during 2010-2019. We mapped yearly net changes and
significant trends (P<0.05) in AGCy;,e (A, C), and VODcppr (B, D), respectively.
Theil-Sen test was used to determine trend direction while the Mann—Kendall test was
used to assess trends for statistical significance, regarding trends as significant when P
< 0.05. L-VOD-derived AGC;,,. and VODyppr showed spatially consistent trends: 72%
of the pixels showed the same direction of trends (positive or negative) for AGC;;,. and
VODv.ppr and 84 % of pixels with net carbon loss matched with negative changes in

VODv¢ppr.
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Fig. S12 Comparison between net carbon changes from this study and Xu et al. °
between 2010 and 2019. We mapped net changes in the AGC;;,,, from this study (A)
and the above- and below-ground carbon from Xu et al.® (B). The bars (C) showed the
net carbon changes over Siberia and its subregions (e.g., West Siberia, East Siberia and

Far East), estimated from this study and from Xu et al.’.
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Fig. S13. Maps of the reference AGC;,. data sets and L-VOD in the Siberia region.

Three reference AGC;,,. density maps are illustrated at a spatial resolution of 25 km:

(A) Saatchi (Circa 2015), (B) CCI (Circa 2017), and (C) GlobBiomass (Circa 2010).

(D) Yearly mean L-VOD in 2011.
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Fig. S14 Relationships between annual L-VOD for different yeas (2010 to 2014)
and the benchmark AGC;;,. density (Mg C ha') maps at the global scale (referred
to as Global) and for Siberia regions. The benchmark AGC,;,,. density maps were
based on the GlobBiomass (first column), Saatchi (second column) and CCI datasets

(third column), respectively. The scatterplots of the Global and Siberia datasets are
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indicated in grey and green color, and the corresponding fitted relationships are
indicated in black and blue (using Eg.1 in the main text), respectively. The
corresponding fitted parameters in 2011 are summarized in Table S1. The results
showed that the overall shape of the scatterplots did not change much for different years
and the correlation between annual L-VOD and the live AGC benchmark maps were

stable.
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Refer to Fig. S14 (continuation for years 2015 to 2019).
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Fig. S15 Live AGC changes over the study region relative to 2010 estimated by the
relationship (showed in Fig. S14) calibrated between annual L-VOD for different
years (2010 to 2014) and the live AGC benchmark maps. NCG and NCS represented
the net live AGC changes over 2010-2019, estimated using the relationship calibrated
at the global scale and over Siberia, respectively. The live AGC changes were estimated

using the calibrated relationship based on the GlobBiomass (first column), Saatchi
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(second column) and CCI benchmark maps (third column), respectively. For example,
for the subgraphs in the first column, the Siberia live AGC changes were estimated
using the calibrated relationship between GlobBiomass benchmark map and annual L-

VOD dataset from different years, respectively.
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Refer to Fig. S15 (continuation for years 2015 to 2019).
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Fig. S16 Example showing how the 10-year time series was built for the
AGCy;,./LAI recovery. Zero on the time scale of the time series represents the year of

burn. The years in the grey columns show the timing of burn.

West Siberia, Southern taiga
West Siberia, Middle taiga
| West Siberia, Northern taiga
East Siberia, Southern taiga
1East Siberia, Middle taiga

1 East Siberia, Northern taiga

Far East, Southern taiga
Far East, Middle taiga

Far East, Northern taiga

Fig. S17 Distribution of the three geographic regions (West Siberia, East Siberia
and Far Ease) and the three bioclimatic zones (North, Middle and South Taiga)*

considered in the present study.
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Supplementary Tables

Table S1. Parameters of the exponential function (AGC,;,. = a X VODP®) used to
fit the spatial relationship between the benchmark live AGC and L-VOD in Fig.
S14. Values are given for the three benchmark maps for two areas (Siberia and at the

global scales)

Abbreviation Benchmark live Region a B r
AGC maps

P Global Globbiomass Globbiomass Global 123.118 1.713 0.87**
P siberia Globbiomass Globbiomass Siberia 122.048 1.879 0.74**
PGlobal saatchi Saatchi Global 122.464 1.756  0.87**
P siberia Saatchi Saatchi Siberia 122,549 1.811 0.79**
P Global cci CClI Global 130.572 1.603 0.87**
P siberia ccl CCl Siberia 129.590 1.7501 0.55**

** indicates significant correlations at P < 0.01.
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Table S2. Comparison of the reference live AGC and retrieved live AGC data in 2011

using six sets of parameters (Paiobal saatchi, Psiveria Saatchi, ..., Psiberia Globbiomass) for the same

spatial extent over global and Siberia regions (the spatial extent corresponds to the one
used for the calibration of the reference L-VOD / live AGC relationships). The
bootstrap cross-validated RMSE of the retrieved live AGC stocks is shown in
parentheses. The 95% bootstrap confidence interval is shown in square brackets.
Correlation values (r) of the spatial correlation between the reference live AGC density
and the corresponding bootstrap live AGC density estimates are given in the right side

of the table. The computation of the uncertainties includes only internal errors

associated with each reference biomass map.

Global (PgC) Siberia(PgC) r

Reference live AGC maps

Saatchi map 189.6 194
CCl map 208.8 13.8
Globbiomass map 198.0 14.0

L-VOD-retrieved AGC;;ye

AGCyjpe retrieved using P Giobal saatchi 189.7 (4.0) 0.92**
[189.0, 190.3]
AGCy;ye retrieved using P siberia saatchi 19.4 (0.3) 0.95**
[19.3, 19.6]
AGCy;,, retrieved using Paiobal ccl 208.8 (3.3) 0.93**
[208.1, 209.4]
AGCyjye retrieved using P siveria cc 13.8 (0.4) 0.88**
[13.7, 13.9]
AGCy;,, retrieved using P ciobal Globbiomass ~ 197.9 (2.8) 0.92**
[197.4, 198.5]
AGCjy, retrieved using P siberia Globbiomass 14.0 (0.4) 0.91**
[13.8, 14.1]

*/** indicate significant correlations at P < 0.05/0.01.
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Table S3. The decomposition rate (k, in unit of yr ) based on plot-level studies. The
k values over each regionwere calculated as the weighted average k value for each

subregion based on the k value for separate tree species and their contributions over

the corresponding region!14,
Regions Western East Siberia Far East
Siberia
Northern taiga  0.022 0.014 0.009
Middle taiga 0.029 0.031 0.019
Southern taiga  0.037 0.035 0.034

Table S4. Coarse woody debris carbon to AGCy;,, ratio at the initial year of 2010
(Ratiojniriq) ™ >1>18. The average value of all Ratio;,;y;q; Values over each region was

calculated as the Ratio;,;+;q; Value of the corresponding region.

Regions Western East Siberia Far East
Siberia

Northern taiga  0.26 0.23 0.24

Middle taiga 0.26 0.29 0.28

Southerntaiga 0.21 0.27 0.26

Table S5. Ratio of the AGC;,. consumption to AGC,;,. during stand-replacing fire

event (RatioAGCconsump tion)m. The average value of all Ratioscc opnsumption values over

each region was calculated as the Ratioacc opsumption value of the corresponding region.

Regions Western East Siberia Far East
Siberia

Northern taiga  0.082 0.081 0.087

Middle taiga 0.085 0.076 0.090

Southern taiga  0.079 0.077 0.101
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Table S6. Ratio of CWDC consumption to CWDC during stand-replacing fire event

(RatioCWDmsumptwn)17*18. The average value of all Ratiocwp,y,gumpeion VAIUES OVEX

each region was calculated as the Ratiocwp opnsumption value of the corresponding

region.

Regions Western East Siberia Far East

Siberia

Northern taiga  0.59 0.50 0.54

Middle taiga 0.63 0.63 0.60

Southern taiga  0.64 0.64 0.64
Table S7. Ratio of natural annual wood mortality to AGCyy,
( Ratiopackground mortatity ) The average value of all
Ratiopackground mortality Values over each region was calculated as the

Ratiopgckground mortatity Value of the corresponding region.

Regions Western East Siberia Far East
Siberia

Northern taiga  0.0067 0.0092 0.0194

Middle taiga 0.0093 0.0072 0.0089

Southern taiga  0.0131 0.0110 0.0114
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