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propagation are directly accessible to anyone
with basic statistical knowledge. This should ul-
timately open the way for a complete character-
ization of the roles of direct and indirect top-down
and bottom-up mechanisms involved in the reg-
ulation of parasite densities (fig. S12 and table S1)
in the context of both single and mixed infections,
and how this in turn affects transmission and
disease severity.

The underlying process of bursting infected
RBCs and invasion of uninfected RBCs is com-
mon to blood-phase malaria across animal taxa.
The methods we introduce will consequently be
generally applicable. The strength of the mouse
data we have used is the finely resolved measures
of uninfected and infected red blood cells. We are
unaware of any experimental time series in hu-
man patients in which these parameters were
directly measured, but our analyses suggest that
future longitudinal studies of individual patients
that undertake the simple assays required to di-
rectly assess RBC densities in addition to parasite
densities will lead to considerable insights into
the factors regulating human malaria.
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A Large and Persistent Carbon Sink
in the World's Forests
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The terrestrial carbon sink has been large in recent decades, but its size and location remain
uncertain. Using forest inventory data and long-term ecosystem carbon studies, we estimate a
total forest sink of 2.4 + 0.4 petagrams of carbon per year (Pg C year™) globally for 1990 to 2007.
We also estimate a source of 1.3 + 0.7 Pg C year * from tropical land-use change, consisting of a
gross tropical deforestation emission of 2.9 + 0.5 Pg C year " partially compensated by a carbon
sink in tropical forest regrowth of 1.6 + 0.5 Pg C year *. Together, the fluxes comprise a net global
forest sink of 1.1 + 0.8 Pg C year ™, with tropical estimates having the largest uncertainties. Our total
forest sink estimate is equivalent in magnitude to the terrestrial sink deduced from fossil fuel
emissions and land-use change sources minus ocean and atmospheric sinks.

orests have an important role in the global
carbon cycle and are valued globally for the
services they provide to society. International
negotiations to limit greenhouse gases require
an understanding of the current and potential
future role of forest C emissions and sequestra-
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tion in both managed and unmanaged forests.
Estimates by the Intergovernmental Panel on Cli-
mate Change (IPCC) show that the net uptake by
terrestrial ecosystems ranges from less than 1.0
to as much as 2.6 Pg C year ' for the 1990s (/).
More recent global C analyses have estimated a

terrestrial C sink in the range of 2.0 to 3.4 Pg C
year ' on the basis of atmospheric CO, obser-
vations and inverse modeling, as well as land
observations (2—4). Because of this uncertainty
and the possible change in magnitude over time,
constraining these estimates is critically impor-
tant to support future climate mitigation actions.
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Here, we present bottom-up estimates of C
stocks and fluxes for the world’s forests based on
recent inventory data and long-term field obser-
vations coupled to statistical or process models
(table S1). We advanced our analyses by including
comprehensive C pools of the forest sector (dead
wood, harvested wood products, living biomass,
litter, and soil) and report past trends and changes
in C stocks across countries, regions, and conti-
nents representing boreal, temperate, and tropical
forests (5, 6). To gain full knowledge of the trop-
ical C balance, we subdivided tropical forests in-
to intact and regrowth forests (Table 1). The latter
is an overlooked category, and its C uptake is
usually not reported but is implicit in the tropical
land-use change emission estimates. Although
deforestation, reforestation, afforestation and the
carbon outcomes of various management prac-
tices are included in the assessments of boreal
and temperate forest C sink estimates, we sepa-
rately estimated three major fluxes in the tropics:
C uptake by intact forests, losses from deforesta-
tion, and C uptake of forest regrowth after an-
thropogenic disturbances. The area of global
forests used as a basis for estimating C stocks and
fluxes is 3.9 billion ha, representing 95% of the
world’s forests (7) (table S2).

Global forest C stocks and changes. The
current C stock in the world’s forests is estimated
tobe 861 + 66 Pg C, with 383 =30 Pg C (44%) in
soil (to 1-m depth), 363 + 28 Pg C (42%) in live
biomass (above and below ground), 73 + 6 Pg C
(8%) in deadwood, and 43 + 3 Pg C (5% in litter

(table S3). Geographically, 471 + 93 Pg C (55%)
is stored in tropical forests, 272 + 23 Pg C (32%)
in boreal, and 119 £ 6 Pg C (14%) in temperate
forests. The C stock density in tropical and boreal
forests is comparable (242 versus 239 Mg C ha™"),
whereas the density in temperate forests is ~60%
of the other two biomes (155 Mg C ha™).
Although tropical and boreal forests store the
most carbon, there is a fundamental difference in
their carbon structures: Tropical forests have 56%
of carbon stored in biomass and 32% in soil,
whereas boreal forests have only 20% in biomass
and 60% in soil.

The average annual change in the C stock of
established forests (Table 1) indicates a large
uptake of 2.5 + 0.4 Pg C year ' for 1990 to 1999
and a similar uptake of 2.3 + 0.5 Pg C year " for
2000 to 2007. Adding the C uptake in tropical
regrowth forests to those values indicates a
persistent global gross forest C sink 0of4.0 0.7
Pg C year' over the two periods (Tables 1 and 2).
Despite the consistency of the global C sink since
1990, our analysis revealed important regional
and temporal differences in sink sizes. The C sink
in temperate forests increased by 17% in 2000 to
2007 compared with 1990 to 1999, in contrast to
C uptake in intact tropical forests, which de-
creased by 23% (but nonsignificantly). Boreal
forests, on average, showed little difference be-
tween the two time periods (Fig. 1). Subtract-
ing C emission losses from tropical deforestation
and degradation, the global net forest C sink
was 1.0 £ 0.8 and 1.2 £ 0.9 Pg C year ' for

Table 1. Global forest carbon budget (Pg C year™) over two time periods. Sinks are positive values;

sources are negative values.

Carbon sink and source in biomes 1990-1999 2000-2007  1990-2007
Boreal forest 0.50 £ 0.08 0.50 £0.08 0.50 £ 0.08
Temperate forest 0.67 £0.08 0.78 £0.09 0.72 £0.08
Tropical intact forest* 133 +0.35 1.02+0.47 1.19+0.41
Total sink in global established forestst 2.50 £ 0.36 2.30+0.49 2.41+0.42
Tropical regrowth forestt 157 £0.50 1.72+0.54 1.64 +0.52
Tropical gross deforestation emission§ —3.03+£0.49 -2.82+0.45 -2.94+0.47
Tropical land-use change emissionl| -1.46 £+ 0.70 -1.10+0.70 -1.30 = 0.70
Global gross forest sinkq] 4.07 £0.62 4.02+0.73 4.05*0.67
Global net forest sink# 1.04 +0.79 1.20+0.85 1.11 +0.82
Equations of global forest C fluxes
Festablished forests = Fboreal forests + Ftemperate forests + Ftropical intact forests (Eq 1)
Ftropical land-use change = Ftropical gross deforestation + Ftropical regrowth forests (EQ- 2)
Fgross forest sink = Festablished forests + thpical regrowth forests (Eq 3)
Fnet forest sink = Festablished forests T Ftropi(al land-use change (Eq- 4)

*Tropical intact forests: tropical forests that have not been substantially affected by direct human activities; flux accounts for the
dynamics of natural disturbance-recovery processes. tGlobal established forests: the forest remaining forest over the study periods
plus afforested land in boreal and temperate biomes, in addition to intact forest in the tropics (Eq. 1). fTropical regrowth forests:
tropical forests that are recovering from past deforestation and logging. §Tropical gross deforestation: the total C emissions from
tropical deforestation and logging, not counting the uptake of C in tropical regrowth forests. [Tropical land-use change: emissions
from tropical land-use change, which is a net balance of tropical gross deforestation emissions and C uptake in regrowth forests (Eq. 2).
It may be referenced as a tropical net deforestation emission in the literature. 9IGlobal gross forest sink: the sum of total sinks in
global established forests and tropical regrowth forests (Eq. 3). #Global net forest sink: the net budget of global forest fluxes
(Eq. 4). It can be calculated in two ways: (i) total sink in global established forests minus tropical land-use change emission or (i) total
global gross forest sink minus tropical gross deforestation emission.

www.sciencemag.org SCIENCE VOL 333

RESEARCH ARTICLES

1990 to 1999 and 2000 to 2007, respectively
(Table 1).

Forest carbon sinks by regions, biomes, and
pools. Boreal forests (1135 Mha) had a consistent
average sink of 0.5 + 0.1 Pg C year' for two dec-
ades (Table 2, 20 and 22% of the global C sinks
in established forests). However, the overall sta-
bility of the boreal forest C sink is the net result
of contrasting carbon dynamics in different boreal
countries and regions associated with natural dis-
turbances and forest management. Asian Russia
had the largest boreal sink, but that sink showed
no overall change, even with increased emissions
from wildfire disturbances (8). In contrast, there
was a notable sink increase of 35% in European
Russia (Fig. 1) attributed to several factors: in-
creased areas of forests after agricultural aban-
donment, reduced harvesting, and changes of
forest age structure to more productive stages,
particularly for the deciduous forests (8). In con-
trast to the large increase of biomass sinks in
European Russia and northern Europe (8, 9), the
biomass C sink in Canadian managed forests was
reduced by half between the two periods, mostly
due to the biomass loss from intensified wildfires
and insect outbreaks (10, 17). A net loss of soil C
in northern Europe was attributed to shifts of
forest to nonforest in some areas. Overall, the
relatively stable boreal C sink is the sum of a net
reduction in Canadian biomass sink offset by
increased biomass sink in all other boreal regions,
and a balance between decreased litter and soil C
sinks in northern Eurasia and a region-wide in-
crease in the accumulation of dead wood (Table 2).

Temperate forests (767 Mha) contributed 0.7 +
0.1and 0.8 £ 0.1 Pg C year ' (27 and 34%) to
the global C sinks in established forests for two
decades (Table 2). The primary reasons for the
increased C sink in temperate forests are the
increasing density of biomass and a substantial
increase in forest area (/2, 13). The U.S. forest
C sink increased by 33% from the 1990s to
2000s, caused by increasing forest area; growth
of existing immature forests that are still recover-
ing from historical agriculture, grazing, harvesting
(12, 14); and environmental factors such as CO,
fertilization and N deposition (/5). However, for-
ests in the western United States have shown
considerably increased mortality over the past
few decades, related to drought stress, and in-
creased mortality from insects and fires (6, 17).
The European temperate forest sink was stable
between 1990 to 1999 and 2000 to 2007. There
was a large C sink in soil due to expansion of
forests in the 1990s, but this trend slowed in the
2000s (7, 18). However, the increased C sink in
biomass during the second period (+17%)
helped to maintain the stability of the total C sink.
China’s forest C sink increased by 34% between
1990 to 1999 and 2000 to 2007, with the biomass
sink almost doubling (Table 2). This was caused
primarily by increasing areas of newly planted
forests, the consequence of an intensive national
afforestation/reforestation program in the past
few decades (table S2) (19).
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Table 2. Estimated annual change in C stock (Tg C year™) by biomes by country or region for the time periods of 1990 to 1999 and 2000 to 2007. Estimates
include C stock changes on “forest land remaining forest land” and “new forest land” (afforested land). The uncertainty calculation refers to the supporting online
material. ND, data not available; [1], litter is included in soils.

1990-1999 2000-2007

Biome and Harvested Total Stock Harvested Total Stock

country/ Dead wood stock Uncertainty change Dead wood stock Uncertainty change

region Biomass wood Litter Soil product change (=) per area Biomass wood Litter Soil product change () per area

(Mg C ha ! (Mg C ha !
(Tg C year ™) year %) (Tg C year %) year 1)
Boreal*

Asian

Russia 61 66 63 45 19 255 64 0.39 69 97 43 42 13 264 66 0.39
European

Russia 37 10 22 36 41 146 37 0.93 84 19 35 35 26 199 50 1.21
Canada 6 -24 14 6 23 26 7 0.11 -53 16 19 7 21 10 3 0.04
European

borealt 13 0 3 38 11 65 16 1.12 21 0 4 -10 13 27 7 0.45
Subtotal 117 53 103 125 94 493 76 0.45 120 132 101 74 73 499 83 0.44

Temperate*

United

Statest 118 6 13 9 33 179 34 0.72 147 9 18 37 28 239 45 0.94
Europe 117 2 8 81 24 232 58 1.71 137 2 9 65 27 239 60 1.68
China 60 22 15 31 7 135 34 0.96 115 24 8 28 7 182 45 1.22
Japan 24 9 ND 19 2 54 14 2.28 23 5 ND 8 2 37 9 1.59
South

Korea 6 2 ND 5 0 14 4 2.14 12 2 ND 4 0 18 5 2.86
Australia 17 ND 10 15 8 50 13 0.33 17 ND 10 14 10 51 13 0.34
New

Zealand 1 0 0 1 5 7 2 0.91 1 0 0 1 [3 9 2 1.05
Other

countries 1 ND ND ND 0 1 1 0.07 2 0 0 0 0 3 2 0.18
Subtotal 345 42 46 160 80 673 78 0.91 454 42 45 156 80 771 89 1.03

Tropical intact

Asia 125 13 2 ND 5 144 38 0.88 100 10 2 ND 6 117 30 0.90
Africa 469 48 7 ND 9 532 302 0.94 425 43 6 ND 8 482 274 0.94
Americas 573 48 9 ND 22 652 166 0.77 345 45 5 ND 23 418 386 0.53
Subtotal 1167 109 17 ND 35 1328 347 0.84 870 98 13 ND 36 1017 474 0.71
Global

subtotals 1630 204 166 286 209 2494 363 0.73 1444 273 158 230 189 2294 489 0.69

Tropical regrowth
Asia 498 ND [1] 27 ND 526 263 3.52 564 ND [1] 30 ND 593 297 3.53
Africa 169 ND [1] 73 ND 242 121 1.48 188 ND [1] 83 ND 271 135 1.47
Americas 694 ND [1] 113 ND 807 403 4.67 745 ND [1] 113 ND 858 429 4.56
Subtotal 1361 ND [1] 213 ND 1574 496 3.24 1497 ND [1] 226 ND 1723 539 3.19
All tropicsll

Asia 623 13 2 27 5 670 266 2.14 664 10 2 30 6 711 298 2.38
Africa 638 48 7 73 9 774 325 1.06 613 43 6 83 8 753 305 1.08
Americas 1267 48 9 113 22 1458 436 1.42 1090 45 5 113 23 1276 577 1.30
Subtotal 2529 109 17 213 35 2903 605 1.40 2367 98 13 226 36 2740 718 1.38
Global

totalq] 2991 204 166 498 209 4068 615 1.04 2941 273 158 456 189 4017 728 1.04

*Carbon outcomes of forest land-use changes (deforestation, reforestation, afforestation, and management practices) are included in the estimates in boreal and temperate forests.
$Estimates for the continental U.S. and a small area in southeast Alaska.

the area that includes Norway, Sweden, and Finland.
all tropical forests including tropical intact and regrowth forests.
land” reported to the Food and Agriculture Organization.

Tropical intact forests (1392 Mha) represent
~70% of the total tropical forest area (1949 Mha)
that accounts for the largest area of global forest
biomes (~50%). We used two networks of per-
manent monitoring sites spanning intact tropical

19 AUGUST 2011

tEstimates for

§Estimates for global established forests. ||Estimates for

9YlAreas excluded from this table include interior Alaska (51 Mha in 2007), northern Canada (118 Mha in 2007), and “other wooded

forest across Africa (20) and South America (27)
and assumed that forest C stocks of Southeast
Asia (9% of total intact tropical forest area) are
changing at the mean rate of Africa and South
America, as we lack sufficient data in Southeast

Asia to make robust estimates. These networks
are large enough to capture the disturbance-
recovery dynamics of intact forests (6, 20, 22).
We estimate a sink of 1.3+ 0.3 and 1.0+ 0.5 Pg C
year ' for 1990 to 1999 and 2000 to 2007,

VOL 333 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on August 18, 2011


http://www.sciencemag.org/

__0.03
0.01

0.18

Regions of the World 0.24

Other

No Data/Other Countries
Tropical

Asia

0.65
0.42

Africa
Americas
Temperate
Continental US & S. Alaska
Europe
China
Japan/Korea
Australia/NZ
Boreal
Canada

0.86

N. Europe
Asian Russia
European Russia

Fig. 1. Carbon sinks and sources (Pg C year ™) in the world’s forests. Colored
bars in the down-facing direction represent C sinks, whereas bars in the
upward-facing direction represent C sources. Light and dark purple, global

respectively (Table 2). An average C sink of 1.2 £
0.4 Pg C year" for 1990 to 2007 is approx-
imately half of the total global C sink in estab-
lished forests (2.4 + 0.4 Pg C year ) (Table 1).
When only the biomass sink is considered, about
two-thirds of the global biomass C sink in estab-
lished forests is from tropical intact forests (1.0
versus 1.5 Pg C year ). The sink reduction in the
period 2000 to 2007 (—23%) was caused by
deforestation reducing intact forest area (—8%)
and a severe Amazon drought in 2005 (27), which
appeared strong enough to affect the tropics-wide
decadal C sink estimate (—15%). Except for the
Amazon drought, the recent excess of biomass C
gain (growth) over loss (death) in tropical intact for-
ests appears to result from progressively enhanced
productivity (20, 21, 23). Increased dead biomass
production should lead to enhanced soil C seques-
tration, but we lack data about changes in soil C
stocks for tropical intact forests, so the C sink for
tropical intact forests may be underestimated.
Tropical land-use changes have caused net
C releases in tropical regions by clearing forests
for agriculture, pasture, and timber (24), second
in magnitude to fossil fuel emissions (Table 3).
Tropical land-use change emissions are a net
balance of C fluxes consisting of gross tropical de-
forestation emissions partially compensated by C
sinks in tropical forest regrowth. They declined
from 1.5+ 0.7 Pg C year ' in the 1990s to 1.1 + 0.7
Pg C year" for 2000 to 2007 (Table 1) due to
reduced rates of deforestation and increased for-
est regrowth (25). The tropical land-use change
emissions were approximately equal to the total
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Carbon Flux 2000-2007
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established forests (boreal, temperate, and intact tropical forests); light and
dark green, tropical regrowth forests after anthropogenic disturbances; and
light and dark brown, tropical gross deforestation emissions.

Table 3. The global carbon budget for two time periods (Pg C year™). There are different arrangements to
account for elements of the global C budget (see also table S6). Here, the accounting was based on global C
sources and sinks. The terrestrial sink was the residual derived from constraints of two major anthropogenic
sources and the sinks in the atmosphere and oceans. We used the C sink in global established forests as a

proxy for the terrestrial sink.

Sources and sinks 1990-1999 2000-2007
Sources (C emissions)
Fossil fuel and cement* 6.5 £ 0.4 7.6 04
Land-use changet 1.5+0.7 1.1+0.7
Total sources 8.0 £ 0.8 8.7+0.8
Sinks (C uptake)
Atmospheret 32+0.1 4.1 +0.1
Oceant 2.2+04 23+04
Terrestrial (established forests)§ 25+04 23+0.5
Total sinks 7.9 £0.6 8.7 £ 0.7
Global residualsl| 0.1+1.0 0.0+ 1.0

*See (2).

because the net carbon balance of land-use changes in temperate and boreal regions is neutral (24, 38).

1See (4, 7, 25). The global land-use change emission is approximately equal to the tropical land-use change emission,

$See (4). §Estimates

of C sinks in the global established forests (that are outside the areas of tropical land-use changes) from this study. Note that the
carbon sink in tropical regrowth forests is excluded because it is included in the term of land-use change emission (see above and

Table 1).

lIGlobal C residuals are close to zero when averaged over a decade. Uncertainties in the global residuals indicate either a

land sink or source in the 212 Mha of forest not included here, on nonforest land, or systematic error in other source (overestimate) or

sink (underestimate) terms, or both.

global land-use emissions (Tables 1 and 3), be-
cause effects of land-use changes on C were
roughly balanced in extratropics (7, 24, 25).
Tropical deforestation produced significant
gross C emissions of 3.0 £ 0.5 and 2.8 £ 0.5 Pg
C year ', respectively, for 1990 to 1999 and 2000
t0 2007, ~40% of the global fossil fuel emissions.
However, these large emission numbers are usu-
ally neglected because more than one half was

offset by large C uptake in tropical regrowth for-
ests recovering from the deforestation, logging,
or abandoned agriculture.

Tropical regrowth forests (557 Mha) repre-
sent ~30% of the total tropical forest area. The
C uptake by tropical regrowth forests is usually
implicitly included in estimated net emissions
of tropical land-use changes rather than estimated
independently as a sink (24). We estimate that
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the C sink by tropical regrowth forests was 1.6 +
0.5 and 1.7 + 0.5 Pg C year ', respectively, for
1990 to 1999 and 2000 to 2007. Our results in-
dicate that tropical regrowth forests were stronger
C sinks than the intact forests due to rapid bio-
mass accumulation under succession, but these
estimates are poorly constrained because of sparse
data (table S4) (6). Although distinguishing a C
sink in tropical regrowth forests does not affect
the estimated net emissions from tropical land-
use changes, an explicit estimate of this compo-
nent facilitates evaluating the complete C sink
capacity of all tropical and global forests.

When all tropical forests, both intact and
regrowth, are combined, the tropical sinks sum
t0 2.9+ 0.6 and 2.7 + 0.7 Pg C year ' over the
two periods (Table 1), and on average account for
~70% of the gross C sink in the world forests
(~4.0 Pg C year"). However, with equally
significant gross emissions from tropical de-
forestation (Table 1), tropical forests were nearly
carbon-neutral. In sum, the tropics have the world’s
largest forest area, the most intense contemporary
land-use change, and the highest C uptake, but
also the greatest uncertainty, showing that invest-
ment in better understanding carbon cycling in
the tropics should be a high priority in the future.

Deadwood, litter, soil, and harvested wood
products together accounted for 35% of the global
sink and 60% of the global forest C stock, showing
the importance of including these components
(Table 2 and table S3). Compared with biomass,
estimates of these terrestrial carbon pools are gen-
erally less certain because of insufficient data.
For deadwood, there was a large sink increase in
boreal forests over the past decade, caused by the
recent increase in natural disturbances in Siberia
and Canada. Increased deadwood carbon thus
makes a major (27%) but possibly transient con-
tribution to the total C sink in the boreal zone.
Changes in litter C accounted for a relatively
small and stable portion of the global forest C
sink. However, litter C accumulation contributed
20% of the total C sink in boreal forests and, like
deadwood, is vulnerable to wildfire disturbances.
Changes in soil C stocks accounted for more
than 10% of the total sink in the world’s forests,
largely driven by land-use changes. We may un-
derestimate global soil C stocks and fluxes be-
cause the standard 1-m soil depth excludes some
deep organic soils in boreal and tropical peat for-
ests (26-28). We estimate the net C change in har-
vested wood products (HWP), including wood in
use and disposed in landfills, as described in the
IPCC guidelines (29), attributing changes in stock
to the region where the wood was harvested. Car-
bon sequestration in HWP accounted for ~8% of
the total sink in established forests. This sink re-
mained stable for temperate and tropical regions
but declined dramatically in boreal regions because
of reduced harvest in Russia in the past decade.

Data gaps, uncertainty, and suggested im-
provements in global forest monitoring. We es-
timated uncertainties based on a combination
of quantitative methods and expert opinions (6).
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There are critical data gaps that affected both the
results presented here and our ability to report
and verify changes in forest C stocks in the fu-
ture. Data are substantially lacking for areas of
the boreal forest in North America, including
Alaska (51 Mha) and Canadian unmanaged for-
ests (118 Mha) (table S5). The forests in these
regions could be a small C source or sink, based
on the estimate of Canadian managed forests (/0)
and modeling studies in Alaska (30). There is also
a lack of measurement data of soil C flux in trop-
ical intact forests, which may cause uncertainty
of 10 to 20% of the estimated total C sink in these
forest areas. In addition, there is a large uncertainty
associated with the estimate of C stocks and fluxes
in tropical Asia, due to the absence of long-term
field measurements, and a notable lack of data
about regrowth rates of tropical forests worldwide.

Prioritized recommendations for improve-
ments in regional forest inventories to assess C
density, uptake, and emissions for global-scale
aggregation include the following: (i) Land mon-
itoring should be greatly expanded in the tropics
and in unsampled regions of northern boreal
forests. (ii) Globally consistent remote sensing of
land-cover change and forest-area is required to
combine the strengths of two observation sys-
tems: solid ground truth of forest C densities
from inventories and reliable forest areas from
remote sensing. (iii) Improved methods and greater
sampling intensity are needed to estimate non-
living C pools, including soil, litter, and dead wood.
(iv) Better data are required in most regions for
estimating lateral C transfers in harvested wood
products and rivers.

Forest carbon in the global context. The new
C sink estimates from world’s forests can con-
tribute to the much needed detection and attri-
bution that is required in the context of the global
carbon budget (2, 4, 25). Our results suggest that,
within the limits of reported uncertainty, the en-
tire terrestrial C sink is accounted for by C uptake
of global established forests (Table 3), as the
balanced global budget yields near-zero residuals
with +1.0 Pg C year ' uncertainty for both 1990
to 1999 and 2000 to 2007 (Table 3). Consequent-
ly, our results imply that nonforest ecosystems
are collectively neither a major (>1 Pg) C sink
nor a major source over the two time periods that
we monitored. Because the tropical gross de-
forestation emission is mostly compensated by
the C uptakes in both tropical intact and regrowth
forests (Fig. 1 and Table 1), the net global forest
C sink (1.1 + 0.8 Pg C year ') resides mainly in
the temperate and boreal forests, consistent with
previous estimates (3/, 32). Notably, the total
gross C uptake by the world’s established and
tropical regrowth forests is 4.0 Pg C year ',
which is equivalent to half of the fossil fuel C
emissions in 2009 (4). Over the period that we
studied (1990 to 2007), the cumulative C sink
into the world’s established forests was ~43 Pg C
and 73 Pg C for the established plus regrowing
forests; the latter equivalent to 60% of cumula-
tive fossil emissions in the period (i.e., 126 Pg C).

Clearly, forests play a critical role in the Earth’s
terrestrial C sinks and exert strong control on the
evolution of atmospheric CO,.

Drivers and outlook of forest carbon sink.
The mechanisms affecting the current C sink in
global forests are diverse, and their dynamics will
determine its future longevity. The C balance of
boreal forests is driven by changes in harvest
patterns, regrowth over abandoned farmlands,
and increasing disturbance regimes. The C balance
of temperate forests is primarily driven by forest
management, through low harvest rates (Europe)
(33), recovery from past harvesting and agricul-
tural abandonment (U.S.) (34), and large-scale
afforestation (China) (/9). For tropical forests,
deforestation and forest degradation are dom-
inant causes of C emissions, with regrowth and
an increase in biomass in intact forests being the
main sinks balancing the emissions (23, 24).

Changes in climate and atmospheric drivers
(CO,, N-deposition, ozone, diffuse light) affect the
C balance of forests, but it is difficult to separate
their impacts from other factors using ground
observations. For Europe, the U.S., China, and
the tropics, evidence from biogeochemical pro-
cess models suggests that climate change, in-
creasing atmospheric CO,, and N deposition are,
at different levels, important factors driving the
long-term C sink (75, 18, 20, 23, 34). Drought
in all regions and warmer winters in boreal re-
gions reduce the forest sink through suppressed
gross primary production, increased tree mortal-
ity, increased fires, and increased insect damage
(8, 10, 18, 21, 30, 35, 36).

Our estimates suggest that currently the glob-
al established forests, which are outside the areas
of tropical land-use changes, alone can account
for the terrestrial C sink (~2.4 Pg C year'). The
tropics are the dominant terms in the exchange
of CO, between the land and the atmosphere. A
large amount of atmospheric CO, has been se-
questrated by the natural system of forested lands
(~4.0 Pg C year '), but the benefit is substantially
offset by the C losses from tropical deforestation
(~2.9 Pg C year™"). This result highlights the po-
tential for the United Nations Reducing Emissions
from Deforestation and Degradation program to
lessen the risk of climate change. However, an
important caveat is that adding geological carbon
from fossil fuels into the contemporary carbon
cycle and then relying on biospheric sequestra-
tion is not without risk, because such sequestra-
tion is reversible from either climate changes, direct
human actions, or a combination of both.

Nonetheless, C sinks in almost all forests
across the world (Fig. 1) may suggest overall fa-
vorable conditions for increasing stocks in forests
and wood products. Our analysis also suggests
that there are extensive areas of relatively young
forests with potential to continue sequestering
C in the future in the absence of accelerated
natural disturbance, climate variability, and land-
use change. As a result of the large C stocks in
both boreal forest soils and tropical forest bio-
mass, warming in the boreal zone, deforestation,
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and occasional extreme drought, coincident with
fires in the tropics, represent the greatest risks
to the continued large C sink in the world’s for-
ests (21, 24, 30, 37). A better understanding of
the role of forests in biosphere C fluxes and mech-
anisms responsible for forest C changes is critical
for projecting future atmospheric CO, growth
and guiding the design and implementation of
mitigation policies.
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Detection of Emerging Sunspot
Regions in the Solar Interior

Stathis llonidis,* Junwei Zhao, Alexander Kosovichev

Sunspots are regions where strong magnetic fields emerge from the solar interior and where major
eruptive events occur. These energetic events can cause power outages, interrupt telecommunication
and navigation services, and pose hazards to astronauts. We detected subsurface signatures of
emerging sunspot regions before they appeared on the solar disc. Strong acoustic travel-time anomalies
of an order of 12 to 16 seconds were detected as deep as 65,000 kilometers. These anomalies were
associated with magnetic structures that emerged with an average speed of 0.3 to 0.6 kilometer per
second and caused high peaks in the photospheric magnetic flux rate 1 to 2 days after the detection of
the anomalies. Thus, synoptic imaging of subsurface magnetic activity may allow anticipation of large
sunspot regions before they become visible, improving space weather forecast.

nderstanding solar magnetism is among
the most important problems of solar phys-
ics and astrophysics (/—5). Modem theo-
ries assume that sunspot regions are generated by
a dynamo action at the bottom of the convection
zone, about 200 Mm below the photosphere. How-
ever, there is no convincing observational evidence
to support this idea, and dynamo mechanisms op-
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erating in the bulk of the convection zone or even
in the near-surface shear layer have been pro-
posed as well (6, 7). Investigation of emerging
magnetic flux could possibly determine the depth
of this process and set the foundations for a better
understanding of sunspots and active regions.

Active regions on the Sun produce flares and
mass eruptions that may cause power outages
on Earth, satellite failures, and interruptions of
telecommunication and navigation services. Moni-
toring solar subsurface processes and predict-
ing magnetic activity would also improve space
weather forecasts.

Time-distance helioseismology (8) is one of
the local helioseismology techniques that image
acoustic perturbations in the interior of the Sun
(9). Acoustic waves are excited by turbulent con-
vection near the surface, propagate deep inside
the Sun, and are refracted back to the surface
(Fig. 1). Time-distance helioseismology measures
travel times of acoustic waves propagating to dif-
ferent distances by computing cross-covariances
between the oscillation signals observed at pairs
of locations on the solar photosphere. Varia-
tions in acoustic travel times are caused mainly
by thermal perturbations, magnetic fields, and
flows. Previous studies of emerging sunspot re-
gions (/0—-14) have found difficulties in detect-
ing signals deeper than 30 Mm and before the
initial magnetic field becomes visible on the sur-
face because of the fast emergence speed and low
signal-to-noise ratio (15). Here, we present a deep-
focus time-distance measurement scheme, which
allows us to detect signals of emerging magnetic
regions in the deep solar interior (16, 17).

We have used Doppler observations (/8) from
Michelson Doppler Imager (MDI) (/9) onboard
the Solar and Heliospheric Observatory (SOHO)
and computed travel-time maps of four emerging
flux regions and nine quiet regions. In Fig. 2, we
present the results of our analysis for Active Re-
gion (AR) 10488, which started emerging on the
solar disc at 09:30 UT, 26 October 2003, about
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Methods and Data
Definitions of land categories

Forest- The definition of forest varies slightly from country to country, but generally follows
the FAO definition: Land spanning more than 0.5 hectares with trees higher than 5 meters
and a canopy cover of more than 10 percent, or trees able to reach these thresholds in situ.
Forest lands that are temporarily treeless because of harvest or disturbance are included.
Forest does not include land that is predominantly under agricultural or urban land use, even
though such land may have some tree cover. Tree plantations are included.

Forest land remaining forest land- forests that do not undergo land-use change during the
reporting period; includes forests that are harvested and regenerate back to forest.

Afforestation- land that has changed from nonforest to forest.
Deforestation- land that has changed from forest to nonforest.

Tropical intact forest- tropical forest areas that have not been substantially affected by direct
human activities.

Tropical regrowth forest- tropical forests regrowing on the areas that have been previously
deforested or logged.

Forest Carbon Pools

We generally followed the definitions from Table 3.1.2 in the IPCC Good Practice Guidance
(1), though minor deviations are embedded in the data depending on specific national
circumstances.

Living biomass — includes above- and below-ground biomass of live plants. The above-
ground biomass includes all living biomass above the soil including stem, stump, branches,
bark, seeds, and foliage. The below-ground biomass includes all biomass of live roots. Fine
roots of less than 2 mm diameter are often excluded or may be included with litter and soil
carbon (C) pools. Understory plants may be excluded in cases where they comprise a very
small proportion of the total biomass, as long as this is done consistently over time.

Dead wood — Includes all non-living woody biomass not contained in the litter, either
standing, lying on the ground, or in the soil. Dead wood includes wood lying on the surface,
dead roots, and stumps larger than or equal to 10 cm in diameter, unless another threshold is
used by the country.



Litter — Includes all non-living biomass with a diameter less than a minimum diameter chosen
by the country (typically 10 cm), and lying dead biomass in various stages of decomposition
above the mineral or organic soil. Includes the litter, fumic, and humic layers. Live fine
roots may be included if excluded from living biomass.

Soil organic matter — Includes organic carbon in mineral and organic soils (including peat) to
a specified depth of 1 meter. Live fine roots may be included if excluded from living
biomass.

Carbon in harvested wood — includes products in use and in landfills. “Products in use”
includes end-use products that have not been discarded or otherwise destroyed. Examples
include residential and nonresidential construction, wooden containers, and paper products.
“Products in landfills” includes discarded wood and paper placed in landfills where most
carbon is stored long-term and only a small portion of the material is assumed to degrade, at a
slow rate.

Overview of calculation methods and data

Accounting approaches to calculations for boreal, temperate, and tropical regions

There are slightly different accounting approaches used in this paper, in accordance with the
IPCC guidelines, because the available data have been developed and presented in different
ways in inventories, country reports, and the literature. Within the constraints of the available
information, estimates were harmonized between accounting systems by carefully defining
land areas and matching these with the sources of data, and by adjusting reported estimates
where necessary to account for known inconsistencies. Our calculation methods are
summarized in table S1 and described in more detail here.

Either the “stock-change” or the “default” approaches were used for boreal and temperate
biomes, following the guidance from IPCC for estimating and reporting country-level
greenhouse gas inventories (1,2). The stock change approach involves estimating C stocks at
two or more points in time, then taking the difference between the stock estimates as the rate
of change over the time period. If there is no land-use change, then this approach is nearly
identical to estimating the land-atmosphere CO, flux, with the exception of “lateral transfers”
of C which primarily include river erosion, transport, outgassing, and deposition; and
harvested wood products. We accounted for harvested wood products but not for other
lateral transport, which may be responsible for a significant global C sink in coastal oceans
(3) that is not reflected in the stock-change method. If there is land-use change, then the
stock-change accounting overestimates the C uptake by forests in proportion to the area of
afforestation during the period of change, because existing C stocks on new forest land
(primarily soil C) appear instantaneously in the forest carbon inventory, transferred from the
previous land use category. Conversely, the stock-change approach may underestimate C
uptake by forests in proportion to the area of deforestation because existing soil C may be



moved to a nonforest land category and appear as a loss of C from forest. Because the area of
afforestation is small relative to the total area of forest remaining forest, the effect is
relatively small.

The IPCC default approach commences with a single forest inventory and then adds C gains
from forest growth and losses from harvest, fires and decomposition (1). The default
approach (used in Canada’s managed forests) accounts for C stock gains and losses without
confounding estimates through C transfers between land-use categories.

For the tropics, C sinks and sources (or net fluxes) were estimated using a “flow” approach
because most tropical areas lack the repeated national-scale forest inventories that are the
basis for the stock-change approach. This approach is similar to the IPCC “tier 2” methods
that multiply region-specific estimates of C density or change in C density times the
associated areas represented by the region-specific estimates. For intact tropical forests (not
affected by land use or change), fluxes were estimated from measured C stock changes on
permanent sample plots, which is nearly equivalent to forest-atmosphere C exchange except
for river transport and deposition of C (harvesting did not take place on these land areas).
The effects of land-use change and harvesting on C flux were estimated using a bookkeeping
approach that keeps track of ecosystem C emissions and harvested wood products from
deforestation and logging, and ecosystem C uptake on regrowing forests. Estimates of water
transport and deposition are not accounted for in tropical forest biomes, though lateral
transfers in harvested wood products were estimated.

Estimates of changes in C stocks for two periods (Table 2 of main text) pertain to “forest land
remaining forest land” and “afforestation”. Estimates of C stocks for specific years (Table
S3) pertain to the total area of forest land in the given year and therefore include C stocks lost
because of deforestation, which are not included in Table 2. Thus, it is not possible to
consistently match the estimates between these two tables.

Forest area and area change

Where available, area estimates (Table S2) are from country-level forest inventories or
reports based on forest inventories. Forest inventories typically use remote sensing to
estimate forest area and area changes. Where forest inventories are lacking, particularly in
the tropics, FAO statistics were used to estimate total forest area for 1990, 2000, and 2007 (4,
5). FAO statistics are compiled from country reports following established forest area
definitions. Area estimates for 2007 based on FAO statistics were made by interpolating
between the reported years 2005 and 2010. In some regions, particularly the tropics, the
quality of the data reported to FAO is variable and the inventories may be subject to change
and reinterpretation over time (6,7). For tropical regions, updated area estimates for prior
years were those reported in FAO (5). Regarding area change, there is approximate
consistency between the change in reported areas from the years 1990, 2000, and 2007, and




estimated areas of afforestation and deforestation from inventories, country reports, and
analyses of emissions from land-use change.

Carbon Stocks and Changes in Carbon Stocks

Where available, C stock and density estimates are from country-level forest inventories or
reports based on forest inventories. Most countries in temperate and boreal biomes have
established forest inventories with repeated measurement of permanent sample plots.
Generally, sample plots are randomly located across all areas of the country, and
measurements taken on those plots that are located on forest land. Thus, the inventory is an
unbiased sample of the population of trees in the country, and the precision of estimates may
be calculated. The re-measurement interval is typically between 5 and 10 years. At each
sample plot, individual trees are selected for measurement of diameter, height, species, and
condition. Re-measurement determines the basic tree population dynamics: growth,
mortality, and harvest. Additional measurements may be taken to include understory
vegetation, woody debris, litter, and soils. The measured data may be used to estimate the C
stocks and changes in C stocks using a variety of country-specific methods described below,
but following guidelines provided by IPCC (1, 2).

For some temperate or boreal countries where direct access to inventory data is not available,
we used a biomass expansion factor (BEF) approach, which converts estimates of growing
stock volume to estimates of biomass or C stocks. For intact tropical forests, we used data
from repeated long-term measurements of a network of ecological research plots, upscaled to
the regions to estimate biomass and other C pools for the region’s forest areas (8, 9). For
tropical regrowth forests, which lack sufficient ground-based data, we followed the
bookkeeping approach (10) which is based on a literature review of regrowth rates and
knowledge of forest areas and conditions. These methods are described in more detail below
for each region.

The data from regions, countries or continents were aggregated to global biomes: boreal,
temperate, and tropical forests. The boreal forest comprises Russia, Canada, and Northern
Europe; the temperate forest includes the conterminous United States, Southeast Alaska,
Europe except for the boreal countries, China, Japan, South Korea, Australia, and New
Zealand; while the tropical forest encompasses south Asia, Africa and the Americas south of
the United States. Available data allowed C stock and area estimates to be compiled for 1990,
2000, and 2007, and annual changes in C stocks (sometimes referred to as “flux” or “sink” in
this paper) to be estimated for two time periods: 1990-1999 and 2000-2007. Five major
forest C pools, including their densities and changes, were estimated in this study: live
biomass (aboveground and belowground), dead wood (including dead trees and coarse woody
debris), litter, soil organic matter, and harvested wood products.

More data are available for live biomass and biomass changes than for any other C pools.
Some forest inventories and many ecological studies also collect and report data for dead
wood and litter, though less consistently than for biomass; therefore, empirical models are



often the source of estimates for these C pools. Inventories of forest soil carbon across the
landscape are scarcer than inventories of biomass or other ecosystem C pools. There are
existing soil surveys in different countries, but very rarely with periodic revisits and rarely
associated with documented information about aboveground forest vegetation. To evaluate
forest soil C change over time is particularly challenging because the formation and
respiration of soil C is affected by various biological, environmental, and geographical
factors; and land-use history; and not always correlated with more easily observable
vegetation traits. In almost every region, empirical modeling methods were used to combine
data from soil surveys and field studies for developing the soil C estimates.

Harvested wood products

Where available, estimates of carbon in harvested wood products (HWP) are from country-
level inventory reports as described above. Generally, estimates of carbon in HWP include
both wood in use and discarded wood products remaining in landfills. For countries that
lacked estimates of carbon in HWP, we derived a simple conversion factor from the countries
that did report: the ratio of C in HWP (TgC yr™) to the quantity of harvested roundwood
(million m®) according to FAO reports (4), which is 0.095.

Specific methods used for each country or regional estimates

Detailed descriptions of the methods for each region are presented here and summarized in
table S1. In general, countries of the temperate zone have established forest inventories that
provide a sound basis for estimating C stocks and changes in C stocks. Countries of the
boreal zone typically have inventories of parts of the land that are more intensively managed
for timber production or other services, and use remote sensing or models to supplement the
inventory data for reporting to FAO or the United Nations Framework Convention on
Climate Change (UNFCCC). For the tropics, there are very few countries that have
established forest inventories, and reporting to FAO and UNFCCC is very limited. In the
tropics, area estimates reported to FAO are the most consistent source for information about
the extent of forest land, even though there have been changes in methods and reporting
quality over the years.

Russia

Area estimates for 1990 and 2000 are derived from the official inventory data of the State
Forest Account (11-17); estimates for 2007 were updated from these inventories using remote
sensing. Estimates of growing stock volume are based on official data of the State Forest
Account for 1978-2009. These data have been corrected to eliminate biases of different
methods of forest inventory which were applied in the country over the last three decades (18,
19) and to update obsolete inventory data for part of the country. Live biomass includes all
components of forest ecosystems, not only trees (20).



Carbon in harvested wood is based on official statistics in units of commercial wood. Data
are recalculated to estimate growing stock volume removals (multiplying by a coefficient of
1.25), then converted to carbon. All types of harvest are included (final felling, thinning etc.).
Estimates of illegal logging are not included. Estimated soil C is based on the latest
assessment for 2007. Estimates for other years are based on empirical models that link soil C
with amount of live biomass and level of disturbances (19). The estimates for soil C include
the 1m top layer below the organic layer (litter) and 1m for organic land (peat).

Estimated dynamics of C pools give results which are rather close to estimates of full C
account for Russian forests based on flux-based methods (21). The difference for the period
of 2000-2007 is about 15-20%, which is mostly explained by some inconsistency in the
account boundaries. The results of a recent reanalysis of the Russian forest C budget for
2003-2008 differ from the average of this study by 9% (22).

Canada

Estimates of C stocks and C stock changes are obtained from Canada’s National Forest
Carbon Monitoring, Accounting and Reporting System (NFCMARS) (23) developed to meet
international reporting requirements for greenhouse gas emissions and removals in Canada’s
managed forest. The Carbon Budget Model of the Canadian Forest Sector (CBM-CFS3) (24)
is the core model of NFCMARS. Details of data sources and regional results are provided
elsewhere (25). Information on deforestation is derived from a national deforestation
monitoring program implemented for all of Canada’s forests to meet the reporting
requirements of the UNFCCC and the Kyoto Protocol. Because of data limitations, estimates
of C stocks and stock changes are limited to the 230 Mha of managed forest, leaving
unaccounted some 118 Mha of northern forests that are not subject to management.

The CBM-CFS3 is a well established C budget model used in Canada and internationally. It
relies heavily on empirical data on forest conditions and forest changes, and simulates C
stocks and stock changes in dead wood, litter and soil C as mass balances calculated from
inputs (through litterfall, biomass turnover and disturbance inputs) and losses (through
decomposition, transfers by harvesting, and losses to the atmosphere during disturbances
such as fire) (24, 25, 26). Following the recommendations of the IPCC, the model links
dynamics of dead organic matter pools directly to the dynamics of the better-known biomass
dynamics. At present, the CBM-CFS3 does not account for C stocks in forested wetlands
with deep (peat) organic soils whose dynamics are strongly affected by water table
fluctuations for which few data exist at the national scale.

Estimates of Harvested Wood Product (HWP) C stock changes are derived in part from a
spreadsheet model developed by Environment Canada for the purposes of UNFCCC
reporting. Estimates are based on the “production approach” which accounts for C stocks in
HWP stocks derived from wood produced in Canada, regardless of their current location.



Alaska (the results are not included in the tables but inform the discussion)

Unlike the continental U.S., Alaska lacks an established forest inventory covering most of the
State with repeated measurements. Therefore we used the Terrestrial Ecosystem Model
(TEM), a process-based ecosystem model that uses spatially referenced information on
atmospheric chemistry, climate, elevation, soils, and land cover to estimate monthly
terrestrial carbon, nitrogen, and water fluxes and pool sizes. TEM is well-documented and
has been used to examine patterns of terrestrial C dynamics across the globe and specifically
applied to Alaska. For this study, we used a version of TEM modified from Felzer et al. (27),
which simulated ozone pollution effects, to also include the influence of permafrost dynamics
(28, 29), atmospheric nitrogen deposition, dissolved carbon (DOC) leaching, wildfire,
pastures and timber harvest on terrestrial carbon dynamics.

The forest area estimate used in TEM (42.3 x 10° ha) is different from that reported in official
U.S. forest statistics (51.3 x 10° ha, Smith et al. (30)). This difference is primarily because of
difficulty in consistently classifying areas with sparse forest cover.

Continental United States.

Forest area estimates for specific years are from the United States (U.S.) Forest Inventory and
Analysis (FIA) as reported for all lands of the continental U.S. and Southeast Alaska (30).
Estimated deforestation area is from the National Resources Inventory (31). The area of
afforestation was calculated as the area needed to account for the total area change after
estimated losses from deforestation.

Estimates of forest C stocks in the U.S. are based on the U.S. Forest Service Forest Inventory
and Analysis (FIA) data base. FIA statistics are compiled from a very large sample of U.S.
forest lands — about 150,000 forested sample plots are inventoried on a rotating annual basis.
Statistical estimates of forest area, species, and stand density are converted to ecosystem
carbon estimates using standard procedures and following national and international
accounting and reporting guidelines. Details of the methodology are available in USDA (32)
and USEPA (33), so only a brief overview is presented here. Forest tree biomass (live and
dead) is estimated directly from the inventory measurements using allometric equations.
Other C pools (down woody debris, forest floor, understory biomass, and soil C) are
estimated using simple empirical models, parameterized from ecosystem studies that related
these variables to observed forest characteristics from the inventory. Estimates of changes in
soil C stocks account for a soil depth of one meter, and include the effects of land-use change
and forest type shifts, but not increases or decreases on forest land that does not change forest
types. The carbon in harvested wood (remaining in use and stored in landfills) is estimated
using a model that converts removals data to C stocks based on tracking of wood processing
and decay rate functions (34).



The uncertainty of the estimated annual change in forest and wood products C is about 20%
at the 95% confidence level (33). These uncertainty estimates are based on a Monte Carlo
uncertainty analysis of the mean estimates.

Europe
The data for Europe were obtained from the country reports prepared by 41 European

countries for the Global Forest Resources Assessment of 2010 (5). The quality and
availability of forest area data for Europe is good. The reported values for forest area are
generally based on field surveys from national forest inventories. In addition to reporting
forest area, most countries also report annual (gross) rates of afforestation and the natural
expansion of forest cover. Afforestation, in the terminology of this study, is the sum of these
two rates of forest expansion. Deforestation can be inferred as the difference between net
change forest area and afforestation. Eight countries lack values for annual afforestation.
Depending on the sign of the net change of forest area in these countries, it is included in the
regional totals as either afforestation or deforestation.

The estimates for carbon in living biomass in Europe are generally based on field surveys
from national forest inventories that measure growing stock volume. Growing stock volume
is converted to biomass, and biomass to carbon, using national factors developed by country-
specific research or from IPCC’s Good Practice Guidance (1). The quality of these data is
good.

The availability of data on carbon in dead wood is more restricted; approximately half of all
European countries lack these data for at least one reporting year. Where data were missing,
carbon in dead wood was estimated by applying ratios of dead wood carbon per hectare to
forest area. For countries that lacked data for some year(s), these ratios were extrapolated
based on data for other years. For countries entirely lacking data, these ratios were adopted
from the country with the most similar climate and forest-use history. In these cases, the
estimated ratios were constant and based on data from 1990. Due to data deficiencies, the
accuracy and precision of the regional estimates of the dead wood C stock are weaker than
the corresponding estimates for living biomass.

The availability of data on C stocks in litter and soils is also limited. Of the 41 European
countries included in the analysis, 27 reported soil C for at least one year (1990-2010).
Nearly all European countries that report soil C use forest area based extrapolations. These
estimates are constructed by either applying a constant ratio of soil C per hectare to total
forest area, or by applying ratios specific to soil type and soil type areas. Three countries
deviate from this practice. In Austria and Sweden, soil C estimates are based on inventory
data. In Finland, soil C stocks are principally estimated using the Yasso model. The soil depth
at which soil C was measured varied between countries. Of the countries that had data, 17
used a soil depth of 30 cm. In the remaining 10 countries, the soil depth applied in estimates
varies from 20 cm (in Belgium) to 100 cm (in Finland and the UK).
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In this study, the C stocks in litter and soils for countries that lacked data were estimated by
using area-based litter and soil C ratios. For countries that lacked data for some year(s), these
ratios were extrapolated based on data for other years. For countries entirely lacking data,
these ratios were adopted from the country with the most similar climate and forest use
history. In these cases, the estimated ratios were constant and based on data from 1990.
Available estimates were adjusted to a standard depth of one meter if a different depth was
used, based on a model of soil C by depth reported in Jobbagy and Jackson (35). Estimates of
the HWP C stock changes were derived using the method described earlier in the general
methods section.

China

We estimated forest biomass C stock and its change during the 1990s and 2000s for China,
using biomass expansion factors for each forest type and China’s forest inventory data for the
periods 1989-1993, 1994-1998, 1999-2003, and 2004-2008 (36, 37). Since 1994, the
definition of forest in China’s forest inventory has changed from >30% canopy coverage to
>20% canopy coverage. We therefore calculated forest area, C density, and C change for
1989-1993 based on the new criterion (20% canopy coverage). Analyzing the 1994-1998
inventory data that provide both criteria (20% and 30% canopy coverage), we found that
there exists a robust linear relationship for the forest area and timber volume between the two
criteria at the provincial level (Equations 1 and 2).

AREAg, = 1.183AREAq3 + 12.137 (R? = 0.990, n=30) (1)
TCo=1.122TCq3+ 1.157 (R®= 0.995, n =30) )

where AREA( ., and AREA ; are forest areas (104 ha) in a province under the two forest
criteria, >20% and >30% canopy coverage, respectively; TCy, and TCq 3 are total forest C
stocks in province under the two criteria. The provincial forest areas and C stocks with the
new criterion in 1989-1993 were calculated based on Equations 1 and 2, followed by
derivation of the corresponding forest C densities for the different C pools (36). Carbon in
soil to a depth of one meter was estimated using ratios of soil C to vegetation biomass.

Japan and Korea

A number of field measurements of forest biomass and systematic national forest inventories
in Japan made it possible to estimate the C stocks and their changes. Allometric relationships
between forest biomass (above- and below-ground) and stem volume (biomass expansion
factors) were first obtained for the major forest types in Japan from 945 sets of direct field
measurements across the country. These relationships were used to estimate the changes in C
accumulation of aboveground biomass and total living biomass from 1990 to 2005 using the
national forest inventories of 1985, 1990, 1995, 2000, and 2005 (38). Soil C and changes in
soil C were estimated using ratios of soil C to vegetation biomass. Litter C stocks and
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changes were not estimated. An approach similar to that used for Japan was used to estimate
C stocks and changes for Korea (39).

Australia and New Zealand

Australia designed a systematic national forest inventory in the mid-1990s, though no data
were available for this study. However, the country has published Australia’s State of the
Forest Report (ASFR) every 5 years since 1998 (40). The 2008 report includes a special
section for reporting the contribution of forest ecosystems to global greenhouse gas balance,
with relatively complete information back to 1989. In the carbon section, the basic
information of forest areas, area of deforestation, area of new plantations, forest biomass
(above-ground plus roots), soil C (litter plus below-ground carbon), C sequestration and
timber harvesting in managed native and plantation forests are provided. Australia also has
the annual inventory reports of forest plantations, Australia’s UNFCCC report (41), and
Australia’s National Greenhouse Accounts (42) with detailed information of land-use, land-
use change and forestry that are tracked back to 1990. These available data were used in
combination and carefully cross-checked to produce the information for this study. During
the calculation procedure, the data from different reports were often used to fill each other’s
data gaps. Also, the data in the first two ASFRs are not as complete as in the 2008 report.
Therefore, some information, for instance, the ratios of biomass and soil C for different forest
types, was employed to calculate the soil C component which was not included in the earlier
reports. Because managed native forest in Australia is about 75% of total native forest, it is
possible that the carbon values estimated in this study could be lower than the reality.

New Zealand, similar to Australia, has published the country reports of forests titled
“Sustainable Management of New Zealand’s Forests” (43, 44). The 2009 report included a
special section to report forest contribution to the global C cycle with data of 2000, 2003 and
2008 for indigenous and plantation forests, including forest C pools and fluxes. In the other
sections of the report, more information, such as forest areas, productivity, and harvesting, is
provided. In contrast to Australia, New Zealand has very little timber harvest from native
forests because industrial plantation forests provide sufficient quantities of wood products.
Besides the data in the forest report, we used New Zealand’s UNFCCC reports and the
National Greenhouse Gas Inventory (45) to provide extra information such as annual forest
land C flux from 1990-2007. The data from different resources were cross-checked and used
to supplement each other to produce the estimates in this study. For instance, there are
detailed data of different C pools (C in above-ground biomass, below-ground biomass, coarse
woody debris, fine woody debris and little) for plantation and indigenous forests in 2005.
Therefore, the ratios were calculated and applied to estimate corresponding components for
years 1990 and 2000 to meet the requirements of this study.
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Intact Forests of Tropical America, Africa, and Asia

Area estimates for intact tropical forests for each region were made by subtracting the area of
secondary tropical regrowth forests estimated by Houghton et al. (46), and Houghton (10, 47)
from the total area of forests reported in FRA 2010 (5). To estimate areas for 2007, we
interpolated between the reported areas for 2005 and 2010.

Carbon stock and stock change estimates are based on a network of permanent sample plots
in each of Africa and Tropical America, while for Tropical Asia, where we lack sufficient
sample sizes, we estimate changes in carbon stocks using the mean change rate of Tropical
American and African forests. Methods for permanent plot work in Tropical America and
Africa, and data quality control, are detailed elsewhere (8, 9, 48, 49). We developed a
database (50) in which we curate several hundred tree-by-tree long-term forest demographic
datasets from across the tropics (http://www.forestplots.net/). We assume that the same
proportional net change detected in biomass in trees >10cm diameter is also expressed in the
same proportion in all biomass compartments that are not monitored directly (shrubs,
saplings and lianas, below-ground, necromass, and litter). We do not account for possible
changes in soil C stocks or harvested wood C stocks (for estimates of these pools, see
sections in general methods describing soils and harvested wood products).

For Tropical America the total sample size is 135 plots, with a median size of 1 ha, mean
census intervals of about four years, and mean total census length of about 12 years. We
estimate mean net fluxes over a multi-decadal period prior to 2000 using all plot data earlier
than that date, using the data and methods presented in Phillips et al. 2009 (census date
approx 1980-2000).

In 2005 we detected a strong reversal of the Amazon biomass sink (8), but here derive a
biomass change estimate for the 2000-2006 period within which time the forest was still
projected to be a net sink, albeit a weaker one than in previous decades and with greater
uncertainty due to the shorter monitoring period.

For Africa the underlying data was published in Lewis et al. (9), from 79 plots spanning 10
African countries, with a median plot size of 1 ha, a mean start and end date of 1987 and
1997. We derived a single multi-decade aboveground biomass change rate because the data
are insufficient to split into two time periods and obtain an unbiased mean change in biomass
due to the non-normal distribution of biomass change in tropical forests (9). This mimimal
sample size requirement is discussed for Africa in Lewis et al.(9), for Amazonia by Gloor et
al. (51), and more generally in Lloyd et al. (52).

For tropical Asia there are insufficient available, published data to provide an unbiased on-
the-ground estimate of biomass change in mature forests. We therefore estimated the tropical
Asian change using the mean of the proportional annual change rates for Africa (0.31%) and
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South America (0.28%), which we then applied to all biomass compartments for each of the
two periods, 1990-2000 and 2000-2007.

All analyses presented here refer to our dataset of lowland tropical wet, moist, and dry forests
on a broad range of strata. These represent the large majority of intact forest types on each
continent (>90%). Tropical forest types which cover comparatively small areas lack
sufficient on-the-ground monitoring to know their biomass trajectory (notably: tropical
montane forests in the Andes, sub-tropical and temperate forests in southern South America,
and tropical swamp forests in each continent). For these forest types we assume the same
trajectory of biomass change as for the monitored forest types.

The C stock data (biomass, deadwood, litter and soil) are incomplete with data only available
for 2000 from Africa and South America. We used C stocks of 2000 and flux data of 1990-
1999 and 2000-2007 to calculate C stocks for 1990 and 2007. First, we rebuilt the C stock of
2000 for tropical Asia. We used the average C density of tropical Africa and America as the
C density of tropical Asia (for each C pool), and multiplied the density and the forest area to
estimate the C stock of 2000 for tropical Asia. In estimating the C stocks, we considered the
effect of C fluxes and also the loss of intact forest areas on C stocks. The calculation routine
was performed for each C pool and each region. To make the description simple, we present
here the general calculation routine. For the stock in 1990, the cumulative C sink over 1990-
1999 was subtracted from the stock of 2000, then the C density was calculated (based on the
forest area in 2000), resulting in our estimate of the C density of 1990. Then the C stock in
1990 was calculated based on the C density and the forest area in 1990 (i.e. a larger area),
resulting in our estimate of the C stock of 1990. For the stock in 2007, the cumulative C sink
over 2000-2007 (8 years) was added to the stock of 2000. Then the new C density was
calculated (based on the forest area in 2000), resulting in our estimate of the C density of
2007. Then the C stock in 2007 was calculated based on the C density and the forest area (i.e.
a smaller area), resulting in our estimate of the C stock of 2007.

Overall we have high confidence in a substantial long-term sink in intact tropical forests
(Amazonia and Africa), notably because sample sizes are large enough to detect such an
effect (51), but low confidence in any trends or comparisons amongst regions, and extremely
low confidence in estimates for Asia.

Methods for Tropical Regrowth Forests of America, Africa, and Asia

We based our estimates for tropical regrowth forests on data reported in Houghton et al. (46),
and Houghton (10, 47), recently updated to include revised estimates of tropical forest areas
reported in the Forest Resources Assessment 2010 (5). This approach allowed our estimates
to be consistent with estimates of CO, emissions from deforestation when we aggregated the
results of our study with the other sources and sinks of the global C cycle (table 3 in the main
text), which are based on forest areas reported by FAO.
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The areas of tropical regrowth forests for 1990, 2000, and 2005 for each region were based
on data reported in Houghton et al. (46), and Houghton (10, 47). We adjusted the area
estimates in these reports to be consistent with the revised estimates for previous years
reported in Forest Resources Assessment 2010 (5). To estimate areas for 2007, we
interpolated between the reporting years 2005 and 2010. We estimated gross areas of
afforestation and deforestation (rather than net change in land use) based on data from
Houghton et al. (46), and Houghton (10, 47).

For estimating C stocks and stock changes for tropical regrowth forests, we used the stock
change estimates reported by Houghton et al.(46), and Houghton (10, 47). In these studies,
total C stocks and changes in C stocks, on a per-area basis, were developed from literature
estimates of forest regrowth. The stock-change estimates reported in these studies were
supplemented with additional unreported detail from the data bases used in the bookkeeping
approach. We estimated total C stocks for the 3 regions and reporting years 1990, 2000, and
2005 for live biomass, dead wood, and soils. To estimate stocks for 2007, we extrapolated
based on the rate of change from 2000 to 2005.

To validate our estimates of stock changes, we compared the growth estimates for tropical
regrowth forests with other estimates from the literature (Table S4). Our estimates are
comparable to those recommended by IPCC and to other literature sources for tropical Asia
and America, but lower than other estimates for Africa, primarily because of the larger
proportion of dry forest area in Africa. Because of the lack of statistical surveys and
permanent sample plots, the uncertainty of estimated values for secondary tropical forests is
very significant, estimated by expert opinion to be as high as £50%. The level of 50% for the
95% confidence level (see the following section for uncertainty estimation) was chosen for
two reasons: (i) the uncertainties were greater than those estimated for tropical intact forests,
which were derived directly from measurement data (except for S. America over 2000-2007
because of a great uncertainty for the Amazon drought effect on forest C uptakes in the intact
forests); and (ii) the uncertainties are consistent with the widely reported uncertainty (0.7 Gt
Clyr) in tropical land-use emission (that variable includes regrowth offset). Other levels such
as 25% and 75% did not fit these criteria.

Approaches to estimate uncertainty

We report the Standard Error for estimates of C stocks and changes in C stocks, using the
95% confidence level. Values presented as “y + x” should be interpreted to mean that the
authors are 95% certain the actual value is between y —x and y + x. The 95% boundary was
chosen to communicate the high degree of certainty that the actual value was in the reported
range and the low likelihood (5% or less) that it was outside that range. This characterization
is not, however, a statistical property of the estimate, and should not be confused with
statistically defined 95% confidence intervals.
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Where possible we used quantitative estimates of uncertainty, either calculated from sample
plot data or reported in the source of data using an acceptable calculation method. If
quantitative estimates of uncertainties were not available from the source data or could not be
calculated, we derived them from expert opinion using the following uncertainty scale, which
has been used in previous large-scale analyses (55).

(1) 95% certain that the actual value is within 10% of the estimate reported
(2) 95% certain that the estimate is within 25%

(3) 95% certain that the estimate is within 50%

(4) 95% certain that the estimate is within 75%

(5) 95% certain that the estimate is within 100%

These are informed categorizations, reflecting expert judgment, using all known descriptions
of uncertainty surrounding the “best available” or “most likely” estimate. If multiple expert
opinions were available, we used the highest uncertainty among them. In addition, we firstly
estimate an uncertainty scale for carbon stock changes based on data or “expert opinions”.
Then we used 50% of the scale to evaluate uncertainty of C stocks with an assumption that
uncertainty for estimating C stock changes (the difference between two stocks) is the sum of
uncertainties of stocks.

Main sources of uncertainty

Area

Generally, forest area estimates from countries with forest inventories are accurate (reported
estimate within 5% of the true value), and the estimated net change between reporting years,
calculated as the difference between successive estimates, is also accurate. However, it is
often difficult to estimate the gross changes in area — afforestation and deforestation —
because these estimates tend to be a small percentage of the total forest area and therefore
require intensified sampling methods that may not be operationally deployed. For areas
lacking forest inventories, particularly the tropics, there are well-known problems with
reported estimates particularly regarding temporal consistency (6). Many reports from
tropical countries are not based on remote sensing or sample surveys, but use subjective
expert assessment -- 33% of countries according to Grainger (6). Updating older data, a
common practice, also produces errors, as does re-estimating data for older reporting years if
methods or definitions change. The separation of total tropical forest area by region into
intact and regrowth forests is ambiguous with respect to accounting for small-scale selective
logging, because these areas are difficult to detect from remote sensing and therefore are not
clearly distinguished as part of the area of forest regrowth, which includes recovery from
large-scale logging.

Carbon Stocks and Changes in Carbon Stocks
Generally, estimates for temperate and boreal forests have lower uncertainty than estimates
for intact or tropical regrowth forests because they are based on unbiased statistical sample
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surveys of all vegetation types and conditions. Also, estimates of above-ground biomass C
stocks and changes in C stocks have lower uncertainty and more consistent results even with
different estimation approaches, while there remains greater uncertainty and inconsistency in
both data and methods for estimating dead wood, litter, soil, and harvested wood C stocks
and changes in these stocks.

Supplemental Results, Tables and Figures
Global forest area

Detailed information about the area of global forests, by country/biome and year, including
estimates of afforestation and deforestation, is shown in Table S2. The largest area of forest
land is in the tropics, followed by boreal and then temperate forests. Globally, the area of
forest land declined by 3% between 1990 and 2007, due to the loss of primary tropical forest,
which exceeded gains in area of boreal and temperate forests, and increasing area of
secondary forest. Afforestation was greatest in temperate forests especially in the U.S.,
Europe, and China. The Asian part of Russia also showed a large gain in area due to
afforestation. Deforestation was significantly greater in the tropics, though there were
significant areas deforested in the temperate zone particularly the U.S. and Australia.

Area estimates reported here are consistent with the global forest area reported by FAO (4, 5)
for 1990, 2000, and 2010, except that we estimate less reduction in total forest area over time
(Table S5). This is primarily because of higher estimates of afforestation in Russia than
included in the total forest area of the FAO Forest Resources Assessment.

Forest carbon stocks and change in stocks for regions and pools

Supporting information about the C stock of global forests, by country/biome and year,
including details for the major C pools, is shown in Table S3. Analysis of global forest C
stocks and changes in global forest C stocks for boreal, temperate, and primary tropical
forests is presented in the main text. We estimated C sequestration rates (Table 2 of main
text) and C densities (Table S3) in different regions and countries, which are useful data
although we did not fully analyze them in the main text. Here, we include some detailed
analyses of C stocks and changes to supplement the information presented in the main text.
We also briefly describe knowledge of changes in C stocks for “unmanaged” areas of the
Northern Hemisphere that were excluded from our tables.

Alaska and Northern Canada

Large areas of unmanaged forests in the Northern Hemisphere lack sufficient ground data for
reporting changes in C stocks in a way that is consistent with the other estimates reported
here. Estimates reported for boreal forests exclude 51 Mha of Interior Alaska and 118 Mha
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of Northern Canada. These areas are typically remote and not directly affected in a
significant way by human activities including fire suppression. Thus, changes in C stocks of
these areas are dominated by natural disturbance cycles. Modeling studies, which have a
basis in ground data but not from statistical surveys, reveal that these areas are likely to be in
near equilibrium with respect to C emissions and sinks. Boreal forests of Alaska were
estimated to be a small C sink of 0.01 PgCyr™ in previous studies (56, 57); however, some
modeling results prepared for this study show a C source, which has increased from 0.005 Pg
C yr'tin the 1990s to 0.014 Pg C yr™* in the 2000s, caused by carbon release from litter and
soils under fires and warming (considering deeper soils than used in other areas of this study),
offsetting the small amount of C sequestration in biomass. Compared to the large C sink in
forests of the European part of Russia, the boreal forests of North America are only small
sinks or sources.

Russia

The C sink in Russian forests increased by 15% between 1990-1999 and 2000-2007 (Table 2
in main text). Asian Russia, with vast forest lands and a lower average C sequestration rate
compared with European Russia, had the largest boreal sink, but that sink increased only
slightly (Fig. 1 in main text) because of increased emissions from wildfire disturbances,
resulting in reduced litter (-32%) and soil (-6%) sinks, and an increased deadwood sink
(+46%) (58). In contrast, there was a much larger sink increase of 35% in European Russia
(Fig. 1 in main text), particularly involving biomass (+129%). The large C sink increase in
the European Russian forests is attributed to several factors: increased areas of forests after
agricultural abandonment, reduced harvesting, and changes of forest age structure to more
productive stages, particularly for the deciduous forests in European Russia and the middle
taiga (58).

Japan, South Korea and Oceanic Countries

In Japan and South Korea, forests have the greatest average C sequestration rates among the
major temperate countries because of a suitable oceanic climate for fast forest growth and
effective application of forest management practices (Table 2 in main text) (38). However,
while forests of South Korea had an increased sink over the decades due to a young forest age
structure, the sink in Japan declined as the forests aged towards maturity. In Australia and
New Zealand, natural forests are generally close to equilibrium state with relatively low C
sequestration rates (40, 43). Drought and wildfire as well as deforestation in primary forests
of Australia caused a slightly decreased C sink in biomass in the 2000s. Reported increases
in total C sinks (Table 2 in main text) are primarily due to afforestation in the two countries,
and a significant C increase in harvested wood products, particularly in New Zealand.

Tropical intact forests

The magnitude of the C sink of African intact forests was comparable to that of tropical
American forests, despite a smaller area (494 Mha vs. 773 Mha). This implies a high C
sequestration rate over the large area of tropical African forests (Table 2) (59). The C sink in
intact forests of tropical Asia is less than one-third of that in other continents because only
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about 40% of forested areas remain as intact forests (5), much less than in tropical Africa
(~70%) and America (~80%) (Table S2). However, there is large uncertainty associated with
the estimated C uptake in tropical Asia because of a scarcity of long-term field data.

The reduced C uptake between 1990-1999 and 2000-2007 due to the shrinking area of
tropical intact forest is 19%, 9% and 6% for tropical Asia, Africa and America, respectively.
But this decreasing sink is partially compensated by C gains in tropical regrowth forests
(Table 2, Fig.1 in main text). There was a 30% decline of the C sink in tropical America in
2000-2007 due to one severe drought year, which greatly affected the decadal estimate of C
sink for whole tropics and reflected the sensitivity of the tropical forests to climate extremes.
However, the full decadal impact of the drought on the Amazon C balance remains uncertain
because data are incomplete for the post-drought period (8).

Deadwood, litter and soils

These variables are most often excluded from the global budget or forest inventory analyses.
Compared with living biomass, there is usually higher uncertainty in estimating these
components, both stocks and fluxes, because of insufficient data. However, these C stocks
and fluxes provide critical information about carbon dynamics and structures of forest
ecosystems that enable better understanding of the impacts of environmental drivers and
disturbances.

Globally, dead wood is estimated to be a small but significant component of the forest C
stock (8% of total, Table S3), and the estimated C sink in dead wood accounts for more than
10% of the total C sink in forests (Table 2). The estimated sink in deadwood C stocks has
increased by 36% over two decades. The significant increase of the C sink in the dead wood
in boreal forests (147%) makes a major but possibly transient contribution to the total C
sequestration in the high latitudinal belt, since decomposition could exceed creation of new
dead wood in the future, induced by soil warming and increased wildfires in the region. In
temperate forests, a substantial part of which is intensively managed, the deadwood C sink is
only 10% of the living biomass sink, and has not changed over two decades, in stark contrast
to boreal forests. In intact tropical forests, the deadwood sink is also about 10% of the living
biomass sink. Therefore, the global increase of deadwood simply reflects a trend in boreal
forests.

The global soil C stocks are likely underestimated, especially for ecosystems with deep
organic soils such as boreal peatlands and tropical mangroves. The magnitude and direction
of change in deep soil C stocks in forests is currently unknown. The C sink in litter is larger
in boreal forests, roughly equivalent to the soil sink. The global litter and soil stock of C is
distributed 51%, 34% and 15% respectively in boreal, tropical and temperate forests,
compared with the biomass stock allocation of 16%, 70% and 14%, revealing the
fundamental differences of C structure in biomes. The C sink in litter and soil accounts for
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~16% of the total global sink and has declined by 12% globally over two decades, with a
stable sink in the temperate region, and declines in other regions.

Global carbon budget

Different accounting schemes are used to describe the elements of the global C budget, which
could be confusing. In the main text (Table 3), the budget was based on accounting for C
sources and sinks. The two major C sources include fossil fuel emissions and the emissions
from global land-use changes. The three major reservoirs for C sinks include atmosphere,
ocean and terrestrial biosphere (land). In this way, the C emissions from land-use change
(also from land) is also used to constrain the remaining terrestrial sink, which is in fact
significantly larger since accounting includes the net loss from land-use change.

There is another way to account for the elements of the global C budget (Table S6) based on
major earth systems. The land-system is constrained by fossil fuel emissions and sinks of
ocean and atmosphere. The C losses from land-use changes are balanced by C uptake of lands
within the system. The terrestrial sink is a net sink and seems smaller than the size based on
the accounting of the above method. However, this is only because the terrestrial sink in
Table 3 (main text) is a gross terrestrial sink. No matter which way is used in accounting for
the global C budget, it is important to be clear about the definitions of each component and
how they are combined.
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Table S1. Summary of methods and main sources of data for estimating area, carbon stocks,

and carbon stock changes, country/region.

Country/ Forest area and changes in | Carbon stocks and changes in
. References

Region forest area carbon stocks

Russia Forest inventory data Modified forest inventory data | FFS 1995, 1999,
updated with remote converted to carbon with 2003,2005;
sensing biomass equations and Shvidenko and

ecosystem carbon models Nilsson 2002, 2003

Canada Forest inventory data and Carbon budget model Kurz and Apps
deforestation monitoring. combines forest inventory 2006;

Note: 118 Mha of data, growth and yield data, Kurz et al. 2009
unmanaged northern and data on natural
forests not included. disturbances, forest

management, and land-use

change, with climate and

ecological data.

Alaska SE Alaska temperate Forest carbon flux estimates Smith et al. 2009;
forests included with rest from a terrestrial ecosystem Felzer et al. 2004
of U.S. temperate forests. model (not included in results
Note: 51 Mha of but described in supplemental
unmanaged northern material).
forests not included.

United Forest Inventory data Forest inventory data USDA 2008;

States combined with National converted to carbon with Smith et al. 2009;
Resources Inventory (all biomass equations and U.S. EPA 2009
lands) data ecosystem carbon models

Europe FAO Forest Resources Biomass expansion factors FAO 2006; IPCC
Assessment applied to convert volume 2006, Liski et al.

estimates from FAO. Various 2002
methods employed for other C
pools.
China Forest inventory data Biomass expansion factors Fang et al. 2001,
applied to convert volume 2007
estimates from inventory data.
Japan Forest inventory data Biomass expansion factors Fang et al. 2005

applied to convert volume
estimates from inventory data.

South Korea

Forest inventory data

Biomass expansion factors
applied to convert volume
estimates from inventory data.

Choi et al. 2002

Australia

Remote sensing estimates

Estimates from “State of the
Forest” reports.

ASFR 1998, 2003,
2008

New Zealand | Remote sensing estimates Estimates from “Sustainable MAF 2009
Management” reports.
Asia FAO Forest Resources Intact forests: C density FAO 2010
Assessment estimates extrapolated from Houghton 2007
other tropical regions.
Regrowth forests:
bookkeeping model
Africa FAO Forest Resources Intact forests: permanent plot | FAO 2010
Assessment network for C density. Houghton 2007
Regrowth forests: Lewis et al. 2009
bookkeeping model
Americas FAO Forest Resources Intact forests: permanent plot | FAO 2010

Assessment

network for C density.
Regrowth forests:
bookkeeping model

Houghton 2007
Phillips et al. 2008,
2009




Table S2. Area of forests and land-use change by biome, country or region, and year or period (1,2)

1990-1999 2000-2007
Biome and country Total forest Total forest Total forest - - - -
Jregion area, 1990 area, 2000 area, 2007 Afforestation Deforestation Net change Afforestation Deforestation Net change
(Mha) (Mha yr'™) (Mha yr')
Boreal (3)
Asian Russia 658.6 662.6 676.6 0.500 0.100 0.400 1.825 0.075 1.750
European Russia 155.7 159.2 169.0 0.450 0.100 0.350 1.300 0.075 1.225
Canada 230.1 229.7 229.4 0.007 0.052 -0.044 0.003 0.047 -0.044
Europe boreal (4) 58.3 59.1 60.2 0.085 0.000 0.085 0.165 0.037 0.128
Subtotal 1102.7 1110.6 1135.2 1.042 0.252 0.791 3.293 0.234 3.059
Temperate (3)
United States (5) 245.7 251.7 257.0 1.000 0.400 0.600 1.107 0.350 0.757
Europe 132.0 140.1 144.5 0.865 0.060 0.805 0.777 0.091 0.686
China 139.3 142.8 155.6 4.452 0.000 4.452 4,223 0.000 4,223
Japan 23.8 23.5 23.6 ND ND -0.028 ND ND 0.019
South Korea 6.5 6.4 6.3 ND ND -0.006 ND ND -0.024
Australia 154.6 150.8 149.2 0.060 0.439 -0.379 0.075 0.397 -0.322
New Zealand 7.8 8.3 8.3 0.056 0.008 0.048 0.015 0.014 0.001
Other countries 15.7 15.7 16.0 ND ND -0.008 ND ND 0.036
Subtotal 733.6 746.1 766.7 6.433 0.907 5.346 6.197 0.852 5.285
Tropical Intact (6)
South Asia 190.6 136.9 124.9 ND ND -5.364 ND ND -1.719
Africa 600.2 531.9 494.0 ND ND -6.835 ND ND -5.402
Americas 885.2 817.2 773.2 ND ND -6.798 ND ND -6.279
Subtotal 1675.9 1486.0 1392.2 ND ND -18.997 ND ND -13.400
Global Subtotal (7) 3512.3 3342.7 3294.1 7.475 1.159 -12.861 9.490 1.086 -5.056
Tropical Regrowth (8)
South Asia 134.8 164.2 172.4 ND ND 2.934 ND ND 1.176
Africa 149.0 176.8 190.6 ND ND 2.775 ND ND 1.982
Americas 163.2 182.3 194.2 ND ND 1.908 ND ND 1.696
Subtotal 447.1 523.2 557.2 ND ND 7.617 ND ND 4.854
All Tropics
South Asia 325.4 301.1 297.3 1.070 3.500 -2.430 2.457 3.000 -0.543
Africa 749.2 708.6 684.7 0.340 4.400 -4.060 0.880 4.300 -3.420
Americas 1048.4 999.5 967.4 0.710 5.600 -4.890 0.217 4.800 -4.583
Subtotal 2123.0 2009.2 1949.4 2.120 13.500 -11.380 3.554 12.100 -8.546
Global Total (9) 3959.3 3865.9 3851.3 9.595 14.659 -5.244 13.044 13.186 -0.202

(1) The total area of forest land in a reported year includes “forest land remaining forest land” and “new forest land” (afforested land); (2) ND means data not available; (3) Deforested
land (forest that was changed to non-forest) is excluded from the area total; land that is harvested or disturbed but still defined as forest land is included in the area total; (4) Includes
Norway, Sweden, and Finland; (5) Includes Southeastern part of Alaska; (6) The tropical forest land that has not been substantially disturbed by direct human activities; (7) Global

established forest lands that include forest remaining forest over the study periods plus afforestated land in boreal and temperate biomes, plus intact forest in the tropics; (8) Tropical
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forest lands regrowing from past deforestation and logging; (9) Tropical forest lands that include tropical intact forest and regrowth forest; and (9) Areas excluded from this table include
Interior Alaska (51 Mha in 2007), Northern Canada (118 Mha in 2007), West/Central Asia (43 Mha), and "other wooded land" reported to FAO.
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Table S3. Forest Carbon stocks by biome, country or region for 1990, 2000 and 2007 (1, 2, 3)

1990 2000 2007
. Total Total Uncert Carbon Total Total Uncert Carbon Total Total Uncert Carbon
Biome and L Dead R . . . L Dead . ) . ) L Dead . . ) )
country/region !lVlng wood Litter Soil C -ainty  density .Ilvmg wood Litter Soil C -ainty  density .Ilvmg wood Litter Soil C -ainty  density
biomass stock (1) (Mg C biomass stock (1) (Mg C biomass stock (%) (Mg C
(Pg C) ha' (Pg C) ha' (Pg C) ha
Boreal
Asian Russia 26.6 7.4 9.8 1155 1594 19.9 242.0 27.2 8.0 10.2 117.2 162.7 20.3 245.5 27.9 8.8 10.5 120.1 167.3 20.9 247.3
European Russia 8.3 2.0 29 24.2 37.4 4.7 240.5 8.8 2.1 3.2 25.0 39.1 4.9 245.7 9.6 2.3 33 26.7 42.0 5.2 248.5
Canada 14.4 5.0 11.5 19.7 50.6 6.3 219.8 14.4 4.8 11.6 19.7 50.5 6.3 220.0 14.0 5.0 11.7 19.7 50.4 6.3 219.7
Europe boreal 2.2 0.1 1.3 7.6 11.2 1.3 191.6 2.3 0.1 1.4 8.0 11.7 1.3 198.1 2.5 0.1 1.4 7.9 11.8 1.3 196.2
Subtotal 51.5 14.5 25.6 167.0 258.6 21.5 234.5 52.8 15.0 26.4 169.9 264.0 21.9 237.7 53.9 16.1 27.0 1745 2715 22.5 239.2
Temperate
United States 17.2 2.5 4.6 15.7 40.0 3.8 162.8 18.4 2.6 4.7 15.8 41.5 3.9 164.8 19.4 2.7 4.8 16.0 42.9 4.1 167.1
Europe 8.4 0.3 1.9 15.0 25.5 2.6 193.4 9.5 0.3 2.0 15.8 27.6 2.8 197.1 10.5 0.3 2.0 16.3 24.0 3.0 166.4
China 5.3 0.1 11 14.3 20.8 2.6 149.5 5.9 0.1 1.1 15.0 221 2.8 154.6 6.5 0.1 1.2 16.3 24.2 3.0 155.5
Japan 13 ND ND ND 1.3 0.2 52.5 1.5 ND ND ND 1.5 0.2 63.8 1.6 ND ND ND 1.6 0.2 66.4
South Korea 0.1 ND ND ND 0.1 <0.1 19.3 0.2 ND ND ND 0.2 <0.1 29.0 0.2 ND ND ND 0.2 <0.1 29.8
Australia 6.3 ND 3.7 53 15.4 1.9 99.7 6.5 0.0 3.8 5.5 15.8 2.0 105.0 6.6 0.0 39 5.6 16.1 2.0 108.1
New Zealand 1.2 0.1 0.1 0.7 2.1 0.3 269.8 1.3 0.1 0.1 0.7 2.1 0.3 256.5 13 0.1 0.1 0.7 2.2 0.3 259.1
Other countries 0.4 ND 0.1 1.8 2.3 0.6 145.4 0.5 ND 0.1 1.8 2.3 0.6 145.8 0.5 ND 0.1 1.8 2.3 0.6 146.4
Subtotal 40.3 3.1 11.4 52.7 107.6 5.7 146.7 43.7 3.2 11.8 54,5 1131 6.0 151.6 46.6 3.3 12.1 56.7 118.6 6.3 154.7
Tropical Intact
South Asia 28.7 5.9 0.5 15.6 50.6 6.6 265.6 21.6 4.3 0.4 11.2 37.5 4.9 274.1 20.4 4.0 0.4 10.2 35.0 4.5 280.1
Africa 84.7 18.9 1.4 43.0 147.9 42.0 246.4 79.4 17.2 1.3 38.1 136.0 38.6 255.7 76.6 16.2 1.2 354 1295 36.8 262.1
Americas 141.5 27.0 2.7 81.3 252.5 32.1 285.2 136.2 25.4 2.5 75.1 239.1 30.4 292.6 131.2 24.2 2.4 71.0 228.8 48.2 295.9
Subtotal 254.8 51.7 45 1399 451.0 53.2 269.1 237.2 46.9 4.2 1244 412.6 49.4 277.7 228.2 44.4 4.0 116.6 393.3 60.8 282.5
Global Subtotal (4) 346.7 69.3 41.5 359.7 817.1 57.7 232.7 333.7 65.0 423 348.8 789.8 54.3 236.3 328.7 63.8 43.1 347.8 783.4 65.1 237.8
Tropical Regrowth
South Asia 15.0 3.5 [1] 14.3 32.9 8.2 243.7 19.7 4.0 [1] 17.8 41.5 10.4 252.6 22.8 5.0 [1] 19.6 47.4 11.8 274.7
Africa 1.9 1.0 [1] 5.5 8.4 2.1 56.4 2.3 1.1 [1] 6.3 9.7 2.4 549 2.6 1.7 [1] 7.1 11.4 2.8 59.6
Americas 3.0 2.4 [1] 4.2 9.6 2.4 59.1 5.3 2.2 [1] 5.9 13.5 3.4 73.8 8.6 2.3 [1] 8.1 19.0 4.7 97.7
Subtotal 19.8 7.0 0.0 241 50.9 8.8 113.8 27.3 7.3 0.0 30.0 64.6 11.2 1235 33.9 9.1 0.0 34.7 77.7 13.1 139.4
All Tropics
South Asia 43.6 9.4 0.5 29.9 83.5 10.6 256.5 41.3 8.3 0.4 29.0 79.0 11.5 262.3 43.2 9.1 0.4 29.8 82.4 36.9 277.0
Africa 86.6 19.9 14 48.5 156.3 42.0 208.6 81.8 18.3 13 44.4 1457 38.7 205.6 79.2 18.0 1.2 42,5 140.9 48.4 205.7
Americas 144.5 29.4 2.7 85.5 262.1 32.2 250.0 141.5 27.6 2.5 81.0 252.6 30.6 252.7 139.8 26.5 2.4 79.1 2478 62.2 256.1
Subtotal 274.7 58.7 4.5 164.0 501.9 54.0 236.4 264.5 54.2 4.2 1544 4773 50.6 237.5 262.1 53.6 4.0 1513 471.0 93.0 241.6
Global Total (5) 366.5 76.3 41.5 383.7 868.0 58.3 219.2 361.0 723 423 378.8 854.4 55.5 221.0 362.6 72.9 43.1 3825 861.1 66.4 223.6

(1). Carbon stocks for the total area of forest land in a reported year, which includes “forest land remaining forest land” and “new forest land” (afforested land); (2) The soil depth is at 1 meter.
(3) ND: no data available and [1] litter is included in soil; (4) Estimates of carbon stocks for global established forests; (5) Estimates of carbon stocks for specific years pertain to the total area
of forest land in the given year and therefore include lost carbon stocks because of deforestation. Thus, it is not possible to consistently match the estimates of stock change in Table 3 (main text)
that pertain to “forest land remaining forest land”” and “afforestation”.
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Table S4. Comparison of estimates of above-ground biomass increment (Mg C ha*yr™) on
tropical regrowth forests.

Tropical region Estimates IPCC Other references
used in this | estimates’
study
America | 3.8 3.6 3.4 (Zarin et al. 2001)(53)
Africa | 1.0 2.3 3.4 (Houghton et al. 2000)(46)
Asia | 3.3 3.5 3.8 (Achard et al. 2004)(54)

Intergovernmental Panel on Climate Change “Good Practice Guidance” (2).

Table S5. Comparison of area estimates, this study and FAO Forest Resources Assessment
2010

Total forest Total forest Total forest
area, 1990 area, 2000 area, 2007

(Mha)

Forest area included in C analysis 39593 3865.9 3851.3
Forest areas excluded from C analysis

Canada unmanaged forest 118.0 118.0 118.0

Alaska unmanaged forest 51.0 51.0 51.0

West/Central Asia 41.5 42.2 43.0

Subtotal 210.5 211.2 212.0

Global Total, This study 4169.8 4077.1 4063.3

Global Total, FRA 2010 4168.4 4085.2 4049.8




Table S6. Global C budget accounting based on earth systems (1, 2)

Sources and Sinks(1) 1990-1999 2000-2007
Atmosphere /ocean:
Fossil fuel and cement 6.5+0.4 7.6x0.4
Atmosphere 3.210.1 4.1+0.1
Ocean 2.210.4 2.310.4
Terrestrial Residuals 1.1+0.6 1.210.6
Terrestrial (Global forests) (2):
Tropical gross deforestation 3.0£0.5 2.9+0.5
Tropical forest regrowth 1.6x0.5 1.7+0.5
Tropical land-use change 1.5+0.7 1.1+0.7
Established Forests 2.5+0.4 2.3+0.5
Global net forest sink 1.0+0.8 1.2+0.8
Global residuals : 0.1+1.0 0.0+1.0

(1) Red colors are sources, and black colors are sinks
(2) The results are from this study (Table 1 of main text), we used the estimates of global forests as

a proxy for the terrestrial sink.
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Methods and Data
Definitions of land categories

Forest- The definition of forest varies slightly from country to country, but generally follows
the FAO definition: Land spanning more than 0.5 hectares with trees higher than 5 meters
and a canopy cover of more than 10 percent, or trees able to reach these thresholds in situ.
Forest lands that are temporarily treeless because of harvest or disturbance are included.
Forest does not include land that is predominantly under agricultural or urban land use, even
though such land may have some tree cover. Tree plantations are included.

Forest land remaining forest land- forests that do not undergo land-use change during the
reporting period; includes forests that are harvested and regenerate back to forest.

Afforestation- land that has changed from nonforest to forest.
Deforestation- land that has changed from forest to nonforest.

Tropical intact forest- tropical forest areas that have not been substantially affected by direct
human activities.

Tropical regrowth forest- tropical forests regrowing on the areas that have been previously
deforested or logged.

Forest Carbon Pools

We generally followed the definitions from Table 3.1.2 in the IPCC Good Practice Guidance
(1), though minor deviations are embedded in the data depending on specific national
circumstances.

Living biomass — includes above- and below-ground biomass of live plants. The above-
ground biomass includes all living biomass above the soil including stem, stump, branches,
bark, seeds, and foliage. The below-ground biomass includes all biomass of live roots. Fine
roots of less than 2 mm diameter are often excluded or may be included with litter and soil
carbon (C) pools. Understory plants may be excluded in cases where they comprise a very
small proportion of the total biomass, as long as this is done consistently over time.

Dead wood — Includes all non-living woody biomass not contained in the litter, either
standing, lying on the ground, or in the soil. Dead wood includes wood lying on the surface,
dead roots, and stumps larger than or equal to 10 cm in diameter, unless another threshold is
used by the country.



Litter — Includes all non-living biomass with a diameter less than a minimum diameter chosen
by the country (typically 10 cm), and lying dead biomass in various stages of decomposition
above the mineral or organic soil. Includes the litter, fumic, and humic layers. Live fine
roots may be included if excluded from living biomass.

Soil organic matter — Includes organic carbon in mineral and organic soils (including peat) to
a specified depth of 1 meter. Live fine roots may be included if excluded from living
biomass.

Carbon in harvested wood — includes products in use and in landfills. “Products in use”
includes end-use products that have not been discarded or otherwise destroyed. Examples
include residential and nonresidential construction, wooden containers, and paper products.
“Products in landfills” includes discarded wood and paper placed in landfills where most
carbon is stored long-term and only a small portion of the material is assumed to degrade, at a
slow rate.

Overview of calculation methods and data

Accounting approaches to calculations for boreal, temperate, and tropical regions

There are slightly different accounting approaches used in this paper, in accordance with the
IPCC guidelines, because the available data have been developed and presented in different
ways in inventories, country reports, and the literature. Within the constraints of the available
information, estimates were harmonized between accounting systems by carefully defining
land areas and matching these with the sources of data, and by adjusting reported estimates
where necessary to account for known inconsistencies. Our calculation methods are
summarized in table S1 and described in more detail here.

Either the “stock-change” or the “default” approaches were used for boreal and temperate
biomes, following the guidance from IPCC for estimating and reporting country-level
greenhouse gas inventories (1,2). The stock change approach involves estimating C stocks at
two or more points in time, then taking the difference between the stock estimates as the rate
of change over the time period. If there is no land-use change, then this approach is nearly
identical to estimating the land-atmosphere CO, flux, with the exception of “lateral transfers”
of C which primarily include river erosion, transport, outgassing, and deposition; and
harvested wood products. We accounted for harvested wood products but not for other
lateral transport, which may be responsible for a significant global C sink in coastal oceans
(3) that is not reflected in the stock-change method. If there is land-use change, then the
stock-change accounting overestimates the C uptake by forests in proportion to the area of
afforestation during the period of change, because existing C stocks on new forest land
(primarily soil C) appear instantaneously in the forest carbon inventory, transferred from the
previous land use category. Conversely, the stock-change approach may underestimate C
uptake by forests in proportion to the area of deforestation because existing soil C may be



moved to a nonforest land category and appear as a loss of C from forest. Because the area of
afforestation is small relative to the total area of forest remaining forest, the effect is
relatively small.

The IPCC default approach commences with a single forest inventory and then adds C gains
from forest growth and losses from harvest, fires and decomposition (1). The default
approach (used in Canada’s managed forests) accounts for C stock gains and losses without
confounding estimates through C transfers between land-use categories.

For the tropics, C sinks and sources (or net fluxes) were estimated using a “flow” approach
because most tropical areas lack the repeated national-scale forest inventories that are the
basis for the stock-change approach. This approach is similar to the IPCC “tier 2” methods
that multiply region-specific estimates of C density or change in C density times the
associated areas represented by the region-specific estimates. For intact tropical forests (not
affected by land use or change), fluxes were estimated from measured C stock changes on
permanent sample plots, which is nearly equivalent to forest-atmosphere C exchange except
for river transport and deposition of C (harvesting did not take place on these land areas).
The effects of land-use change and harvesting on C flux were estimated using a bookkeeping
approach that keeps track of ecosystem C emissions and harvested wood products from
deforestation and logging, and ecosystem C uptake on regrowing forests. Estimates of water
transport and deposition are not accounted for in tropical forest biomes, though lateral
transfers in harvested wood products were estimated.

Estimates of changes in C stocks for two periods (Table 2 of main text) pertain to “forest land
remaining forest land” and “afforestation”. Estimates of C stocks for specific years (Table
S3) pertain to the total area of forest land in the given year and therefore include C stocks lost
because of deforestation, which are not included in Table 2. Thus, it is not possible to
consistently match the estimates between these two tables.

Forest area and area change

Where available, area estimates (Table S2) are from country-level forest inventories or
reports based on forest inventories. Forest inventories typically use remote sensing to
estimate forest area and area changes. Where forest inventories are lacking, particularly in
the tropics, FAO statistics were used to estimate total forest area for 1990, 2000, and 2007 (4,
5). FAO statistics are compiled from country reports following established forest area
definitions. Area estimates for 2007 based on FAO statistics were made by interpolating
between the reported years 2005 and 2010. In some regions, particularly the tropics, the
quality of the data reported to FAO is variable and the inventories may be subject to change
and reinterpretation over time (6,7). For tropical regions, updated area estimates for prior
years were those reported in FAO (5). Regarding area change, there is approximate
consistency between the change in reported areas from the years 1990, 2000, and 2007, and




estimated areas of afforestation and deforestation from inventories, country reports, and
analyses of emissions from land-use change.

Carbon Stocks and Changes in Carbon Stocks

Where available, C stock and density estimates are from country-level forest inventories or
reports based on forest inventories. Most countries in temperate and boreal biomes have
established forest inventories with repeated measurement of permanent sample plots.
Generally, sample plots are randomly located across all areas of the country, and
measurements taken on those plots that are located on forest land. Thus, the inventory is an
unbiased sample of the population of trees in the country, and the precision of estimates may
be calculated. The re-measurement interval is typically between 5 and 10 years. At each
sample plot, individual trees are selected for measurement of diameter, height, species, and
condition. Re-measurement determines the basic tree population dynamics: growth,
mortality, and harvest. Additional measurements may be taken to include understory
vegetation, woody debris, litter, and soils. The measured data may be used to estimate the C
stocks and changes in C stocks using a variety of country-specific methods described below,
but following guidelines provided by IPCC (1, 2).

For some temperate or boreal countries where direct access to inventory data is not available,
we used a biomass expansion factor (BEF) approach, which converts estimates of growing
stock volume to estimates of biomass or C stocks. For intact tropical forests, we used data
from repeated long-term measurements of a network of ecological research plots, upscaled to
the regions to estimate biomass and other C pools for the region’s forest areas (8, 9). For
tropical regrowth forests, which lack sufficient ground-based data, we followed the
bookkeeping approach (10) which is based on a literature review of regrowth rates and
knowledge of forest areas and conditions. These methods are described in more detail below
for each region.

The data from regions, countries or continents were aggregated to global biomes: boreal,
temperate, and tropical forests. The boreal forest comprises Russia, Canada, and Northern
Europe; the temperate forest includes the conterminous United States, Southeast Alaska,
Europe except for the boreal countries, China, Japan, South Korea, Australia, and New
Zealand; while the tropical forest encompasses south Asia, Africa and the Americas south of
the United States. Available data allowed C stock and area estimates to be compiled for 1990,
2000, and 2007, and annual changes in C stocks (sometimes referred to as “flux” or “sink” in
this paper) to be estimated for two time periods: 1990-1999 and 2000-2007. Five major
forest C pools, including their densities and changes, were estimated in this study: live
biomass (aboveground and belowground), dead wood (including dead trees and coarse woody
debris), litter, soil organic matter, and harvested wood products.

More data are available for live biomass and biomass changes than for any other C pools.
Some forest inventories and many ecological studies also collect and report data for dead
wood and litter, though less consistently than for biomass; therefore, empirical models are



often the source of estimates for these C pools. Inventories of forest soil carbon across the
landscape are scarcer than inventories of biomass or other ecosystem C pools. There are
existing soil surveys in different countries, but very rarely with periodic revisits and rarely
associated with documented information about aboveground forest vegetation. To evaluate
forest soil C change over time is particularly challenging because the formation and
respiration of soil C is affected by various biological, environmental, and geographical
factors; and land-use history; and not always correlated with more easily observable
vegetation traits. In almost every region, empirical modeling methods were used to combine
data from soil surveys and field studies for developing the soil C estimates.

Harvested wood products

Where available, estimates of carbon in harvested wood products (HWP) are from country-
level inventory reports as described above. Generally, estimates of carbon in HWP include
both wood in use and discarded wood products remaining in landfills. For countries that
lacked estimates of carbon in HWP, we derived a simple conversion factor from the countries
that did report: the ratio of C in HWP (TgC yr™) to the quantity of harvested roundwood
(million m®) according to FAO reports (4), which is 0.095.

Specific methods used for each country or regional estimates

Detailed descriptions of the methods for each region are presented here and summarized in
table S1. In general, countries of the temperate zone have established forest inventories that
provide a sound basis for estimating C stocks and changes in C stocks. Countries of the
boreal zone typically have inventories of parts of the land that are more intensively managed
for timber production or other services, and use remote sensing or models to supplement the
inventory data for reporting to FAO or the United Nations Framework Convention on
Climate Change (UNFCCC). For the tropics, there are very few countries that have
established forest inventories, and reporting to FAO and UNFCCC is very limited. In the
tropics, area estimates reported to FAO are the most consistent source for information about
the extent of forest land, even though there have been changes in methods and reporting
quality over the years.

Russia

Area estimates for 1990 and 2000 are derived from the official inventory data of the State
Forest Account (11-17); estimates for 2007 were updated from these inventories using remote
sensing. Estimates of growing stock volume are based on official data of the State Forest
Account for 1978-2009. These data have been corrected to eliminate biases of different
methods of forest inventory which were applied in the country over the last three decades (18,
19) and to update obsolete inventory data for part of the country. Live biomass includes all
components of forest ecosystems, not only trees (20).



Carbon in harvested wood is based on official statistics in units of commercial wood. Data
are recalculated to estimate growing stock volume removals (multiplying by a coefficient of
1.25), then converted to carbon. All types of harvest are included (final felling, thinning etc.).
Estimates of illegal logging are not included. Estimated soil C is based on the latest
assessment for 2007. Estimates for other years are based on empirical models that link soil C
with amount of live biomass and level of disturbances (19). The estimates for soil C include
the 1m top layer below the organic layer (litter) and 1m for organic land (peat).

Estimated dynamics of C pools give results which are rather close to estimates of full C
account for Russian forests based on flux-based methods (21). The difference for the period
of 2000-2007 is about 15-20%, which is mostly explained by some inconsistency in the
account boundaries. The results of a recent reanalysis of the Russian forest C budget for
2003-2008 differ from the average of this study by 9% (22).

Canada

Estimates of C stocks and C stock changes are obtained from Canada’s National Forest
Carbon Monitoring, Accounting and Reporting System (NFCMARS) (23) developed to meet
international reporting requirements for greenhouse gas emissions and removals in Canada’s
managed forest. The Carbon Budget Model of the Canadian Forest Sector (CBM-CFS3) (24)
is the core model of NFCMARS. Details of data sources and regional results are provided
elsewhere (25). Information on deforestation is derived from a national deforestation
monitoring program implemented for all of Canada’s forests to meet the reporting
requirements of the UNFCCC and the Kyoto Protocol. Because of data limitations, estimates
of C stocks and stock changes are limited to the 230 Mha of managed forest, leaving
unaccounted some 118 Mha of northern forests that are not subject to management.

The CBM-CFS3 is a well established C budget model used in Canada and internationally. It
relies heavily on empirical data on forest conditions and forest changes, and simulates C
stocks and stock changes in dead wood, litter and soil C as mass balances calculated from
inputs (through litterfall, biomass turnover and disturbance inputs) and losses (through
decomposition, transfers by harvesting, and losses to the atmosphere during disturbances
such as fire) (24, 25, 26). Following the recommendations of the IPCC, the model links
dynamics of dead organic matter pools directly to the dynamics of the better-known biomass
dynamics. At present, the CBM-CFS3 does not account for C stocks in forested wetlands
with deep (peat) organic soils whose dynamics are strongly affected by water table
fluctuations for which few data exist at the national scale.

Estimates of Harvested Wood Product (HWP) C stock changes are derived in part from a
spreadsheet model developed by Environment Canada for the purposes of UNFCCC
reporting. Estimates are based on the “production approach” which accounts for C stocks in
HWP stocks derived from wood produced in Canada, regardless of their current location.



Alaska (the results are not included in the tables but inform the discussion)

Unlike the continental U.S., Alaska lacks an established forest inventory covering most of the
State with repeated measurements. Therefore we used the Terrestrial Ecosystem Model
(TEM), a process-based ecosystem model that uses spatially referenced information on
atmospheric chemistry, climate, elevation, soils, and land cover to estimate monthly
terrestrial carbon, nitrogen, and water fluxes and pool sizes. TEM is well-documented and
has been used to examine patterns of terrestrial C dynamics across the globe and specifically
applied to Alaska. For this study, we used a version of TEM modified from Felzer et al. (27),
which simulated ozone pollution effects, to also include the influence of permafrost dynamics
(28, 29), atmospheric nitrogen deposition, dissolved carbon (DOC) leaching, wildfire,
pastures and timber harvest on terrestrial carbon dynamics.

The forest area estimate used in TEM (42.3 x 10° ha) is different from that reported in official
U.S. forest statistics (51.3 x 10° ha, Smith et al. (30)). This difference is primarily because of
difficulty in consistently classifying areas with sparse forest cover.

Continental United States.

Forest area estimates for specific years are from the United States (U.S.) Forest Inventory and
Analysis (FIA) as reported for all lands of the continental U.S. and Southeast Alaska (30).
Estimated deforestation area is from the National Resources Inventory (31). The area of
afforestation was calculated as the area needed to account for the total area change after
estimated losses from deforestation.

Estimates of forest C stocks in the U.S. are based on the U.S. Forest Service Forest Inventory
and Analysis (FIA) data base. FIA statistics are compiled from a very large sample of U.S.
forest lands — about 150,000 forested sample plots are inventoried on a rotating annual basis.
Statistical estimates of forest area, species, and stand density are converted to ecosystem
carbon estimates using standard procedures and following national and international
accounting and reporting guidelines. Details of the methodology are available in USDA (32)
and USEPA (33), so only a brief overview is presented here. Forest tree biomass (live and
dead) is estimated directly from the inventory measurements using allometric equations.
Other C pools (down woody debris, forest floor, understory biomass, and soil C) are
estimated using simple empirical models, parameterized from ecosystem studies that related
these variables to observed forest characteristics from the inventory. Estimates of changes in
soil C stocks account for a soil depth of one meter, and include the effects of land-use change
and forest type shifts, but not increases or decreases on forest land that does not change forest
types. The carbon in harvested wood (remaining in use and stored in landfills) is estimated
using a model that converts removals data to C stocks based on tracking of wood processing
and decay rate functions (34).



The uncertainty of the estimated annual change in forest and wood products C is about 20%
at the 95% confidence level (33). These uncertainty estimates are based on a Monte Carlo
uncertainty analysis of the mean estimates.

Europe
The data for Europe were obtained from the country reports prepared by 41 European

countries for the Global Forest Resources Assessment of 2010 (5). The quality and
availability of forest area data for Europe is good. The reported values for forest area are
generally based on field surveys from national forest inventories. In addition to reporting
forest area, most countries also report annual (gross) rates of afforestation and the natural
expansion of forest cover. Afforestation, in the terminology of this study, is the sum of these
two rates of forest expansion. Deforestation can be inferred as the difference between net
change forest area and afforestation. Eight countries lack values for annual afforestation.
Depending on the sign of the net change of forest area in these countries, it is included in the
regional totals as either afforestation or deforestation.

The estimates for carbon in living biomass in Europe are generally based on field surveys
from national forest inventories that measure growing stock volume. Growing stock volume
is converted to biomass, and biomass to carbon, using national factors developed by country-
specific research or from IPCC’s Good Practice Guidance (1). The quality of these data is
good.

The availability of data on carbon in dead wood is more restricted; approximately half of all
European countries lack these data for at least one reporting year. Where data were missing,
carbon in dead wood was estimated by applying ratios of dead wood carbon per hectare to
forest area. For countries that lacked data for some year(s), these ratios were extrapolated
based on data for other years. For countries entirely lacking data, these ratios were adopted
from the country with the most similar climate and forest-use history. In these cases, the
estimated ratios were constant and based on data from 1990. Due to data deficiencies, the
accuracy and precision of the regional estimates of the dead wood C stock are weaker than
the corresponding estimates for living biomass.

The availability of data on C stocks in litter and soils is also limited. Of the 41 European
countries included in the analysis, 27 reported soil C for at least one year (1990-2010).
Nearly all European countries that report soil C use forest area based extrapolations. These
estimates are constructed by either applying a constant ratio of soil C per hectare to total
forest area, or by applying ratios specific to soil type and soil type areas. Three countries
deviate from this practice. In Austria and Sweden, soil C estimates are based on inventory
data. In Finland, soil C stocks are principally estimated using the Yasso model. The soil depth
at which soil C was measured varied between countries. Of the countries that had data, 17
used a soil depth of 30 cm. In the remaining 10 countries, the soil depth applied in estimates
varies from 20 cm (in Belgium) to 100 cm (in Finland and the UK).
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In this study, the C stocks in litter and soils for countries that lacked data were estimated by
using area-based litter and soil C ratios. For countries that lacked data for some year(s), these
ratios were extrapolated based on data for other years. For countries entirely lacking data,
these ratios were adopted from the country with the most similar climate and forest use
history. In these cases, the estimated ratios were constant and based on data from 1990.
Available estimates were adjusted to a standard depth of one meter if a different depth was
used, based on a model of soil C by depth reported in Jobbagy and Jackson (35). Estimates of
the HWP C stock changes were derived using the method described earlier in the general
methods section.

China

We estimated forest biomass C stock and its change during the 1990s and 2000s for China,
using biomass expansion factors for each forest type and China’s forest inventory data for the
periods 1989-1993, 1994-1998, 1999-2003, and 2004-2008 (36, 37). Since 1994, the
definition of forest in China’s forest inventory has changed from >30% canopy coverage to
>20% canopy coverage. We therefore calculated forest area, C density, and C change for
1989-1993 based on the new criterion (20% canopy coverage). Analyzing the 1994-1998
inventory data that provide both criteria (20% and 30% canopy coverage), we found that
there exists a robust linear relationship for the forest area and timber volume between the two
criteria at the provincial level (Equations 1 and 2).

AREAg, = 1.183AREAq3 + 12.137 (R? = 0.990, n=30) (1)
TCo=1.122TCq3+ 1.157 (R®= 0.995, n =30) )

where AREA( ., and AREA ; are forest areas (104 ha) in a province under the two forest
criteria, >20% and >30% canopy coverage, respectively; TCy, and TCq 3 are total forest C
stocks in province under the two criteria. The provincial forest areas and C stocks with the
new criterion in 1989-1993 were calculated based on Equations 1 and 2, followed by
derivation of the corresponding forest C densities for the different C pools (36). Carbon in
soil to a depth of one meter was estimated using ratios of soil C to vegetation biomass.

Japan and Korea

A number of field measurements of forest biomass and systematic national forest inventories
in Japan made it possible to estimate the C stocks and their changes. Allometric relationships
between forest biomass (above- and below-ground) and stem volume (biomass expansion
factors) were first obtained for the major forest types in Japan from 945 sets of direct field
measurements across the country. These relationships were used to estimate the changes in C
accumulation of aboveground biomass and total living biomass from 1990 to 2005 using the
national forest inventories of 1985, 1990, 1995, 2000, and 2005 (38). Soil C and changes in
soil C were estimated using ratios of soil C to vegetation biomass. Litter C stocks and
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changes were not estimated. An approach similar to that used for Japan was used to estimate
C stocks and changes for Korea (39).

Australia and New Zealand

Australia designed a systematic national forest inventory in the mid-1990s, though no data
were available for this study. However, the country has published Australia’s State of the
Forest Report (ASFR) every 5 years since 1998 (40). The 2008 report includes a special
section for reporting the contribution of forest ecosystems to global greenhouse gas balance,
with relatively complete information back to 1989. In the carbon section, the basic
information of forest areas, area of deforestation, area of new plantations, forest biomass
(above-ground plus roots), soil C (litter plus below-ground carbon), C sequestration and
timber harvesting in managed native and plantation forests are provided. Australia also has
the annual inventory reports of forest plantations, Australia’s UNFCCC report (41), and
Australia’s National Greenhouse Accounts (42) with detailed information of land-use, land-
use change and forestry that are tracked back to 1990. These available data were used in
combination and carefully cross-checked to produce the information for this study. During
the calculation procedure, the data from different reports were often used to fill each other’s
data gaps. Also, the data in the first two ASFRs are not as complete as in the 2008 report.
Therefore, some information, for instance, the ratios of biomass and soil C for different forest
types, was employed to calculate the soil C component which was not included in the earlier
reports. Because managed native forest in Australia is about 75% of total native forest, it is
possible that the carbon values estimated in this study could be lower than the reality.

New Zealand, similar to Australia, has published the country reports of forests titled
“Sustainable Management of New Zealand’s Forests” (43, 44). The 2009 report included a
special section to report forest contribution to the global C cycle with data of 2000, 2003 and
2008 for indigenous and plantation forests, including forest C pools and fluxes. In the other
sections of the report, more information, such as forest areas, productivity, and harvesting, is
provided. In contrast to Australia, New Zealand has very little timber harvest from native
forests because industrial plantation forests provide sufficient quantities of wood products.
Besides the data in the forest report, we used New Zealand’s UNFCCC reports and the
National Greenhouse Gas Inventory (45) to provide extra information such as annual forest
land C flux from 1990-2007. The data from different resources were cross-checked and used
to supplement each other to produce the estimates in this study. For instance, there are
detailed data of different C pools (C in above-ground biomass, below-ground biomass, coarse
woody debris, fine woody debris and little) for plantation and indigenous forests in 2005.
Therefore, the ratios were calculated and applied to estimate corresponding components for
years 1990 and 2000 to meet the requirements of this study.



12

Intact Forests of Tropical America, Africa, and Asia

Area estimates for intact tropical forests for each region were made by subtracting the area of
secondary tropical regrowth forests estimated by Houghton et al. (46), and Houghton (10, 47)
from the total area of forests reported in FRA 2010 (5). To estimate areas for 2007, we
interpolated between the reported areas for 2005 and 2010.

Carbon stock and stock change estimates are based on a network of permanent sample plots
in each of Africa and Tropical America, while for Tropical Asia, where we lack sufficient
sample sizes, we estimate changes in carbon stocks using the mean change rate of Tropical
American and African forests. Methods for permanent plot work in Tropical America and
Africa, and data quality control, are detailed elsewhere (8, 9, 48, 49). We developed a
database (50) in which we curate several hundred tree-by-tree long-term forest demographic
datasets from across the tropics (http://www.forestplots.net/). We assume that the same
proportional net change detected in biomass in trees >10cm diameter is also expressed in the
same proportion in all biomass compartments that are not monitored directly (shrubs,
saplings and lianas, below-ground, necromass, and litter). We do not account for possible
changes in soil C stocks or harvested wood C stocks (for estimates of these pools, see
sections in general methods describing soils and harvested wood products).

For Tropical America the total sample size is 135 plots, with a median size of 1 ha, mean
census intervals of about four years, and mean total census length of about 12 years. We
estimate mean net fluxes over a multi-decadal period prior to 2000 using all plot data earlier
than that date, using the data and methods presented in Phillips et al. 2009 (census date
approx 1980-2000).

In 2005 we detected a strong reversal of the Amazon biomass sink (8), but here derive a
biomass change estimate for the 2000-2006 period within which time the forest was still
projected to be a net sink, albeit a weaker one than in previous decades and with greater
uncertainty due to the shorter monitoring period.

For Africa the underlying data was published in Lewis et al. (9), from 79 plots spanning 10
African countries, with a median plot size of 1 ha, a mean start and end date of 1987 and
1997. We derived a single multi-decade aboveground biomass change rate because the data
are insufficient to split into two time periods and obtain an unbiased mean change in biomass
due to the non-normal distribution of biomass change in tropical forests (9). This mimimal
sample size requirement is discussed for Africa in Lewis et al.(9), for Amazonia by Gloor et
al. (51), and more generally in Lloyd et al. (52).

For tropical Asia there are insufficient available, published data to provide an unbiased on-
the-ground estimate of biomass change in mature forests. We therefore estimated the tropical
Asian change using the mean of the proportional annual change rates for Africa (0.31%) and



13

South America (0.28%), which we then applied to all biomass compartments for each of the
two periods, 1990-2000 and 2000-2007.

All analyses presented here refer to our dataset of lowland tropical wet, moist, and dry forests
on a broad range of strata. These represent the large majority of intact forest types on each
continent (>90%). Tropical forest types which cover comparatively small areas lack
sufficient on-the-ground monitoring to know their biomass trajectory (notably: tropical
montane forests in the Andes, sub-tropical and temperate forests in southern South America,
and tropical swamp forests in each continent). For these forest types we assume the same
trajectory of biomass change as for the monitored forest types.

The C stock data (biomass, deadwood, litter and soil) are incomplete with data only available
for 2000 from Africa and South America. We used C stocks of 2000 and flux data of 1990-
1999 and 2000-2007 to calculate C stocks for 1990 and 2007. First, we rebuilt the C stock of
2000 for tropical Asia. We used the average C density of tropical Africa and America as the
C density of tropical Asia (for each C pool), and multiplied the density and the forest area to
estimate the C stock of 2000 for tropical Asia. In estimating the C stocks, we considered the
effect of C fluxes and also the loss of intact forest areas on C stocks. The calculation routine
was performed for each C pool and each region. To make the description simple, we present
here the general calculation routine. For the stock in 1990, the cumulative C sink over 1990-
1999 was subtracted from the stock of 2000, then the C density was calculated (based on the
forest area in 2000), resulting in our estimate of the C density of 1990. Then the C stock in
1990 was calculated based on the C density and the forest area in 1990 (i.e. a larger area),
resulting in our estimate of the C stock of 1990. For the stock in 2007, the cumulative C sink
over 2000-2007 (8 years) was added to the stock of 2000. Then the new C density was
calculated (based on the forest area in 2000), resulting in our estimate of the C density of
2007. Then the C stock in 2007 was calculated based on the C density and the forest area (i.e.
a smaller area), resulting in our estimate of the C stock of 2007.

Overall we have high confidence in a substantial long-term sink in intact tropical forests
(Amazonia and Africa), notably because sample sizes are large enough to detect such an
effect (51), but low confidence in any trends or comparisons amongst regions, and extremely
low confidence in estimates for Asia.

Methods for Tropical Regrowth Forests of America, Africa, and Asia

We based our estimates for tropical regrowth forests on data reported in Houghton et al. (46),
and Houghton (10, 47), recently updated to include revised estimates of tropical forest areas
reported in the Forest Resources Assessment 2010 (5). This approach allowed our estimates
to be consistent with estimates of CO, emissions from deforestation when we aggregated the
results of our study with the other sources and sinks of the global C cycle (table 3 in the main
text), which are based on forest areas reported by FAO.
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The areas of tropical regrowth forests for 1990, 2000, and 2005 for each region were based
on data reported in Houghton et al. (46), and Houghton (10, 47). We adjusted the area
estimates in these reports to be consistent with the revised estimates for previous years
reported in Forest Resources Assessment 2010 (5). To estimate areas for 2007, we
interpolated between the reporting years 2005 and 2010. We estimated gross areas of
afforestation and deforestation (rather than net change in land use) based on data from
Houghton et al. (46), and Houghton (10, 47).

For estimating C stocks and stock changes for tropical regrowth forests, we used the stock
change estimates reported by Houghton et al.(46), and Houghton (10, 47). In these studies,
total C stocks and changes in C stocks, on a per-area basis, were developed from literature
estimates of forest regrowth. The stock-change estimates reported in these studies were
supplemented with additional unreported detail from the data bases used in the bookkeeping
approach. We estimated total C stocks for the 3 regions and reporting years 1990, 2000, and
2005 for live biomass, dead wood, and soils. To estimate stocks for 2007, we extrapolated
based on the rate of change from 2000 to 2005.

To validate our estimates of stock changes, we compared the growth estimates for tropical
regrowth forests with other estimates from the literature (Table S4). Our estimates are
comparable to those recommended by IPCC and to other literature sources for tropical Asia
and America, but lower than other estimates for Africa, primarily because of the larger
proportion of dry forest area in Africa. Because of the lack of statistical surveys and
permanent sample plots, the uncertainty of estimated values for secondary tropical forests is
very significant, estimated by expert opinion to be as high as £50%. The level of 50% for the
95% confidence level (see the following section for uncertainty estimation) was chosen for
two reasons: (i) the uncertainties were greater than those estimated for tropical intact forests,
which were derived directly from measurement data (except for S. America over 2000-2007
because of a great uncertainty for the Amazon drought effect on forest C uptakes in the intact
forests); and (ii) the uncertainties are consistent with the widely reported uncertainty (0.7 Gt
Clyr) in tropical land-use emission (that variable includes regrowth offset). Other levels such
as 25% and 75% did not fit these criteria.

Approaches to estimate uncertainty

We report the Standard Error for estimates of C stocks and changes in C stocks, using the
95% confidence level. Values presented as “y + x” should be interpreted to mean that the
authors are 95% certain the actual value is between y —x and y + x. The 95% boundary was
chosen to communicate the high degree of certainty that the actual value was in the reported
range and the low likelihood (5% or less) that it was outside that range. This characterization
is not, however, a statistical property of the estimate, and should not be confused with
statistically defined 95% confidence intervals.
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Where possible we used quantitative estimates of uncertainty, either calculated from sample
plot data or reported in the source of data using an acceptable calculation method. If
quantitative estimates of uncertainties were not available from the source data or could not be
calculated, we derived them from expert opinion using the following uncertainty scale, which
has been used in previous large-scale analyses (55).

(1) 95% certain that the actual value is within 10% of the estimate reported
(2) 95% certain that the estimate is within 25%

(3) 95% certain that the estimate is within 50%

(4) 95% certain that the estimate is within 75%

(5) 95% certain that the estimate is within 100%

These are informed categorizations, reflecting expert judgment, using all known descriptions
of uncertainty surrounding the “best available” or “most likely” estimate. If multiple expert
opinions were available, we used the highest uncertainty among them. In addition, we firstly
estimate an uncertainty scale for carbon stock changes based on data or “expert opinions”.
Then we used 50% of the scale to evaluate uncertainty of C stocks with an assumption that
uncertainty for estimating C stock changes (the difference between two stocks) is the sum of
uncertainties of stocks.

Main sources of uncertainty

Area

Generally, forest area estimates from countries with forest inventories are accurate (reported
estimate within 5% of the true value), and the estimated net change between reporting years,
calculated as the difference between successive estimates, is also accurate. However, it is
often difficult to estimate the gross changes in area — afforestation and deforestation —
because these estimates tend to be a small percentage of the total forest area and therefore
require intensified sampling methods that may not be operationally deployed. For areas
lacking forest inventories, particularly the tropics, there are well-known problems with
reported estimates particularly regarding temporal consistency (6). Many reports from
tropical countries are not based on remote sensing or sample surveys, but use subjective
expert assessment -- 33% of countries according to Grainger (6). Updating older data, a
common practice, also produces errors, as does re-estimating data for older reporting years if
methods or definitions change. The separation of total tropical forest area by region into
intact and regrowth forests is ambiguous with respect to accounting for small-scale selective
logging, because these areas are difficult to detect from remote sensing and therefore are not
clearly distinguished as part of the area of forest regrowth, which includes recovery from
large-scale logging.

Carbon Stocks and Changes in Carbon Stocks
Generally, estimates for temperate and boreal forests have lower uncertainty than estimates
for intact or tropical regrowth forests because they are based on unbiased statistical sample
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surveys of all vegetation types and conditions. Also, estimates of above-ground biomass C
stocks and changes in C stocks have lower uncertainty and more consistent results even with
different estimation approaches, while there remains greater uncertainty and inconsistency in
both data and methods for estimating dead wood, litter, soil, and harvested wood C stocks
and changes in these stocks.

Supplemental Results, Tables and Figures
Global forest area

Detailed information about the area of global forests, by country/biome and year, including
estimates of afforestation and deforestation, is shown in Table S2. The largest area of forest
land is in the tropics, followed by boreal and then temperate forests. Globally, the area of
forest land declined by 3% between 1990 and 2007, due to the loss of primary tropical forest,
which exceeded gains in area of boreal and temperate forests, and increasing area of
secondary forest. Afforestation was greatest in temperate forests especially in the U.S.,
Europe, and China. The Asian part of Russia also showed a large gain in area due to
afforestation. Deforestation was significantly greater in the tropics, though there were
significant areas deforested in the temperate zone particularly the U.S. and Australia.

Area estimates reported here are consistent with the global forest area reported by FAO (4, 5)
for 1990, 2000, and 2010, except that we estimate less reduction in total forest area over time
(Table S5). This is primarily because of higher estimates of afforestation in Russia than
included in the total forest area of the FAO Forest Resources Assessment.

Forest carbon stocks and change in stocks for regions and pools

Supporting information about the C stock of global forests, by country/biome and year,
including details for the major C pools, is shown in Table S3. Analysis of global forest C
stocks and changes in global forest C stocks for boreal, temperate, and primary tropical
forests is presented in the main text. We estimated C sequestration rates (Table 2 of main
text) and C densities (Table S3) in different regions and countries, which are useful data
although we did not fully analyze them in the main text. Here, we include some detailed
analyses of C stocks and changes to supplement the information presented in the main text.
We also briefly describe knowledge of changes in C stocks for “unmanaged” areas of the
Northern Hemisphere that were excluded from our tables.

Alaska and Northern Canada

Large areas of unmanaged forests in the Northern Hemisphere lack sufficient ground data for
reporting changes in C stocks in a way that is consistent with the other estimates reported
here. Estimates reported for boreal forests exclude 51 Mha of Interior Alaska and 118 Mha
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of Northern Canada. These areas are typically remote and not directly affected in a
significant way by human activities including fire suppression. Thus, changes in C stocks of
these areas are dominated by natural disturbance cycles. Modeling studies, which have a
basis in ground data but not from statistical surveys, reveal that these areas are likely to be in
near equilibrium with respect to C emissions and sinks. Boreal forests of Alaska were
estimated to be a small C sink of 0.01 PgCyr™ in previous studies (56, 57); however, some
modeling results prepared for this study show a C source, which has increased from 0.005 Pg
C yr'tin the 1990s to 0.014 Pg C yr™* in the 2000s, caused by carbon release from litter and
soils under fires and warming (considering deeper soils than used in other areas of this study),
offsetting the small amount of C sequestration in biomass. Compared to the large C sink in
forests of the European part of Russia, the boreal forests of North America are only small
sinks or sources.

Russia

The C sink in Russian forests increased by 15% between 1990-1999 and 2000-2007 (Table 2
in main text). Asian Russia, with vast forest lands and a lower average C sequestration rate
compared with European Russia, had the largest boreal sink, but that sink increased only
slightly (Fig. 1 in main text) because of increased emissions from wildfire disturbances,
resulting in reduced litter (-32%) and soil (-6%) sinks, and an increased deadwood sink
(+46%) (58). In contrast, there was a much larger sink increase of 35% in European Russia
(Fig. 1 in main text), particularly involving biomass (+129%). The large C sink increase in
the European Russian forests is attributed to several factors: increased areas of forests after
agricultural abandonment, reduced harvesting, and changes of forest age structure to more
productive stages, particularly for the deciduous forests in European Russia and the middle
taiga (58).

Japan, South Korea and Oceanic Countries

In Japan and South Korea, forests have the greatest average C sequestration rates among the
major temperate countries because of a suitable oceanic climate for fast forest growth and
effective application of forest management practices (Table 2 in main text) (38). However,
while forests of South Korea had an increased sink over the decades due to a young forest age
structure, the sink in Japan declined as the forests aged towards maturity. In Australia and
New Zealand, natural forests are generally close to equilibrium state with relatively low C
sequestration rates (40, 43). Drought and wildfire as well as deforestation in primary forests
of Australia caused a slightly decreased C sink in biomass in the 2000s. Reported increases
in total C sinks (Table 2 in main text) are primarily due to afforestation in the two countries,
and a significant C increase in harvested wood products, particularly in New Zealand.

Tropical intact forests

The magnitude of the C sink of African intact forests was comparable to that of tropical
American forests, despite a smaller area (494 Mha vs. 773 Mha). This implies a high C
sequestration rate over the large area of tropical African forests (Table 2) (59). The C sink in
intact forests of tropical Asia is less than one-third of that in other continents because only




18

about 40% of forested areas remain as intact forests (5), much less than in tropical Africa
(~70%) and America (~80%) (Table S2). However, there is large uncertainty associated with
the estimated C uptake in tropical Asia because of a scarcity of long-term field data.

The reduced C uptake between 1990-1999 and 2000-2007 due to the shrinking area of
tropical intact forest is 19%, 9% and 6% for tropical Asia, Africa and America, respectively.
But this decreasing sink is partially compensated by C gains in tropical regrowth forests
(Table 2, Fig.1 in main text). There was a 30% decline of the C sink in tropical America in
2000-2007 due to one severe drought year, which greatly affected the decadal estimate of C
sink for whole tropics and reflected the sensitivity of the tropical forests to climate extremes.
However, the full decadal impact of the drought on the Amazon C balance remains uncertain
because data are incomplete for the post-drought period (8).

Deadwood, litter and soils

These variables are most often excluded from the global budget or forest inventory analyses.
Compared with living biomass, there is usually higher uncertainty in estimating these
components, both stocks and fluxes, because of insufficient data. However, these C stocks
and fluxes provide critical information about carbon dynamics and structures of forest
ecosystems that enable better understanding of the impacts of environmental drivers and
disturbances.

Globally, dead wood is estimated to be a small but significant component of the forest C
stock (8% of total, Table S3), and the estimated C sink in dead wood accounts for more than
10% of the total C sink in forests (Table 2). The estimated sink in deadwood C stocks has
increased by 36% over two decades. The significant increase of the C sink in the dead wood
in boreal forests (147%) makes a major but possibly transient contribution to the total C
sequestration in the high latitudinal belt, since decomposition could exceed creation of new
dead wood in the future, induced by soil warming and increased wildfires in the region. In
temperate forests, a substantial part of which is intensively managed, the deadwood C sink is
only 10% of the living biomass sink, and has not changed over two decades, in stark contrast
to boreal forests. In intact tropical forests, the deadwood sink is also about 10% of the living
biomass sink. Therefore, the global increase of deadwood simply reflects a trend in boreal
forests.

The global soil C stocks are likely underestimated, especially for ecosystems with deep
organic soils such as boreal peatlands and tropical mangroves. The magnitude and direction
of change in deep soil C stocks in forests is currently unknown. The C sink in litter is larger
in boreal forests, roughly equivalent to the soil sink. The global litter and soil stock of C is
distributed 51%, 34% and 15% respectively in boreal, tropical and temperate forests,
compared with the biomass stock allocation of 16%, 70% and 14%, revealing the
fundamental differences of C structure in biomes. The C sink in litter and soil accounts for
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~16% of the total global sink and has declined by 12% globally over two decades, with a
stable sink in the temperate region, and declines in other regions.

Global carbon budget

Different accounting schemes are used to describe the elements of the global C budget, which
could be confusing. In the main text (Table 3), the budget was based on accounting for C
sources and sinks. The two major C sources include fossil fuel emissions and the emissions
from global land-use changes. The three major reservoirs for C sinks include atmosphere,
ocean and terrestrial biosphere (land). In this way, the C emissions from land-use change
(also from land) is also used to constrain the remaining terrestrial sink, which is in fact
significantly larger since accounting includes the net loss from land-use change.

There is another way to account for the elements of the global C budget (Table S6) based on
major earth systems. The land-system is constrained by fossil fuel emissions and sinks of
ocean and atmosphere. The C losses from land-use changes are balanced by C uptake of lands
within the system. The terrestrial sink is a net sink and seems smaller than the size based on
the accounting of the above method. However, this is only because the terrestrial sink in
Table 3 (main text) is a gross terrestrial sink. No matter which way is used in accounting for
the global C budget, it is important to be clear about the definitions of each component and
how they are combined.
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Table S1. Summary of methods and main sources of data for estimating area, carbon stocks,

and carbon stock changes, country/region.

Country/ Forest area and changes in | Carbon stocks and changes in
. References

Region forest area carbon stocks

Russia Forest inventory data Modified forest inventory data | FFS 1995, 1999,
updated with remote converted to carbon with 2003,2005;
sensing biomass equations and Shvidenko and

ecosystem carbon models Nilsson 2002, 2003

Canada Forest inventory data and Carbon budget model Kurz and Apps
deforestation monitoring. combines forest inventory 2006;

Note: 118 Mha of data, growth and yield data, Kurz et al. 2009
unmanaged northern and data on natural
forests not included. disturbances, forest

management, and land-use

change, with climate and

ecological data.

Alaska SE Alaska temperate Forest carbon flux estimates Smith et al. 2009;
forests included with rest from a terrestrial ecosystem Felzer et al. 2004
of U.S. temperate forests. model (not included in results
Note: 51 Mha of but described in supplemental
unmanaged northern material).
forests not included.

United Forest Inventory data Forest inventory data USDA 2008;

States combined with National converted to carbon with Smith et al. 2009;
Resources Inventory (all biomass equations and U.S. EPA 2009
lands) data ecosystem carbon models

Europe FAO Forest Resources Biomass expansion factors FAO 2006; IPCC
Assessment applied to convert volume 2006, Liski et al.

estimates from FAO. Various 2002
methods employed for other C
pools.
China Forest inventory data Biomass expansion factors Fang et al. 2001,
applied to convert volume 2007
estimates from inventory data.
Japan Forest inventory data Biomass expansion factors Fang et al. 2005

applied to convert volume
estimates from inventory data.

South Korea

Forest inventory data

Biomass expansion factors
applied to convert volume
estimates from inventory data.

Choi et al. 2002

Australia

Remote sensing estimates

Estimates from “State of the
Forest” reports.

ASFR 1998, 2003,
2008

New Zealand | Remote sensing estimates Estimates from “Sustainable MAF 2009
Management” reports.
Asia FAO Forest Resources Intact forests: C density FAO 2010
Assessment estimates extrapolated from Houghton 2007
other tropical regions.
Regrowth forests:
bookkeeping model
Africa FAO Forest Resources Intact forests: permanent plot | FAO 2010
Assessment network for C density. Houghton 2007
Regrowth forests: Lewis et al. 2009
bookkeeping model
Americas FAO Forest Resources Intact forests: permanent plot | FAO 2010

Assessment

network for C density.
Regrowth forests:
bookkeeping model

Houghton 2007
Phillips et al. 2008,
2009




Table S2. Area of forests and land-use change by biome, country or region, and year or period (1,2)

1990-1999 2000-2007
Biome and country Total forest Total forest Total forest - - - -
Jregion area, 1990 area, 2000 area, 2007 Afforestation Deforestation Net change Afforestation Deforestation Net change
(Mha) (Mha yr'™) (Mha yr')
Boreal (3)
Asian Russia 658.6 662.6 676.6 0.500 0.100 0.400 1.825 0.075 1.750
European Russia 155.7 159.2 169.0 0.450 0.100 0.350 1.300 0.075 1.225
Canada 230.1 229.7 229.4 0.007 0.052 -0.044 0.003 0.047 -0.044
Europe boreal (4) 58.3 59.1 60.2 0.085 0.000 0.085 0.165 0.037 0.128
Subtotal 1102.7 1110.6 1135.2 1.042 0.252 0.791 3.293 0.234 3.059
Temperate (3)
United States (5) 245.7 251.7 257.0 1.000 0.400 0.600 1.107 0.350 0.757
Europe 132.0 140.1 144.5 0.865 0.060 0.805 0.777 0.091 0.686
China 139.3 142.8 155.6 4.452 0.000 4.452 4,223 0.000 4,223
Japan 23.8 23.5 23.6 ND ND -0.028 ND ND 0.019
South Korea 6.5 6.4 6.3 ND ND -0.006 ND ND -0.024
Australia 154.6 150.8 149.2 0.060 0.439 -0.379 0.075 0.397 -0.322
New Zealand 7.8 8.3 8.3 0.056 0.008 0.048 0.015 0.014 0.001
Other countries 15.7 15.7 16.0 ND ND -0.008 ND ND 0.036
Subtotal 733.6 746.1 766.7 6.433 0.907 5.346 6.197 0.852 5.285
Tropical Intact (6)
South Asia 190.6 136.9 124.9 ND ND -5.364 ND ND -1.719
Africa 600.2 531.9 494.0 ND ND -6.835 ND ND -5.402
Americas 885.2 817.2 773.2 ND ND -6.798 ND ND -6.279
Subtotal 1675.9 1486.0 1392.2 ND ND -18.997 ND ND -13.400
Global Subtotal (7) 3512.3 3342.7 3294.1 7.475 1.159 -12.861 9.490 1.086 -5.056
Tropical Regrowth (8)
South Asia 134.8 164.2 172.4 ND ND 2.934 ND ND 1.176
Africa 149.0 176.8 190.6 ND ND 2.775 ND ND 1.982
Americas 163.2 182.3 194.2 ND ND 1.908 ND ND 1.696
Subtotal 447.1 523.2 557.2 ND ND 7.617 ND ND 4.854
All Tropics
South Asia 325.4 301.1 297.3 1.070 3.500 -2.430 2.457 3.000 -0.543
Africa 749.2 708.6 684.7 0.340 4.400 -4.060 0.880 4.300 -3.420
Americas 1048.4 999.5 967.4 0.710 5.600 -4.890 0.217 4.800 -4.583
Subtotal 2123.0 2009.2 1949.4 2.120 13.500 -11.380 3.554 12.100 -8.546
Global Total (9) 3959.3 3865.9 3851.3 9.595 14.659 -5.244 13.044 13.186 -0.202

(1) The total area of forest land in a reported year includes “forest land remaining forest land” and “new forest land” (afforested land); (2) ND means data not available; (3) Deforested
land (forest that was changed to non-forest) is excluded from the area total; land that is harvested or disturbed but still defined as forest land is included in the area total; (4) Includes
Norway, Sweden, and Finland; (5) Includes Southeastern part of Alaska; (6) The tropical forest land that has not been substantially disturbed by direct human activities; (7) Global

established forest lands that include forest remaining forest over the study periods plus afforestated land in boreal and temperate biomes, plus intact forest in the tropics; (8) Tropical

25

forest lands regrowing from past deforestation and logging; (9) Tropical forest lands that include tropical intact forest and regrowth forest; and (9) Areas excluded from this table include
Interior Alaska (51 Mha in 2007), Northern Canada (118 Mha in 2007), West/Central Asia (43 Mha), and "other wooded land" reported to FAO.
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Table S3. Forest Carbon stocks by biome, country or region for 1990, 2000 and 2007 (1, 2, 3)

1990 2000 2007
. Total Total Uncert Carbon Total Total Uncert Carbon Total Total Uncert Carbon
Biome and L Dead R . . . L Dead . ) . ) L Dead . . ) )
country/region !lVlng wood Litter Soil C -ainty  density .Ilvmg wood Litter Soil C -ainty  density .Ilvmg wood Litter Soil C -ainty  density
biomass stock (1) (Mg C biomass stock (1) (Mg C biomass stock (%) (Mg C
(Pg C) ha' (Pg C) ha' (Pg C) ha
Boreal
Asian Russia 26.6 7.4 9.8 1155 1594 19.9 242.0 27.2 8.0 10.2 117.2 162.7 20.3 245.5 27.9 8.8 10.5 120.1 167.3 20.9 247.3
European Russia 8.3 2.0 29 24.2 37.4 4.7 240.5 8.8 2.1 3.2 25.0 39.1 4.9 245.7 9.6 2.3 33 26.7 42.0 5.2 248.5
Canada 14.4 5.0 11.5 19.7 50.6 6.3 219.8 14.4 4.8 11.6 19.7 50.5 6.3 220.0 14.0 5.0 11.7 19.7 50.4 6.3 219.7
Europe boreal 2.2 0.1 1.3 7.6 11.2 1.3 191.6 2.3 0.1 1.4 8.0 11.7 1.3 198.1 2.5 0.1 1.4 7.9 11.8 1.3 196.2
Subtotal 51.5 14.5 25.6 167.0 258.6 21.5 234.5 52.8 15.0 26.4 169.9 264.0 21.9 237.7 53.9 16.1 27.0 1745 2715 22.5 239.2
Temperate
United States 17.2 2.5 4.6 15.7 40.0 3.8 162.8 18.4 2.6 4.7 15.8 41.5 3.9 164.8 19.4 2.7 4.8 16.0 42.9 4.1 167.1
Europe 8.4 0.3 1.9 15.0 25.5 2.6 193.4 9.5 0.3 2.0 15.8 27.6 2.8 197.1 10.5 0.3 2.0 16.3 24.0 3.0 166.4
China 5.3 0.1 11 14.3 20.8 2.6 149.5 5.9 0.1 1.1 15.0 221 2.8 154.6 6.5 0.1 1.2 16.3 24.2 3.0 155.5
Japan 13 ND ND ND 1.3 0.2 52.5 1.5 ND ND ND 1.5 0.2 63.8 1.6 ND ND ND 1.6 0.2 66.4
South Korea 0.1 ND ND ND 0.1 <0.1 19.3 0.2 ND ND ND 0.2 <0.1 29.0 0.2 ND ND ND 0.2 <0.1 29.8
Australia 6.3 ND 3.7 53 15.4 1.9 99.7 6.5 0.0 3.8 5.5 15.8 2.0 105.0 6.6 0.0 39 5.6 16.1 2.0 108.1
New Zealand 1.2 0.1 0.1 0.7 2.1 0.3 269.8 1.3 0.1 0.1 0.7 2.1 0.3 256.5 13 0.1 0.1 0.7 2.2 0.3 259.1
Other countries 0.4 ND 0.1 1.8 2.3 0.6 145.4 0.5 ND 0.1 1.8 2.3 0.6 145.8 0.5 ND 0.1 1.8 2.3 0.6 146.4
Subtotal 40.3 3.1 11.4 52.7 107.6 5.7 146.7 43.7 3.2 11.8 54,5 1131 6.0 151.6 46.6 3.3 12.1 56.7 118.6 6.3 154.7
Tropical Intact
South Asia 28.7 5.9 0.5 15.6 50.6 6.6 265.6 21.6 4.3 0.4 11.2 37.5 4.9 274.1 20.4 4.0 0.4 10.2 35.0 4.5 280.1
Africa 84.7 18.9 1.4 43.0 147.9 42.0 246.4 79.4 17.2 1.3 38.1 136.0 38.6 255.7 76.6 16.2 1.2 354 1295 36.8 262.1
Americas 141.5 27.0 2.7 81.3 252.5 32.1 285.2 136.2 25.4 2.5 75.1 239.1 30.4 292.6 131.2 24.2 2.4 71.0 228.8 48.2 295.9
Subtotal 254.8 51.7 45 1399 451.0 53.2 269.1 237.2 46.9 4.2 1244 412.6 49.4 277.7 228.2 44.4 4.0 116.6 393.3 60.8 282.5
Global Subtotal (4) 346.7 69.3 41.5 359.7 817.1 57.7 232.7 333.7 65.0 423 348.8 789.8 54.3 236.3 328.7 63.8 43.1 347.8 783.4 65.1 237.8
Tropical Regrowth
South Asia 15.0 3.5 [1] 14.3 32.9 8.2 243.7 19.7 4.0 [1] 17.8 41.5 10.4 252.6 22.8 5.0 [1] 19.6 47.4 11.8 274.7
Africa 1.9 1.0 [1] 5.5 8.4 2.1 56.4 2.3 1.1 [1] 6.3 9.7 2.4 549 2.6 1.7 [1] 7.1 11.4 2.8 59.6
Americas 3.0 2.4 [1] 4.2 9.6 2.4 59.1 5.3 2.2 [1] 5.9 13.5 3.4 73.8 8.6 2.3 [1] 8.1 19.0 4.7 97.7
Subtotal 19.8 7.0 0.0 241 50.9 8.8 113.8 27.3 7.3 0.0 30.0 64.6 11.2 1235 33.9 9.1 0.0 34.7 77.7 13.1 139.4
All Tropics
South Asia 43.6 9.4 0.5 29.9 83.5 10.6 256.5 41.3 8.3 0.4 29.0 79.0 11.5 262.3 43.2 9.1 0.4 29.8 82.4 36.9 277.0
Africa 86.6 19.9 14 48.5 156.3 42.0 208.6 81.8 18.3 13 44.4 1457 38.7 205.6 79.2 18.0 1.2 42,5 140.9 48.4 205.7
Americas 144.5 29.4 2.7 85.5 262.1 32.2 250.0 141.5 27.6 2.5 81.0 252.6 30.6 252.7 139.8 26.5 2.4 79.1 2478 62.2 256.1
Subtotal 274.7 58.7 4.5 164.0 501.9 54.0 236.4 264.5 54.2 4.2 1544 4773 50.6 237.5 262.1 53.6 4.0 1513 471.0 93.0 241.6
Global Total (5) 366.5 76.3 41.5 383.7 868.0 58.3 219.2 361.0 723 423 378.8 854.4 55.5 221.0 362.6 72.9 43.1 3825 861.1 66.4 223.6

(1). Carbon stocks for the total area of forest land in a reported year, which includes “forest land remaining forest land” and “new forest land” (afforested land); (2) The soil depth is at 1 meter.
(3) ND: no data available and [1] litter is included in soil; (4) Estimates of carbon stocks for global established forests; (5) Estimates of carbon stocks for specific years pertain to the total area
of forest land in the given year and therefore include lost carbon stocks because of deforestation. Thus, it is not possible to consistently match the estimates of stock change in Table 3 (main text)
that pertain to “forest land remaining forest land”” and “afforestation”.
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Table S4. Comparison of estimates of above-ground biomass increment (Mg C ha*yr™) on
tropical regrowth forests.

Tropical region Estimates IPCC Other references
used in this | estimates’
study
America | 3.8 3.6 3.4 (Zarin et al. 2001)(53)
Africa | 1.0 2.3 3.4 (Houghton et al. 2000)(46)
Asia | 3.3 3.5 3.8 (Achard et al. 2004)(54)

Intergovernmental Panel on Climate Change “Good Practice Guidance” (2).

Table S5. Comparison of area estimates, this study and FAO Forest Resources Assessment
2010

Total forest Total forest Total forest
area, 1990 area, 2000 area, 2007

(Mha)

Forest area included in C analysis 39593 3865.9 3851.3
Forest areas excluded from C analysis

Canada unmanaged forest 118.0 118.0 118.0

Alaska unmanaged forest 51.0 51.0 51.0

West/Central Asia 41.5 42.2 43.0

Subtotal 210.5 211.2 212.0

Global Total, This study 4169.8 4077.1 4063.3

Global Total, FRA 2010 4168.4 4085.2 4049.8




Table S6. Global C budget accounting based on earth systems (1, 2)

Sources and Sinks(1) 1990-1999 2000-2007
Atmosphere /ocean:
Fossil fuel and cement 6.5+0.4 7.6x0.4
Atmosphere 3.210.1 4.1+0.1
Ocean 2.210.4 2.310.4
Terrestrial Residuals 1.1+0.6 1.210.6
Terrestrial (Global forests) (2):
Tropical gross deforestation 3.0£0.5 2.9+0.5
Tropical forest regrowth 1.6x0.5 1.7+0.5
Tropical land-use change 1.5+0.7 1.1+0.7
Established Forests 2.5+0.4 2.3+0.5
Global net forest sink 1.0+0.8 1.2+0.8
Global residuals : 0.1+1.0 0.0+1.0

(1) Red colors are sources, and black colors are sinks
(2) The results are from this study (Table 1 of main text), we used the estimates of global forests as

a proxy for the terrestrial sink.
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