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Carbon Pools and Flux of Global Forest Ecosystems

R. K. Dixon, S. Brown, R. A. Houghton, A. M. Solomon, M. C. Trexler, J. Wisniewski

Forest systems cover more than 4.1 x 10° hectares of the Earth’s land area. Globally,
forest vegetation and soils contain about 1146 petagrams of carbon, with approximately
37 percent of this carbon in low-latitude forests, 14 percent in mid-latitudes, and 49 percent
at high latitudes. Over two-thirds of the carbon in forest ecosystems is contained in soils
and associated peat deposits. In 1990, deforestation in the low latitudes emitted 1.6 = 0.4
petagrams of carbon per year, whereas forest area expansion and growth in mid- and
high-latitude forest sequestered 0.7 + 0.2 petagrams of carbon per year, for a net flux to
the atmosphere of 0.9 = 0.4 petagrams of carbon per year. Slowing deforestation, com-
bined with an increase in forestation and other management measures to improve forest
ecosystem productivity, could conserve or sequester significant quantities of carbon.
Future forest carbon cycling trends attributable to losses and regrowth associated with
global climate and land-use change are uncertain. Model projections and some results
suggest that forests could be carbon sinks or sources in the future.

The emission of the greenhouse gas CO,
to the atmosphere by fossil fuel combustion
and land-use change continues to escalate,
and its global dynamics and regulation are
inadequately understood (1). Recent esti-
mates for annual emissions of CO, by fossil
fuel combustion and land-use change for
1980 to 1989 are 5.4 = 0.5 Pg of C per year
(1Pg =10 g=1Gt) and 1.6 = 1.0 Pg
of C per year, respectively (I). Global
oceans are estimated to absorb 2.0 = 0.8 Pg
of C per year, and ~3.2 + 0.1 Pg of C per
year remains in the atmosphere. This cal-
culation leaves an amount of 1.8 = 1.4 Pg
of C per year unaccounted for. Low-latitude
and mid-latitude terrestrial ecosystems, par-
ticularly forests, have both been proposed
to be significant repositories of this missing
C or the imbalance in the C budget (2).
Globally, forests cover ~4.1 billion hec-
tares of the Earth’s land surface with ~13%
of the forests protected by governments and
less than 10% actively managed (Table 1).
The largest area of forests (42%) is in low
latitudes, where more than half are in trop-
ical America. Mid-latitude forests make up
~25% of the global total. Russia has the
largest area of forests, ~21% of the global
forest area. Brazil is next with ~10% of the
total (3). The world’s forests have been
estimated to contain up to 80% of all above-
ground C and ~40% of all below-ground
(soils, litter, and roots) terrestrial C (4-7).
Furthermore, changes in forest land use have
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been estimated to produce a net C flux to the
atmosphere of 0.4 to 2.5 Pg year~! in 1980,
mostly from low-latitude forests (8—11).
Since the last IPCC (Intergovernmental
Panel on Climate Change) assessment,
there has been considerable research on the
role of terrestrial ecosystems, particularly
forests, in the global C cycle. Our objec-
tives for this article were to (i) analyze these
recent studies to produce a new global
estimate of C pools and emissions from
changes in forest land use, (ii) determine if
there is evidence for C sinks in forest

landscapes, (iii) examine the potential to
expand and manage forests to conserve and
sequester C, and (iv) consider future forest
C pools and flux in changing climate and
land-use scenarios. We did not examine the
influence of CO, enrichment on forest sys-
tems, as it has been reviewed (12).

Recently, forest C budgets, calculated
on the basis of national forest inventory
data, have helped improve estimates of
forest C content and flux in mid- and
high-latitude regions (13-15). New esti-
mates of forest C density [C in biomass per
unit area; Mg ha=! (10° g ha=!)] are as low
as one-third of earlier estimates for high-
latitude forests (16, 17) and one-half of
those in low-latitude forests (18, 19). Prog-
ress has also been made in estimating recent
rates of land-use change, particularly in low
latitudes (20). These new data have not
been integrated to revise estimates of global
forest C pools and flux. Studies which quan-
tify C flux in soil systems (21), C assimila-
tion and partitioning in vegetation (22), the
influence of environmental stresses on C
cycling (6, 23), and forest management and
utilization practices that conserve C and
reduce greenhouse gas emissions (24—31) are
considered in our analysis.

Table 1. Area of forests, protected forests, and plantations by latitudinal zone [in 1987-90 (see
text)]. Changes of forest area by latitudinal belts are estimated from multidecade analysis, spanning
1971-90. Protected forests include parks, preserves, and other forest land uses in which tree
cutting, removal, degradation, or human-linked disturbance is prohibited or minimal (for example,
biosphere reserves).

Area (108 ha) Change in
T —_— forest area

Latitudinal belt References Current Protected Plan- (10° ha
forests forests tations year~")

High
Russia (28, 74, 76) 884 178 43 -0.2
Canada (13, 16, 76) 436 9 3 -0.5
Alaska (15) 52 2 1 trace
Subtotal 1372 189 47 -0.7

Mid
Continental U.S.A. (15) 241 14 2 -0.1
Europe* (82) 283 40 1 +0.3
China (77, 78) 118 trace 31 +0.6
Australia (78, 79) 396 18 1 ~0.1
Subtotal 1038 72 35 +0.7

Low
Asia (20, 78) 310 49 22 -39
Africa (20, 78) 527 113 2 -41
Americas (20, 78) 918 105 _ 6 ~-74
Subtotal 1755 267 30 -15.4
Total 4165 528 112 -15.4

*Includes Nordic nations.
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Qur approach for producing current forest
C pool and flux estimates was to analyze and
integrate new studies on regional and na-
tional forest resource and C pool and flux
data to reach globally comprehensive esti-
mates. We divided the world’s forests into
three latitudinal belts: low-, mid-, and high-
latitude forests that occur between 0° to 25°,
25° to 50°, and 50° to 75° latitude, respec-
tively. Both open (including woodlands)
and closed forest systems were evaluated.
Nations or regions were grouped by latitude
on the basis of the approximate geographic
location of their forests. This approach ac-
counts for the inherent differences in forest
C pools and land-use changes between con-
tinents and countries. In contrast, previous
estimates depended largely on model projec-
tions and average point estimates of C den-
sities by forest type distributed across land-
scapes and summed for the world (4, 5).

We used a forest C budget methodology
(13-16), which quantifies all major pools
and fluxes, to achieve global estimates. A
global forest C budget was constructed with
recently completed national C budgets and
national or regional databases of C densities
and forest areas (data sources are referenced
in Tables 1, 2, and 3). All estimates of C
pools were made within the period 1987-
90. Estimates of C flux were made for
periods of various lengths, from 1970-90 for
Europe and Russia (28, 32), to 1981-90 for
Canada, to a single year of 1987 for the
United States (15), and annually back to
the 1800s for the low latitudes (we report
the values for 1990) (33). We made no
attempt to standardize these multidate esti-
mates to the same base year as their vari-
ability is relatively small. A single-year
global forest C inventory has not been
completed to date.

The primary forest C budget pool compo-
nents included all above- and below-ground
tree biomass, biomass of nontree vegetation,
soil organic matter to a depth of 1 m (includ-
ing peat), coarse woody debris, and fine litter.
The primary budget sources for C pools in
vegetation of low-latitude forests did not in-
clude estimates for below-ground biomass,
nontree biomass, and woody debris because
these budgets are incomplete; thus, we esti-
mated these values on the basis of regional
databases (see notes to Table 2). We did not
include in the inventories the long-term C
pools in durable wood products (for example,
houses and furniture) because this is an insig-
nificant component of the global total. For
example, total global wood production for the
last 30 years amounted to 20 Pg of C, about
half of which was used as fuelwood and the
other half was used for such things as sawlogs,
veneer, and pulp (35). Changes in the pools
of wood products were included in calcula-
tions of C flux.

Estimates of C flux were made on the
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basis of measured and simulated changes in
forest C pools caused by (i) shifts in land
use (for example, deforestation, logging,
and vegetation regrowth), (ii) changes in
forest status and successional state (for ex-
ample, aggrading versus degrading), and
(iii) ecosystem C assimilation and respira-
tion (mid- and high-latitude forests). A
complete description of the net forest flux
estimation method is as described (10, 13—
15, 33, 34). These net flux estimates are
distinct from projections of net ecosystem
productivity (NEP), because they do not
include changes in C pools associated with
a changing environment. This accounting
procedure for estimating global C pools and
flux is not (static C density) X (changes in
landscape area) because of dynamic factors
introduced by complex vegetation and soil
C cycling processes and shifting land uses.
Net C emissions are reported that account
for the rate of accumulation of C in vege-
tation, soils, litter, and wood products;
emission of C from burning and decay of
vegetation after disturbance; and oxidation
of wood products and soil C. Net C emis-
sions from naturally occurring forest fires,
where important in the landscape, were
also included (36).

The forest C budget methodology for
estimating C pools and flux is subject to
random and systematic errors which cannot
always be quantified. Errors (difference be-

tween true value and calculated or observed
value) may occur in the (i) primary data-
bases (such as land-use change, C densities,
and forest volumes), (ii) conversions of
primary data to quantities of interest (for
example, volumes to C densities), (iii)
spatial extrapolations (for example, small-
scale assessments to regions), and (iv) as-
sumptions regarding the components of the
forest C budgets. Where possible, we give a
range of mean values to reflect the uncer-
tainties caused by the errors.

Current biologic potential and land
technically suitable to conserve and seques-
ter C were estimated with national and
global forest C budget methodology and
databases described above (26, 27). Future
forest C pools and flux were projected by
the BIOME model which simulates the
transient and nontransient responses of for-
ests to projected climate change, changes in
land cover, and conversion to agriculture
(37-40). We evaluated future forest C
pools and flux under two climate change
scenarios, GISS and GFDL, with forest C
pool data in Table 2 (41).

Carbon Pools in Forest
Ecosystems

Our analysis of the recent studies indicates
that, globally, forest vegetation and soils
contain 359 and 787 Pg of C, respectively,

Table 2. Estimated C pools and area-weighted C densities (C pool per forest area in Table 1) in
forest vegetation (above- and below-ground living and dead mass) and soils (O horizon, mineral soil
to a depth of 1 m and colocated peatlands) in forests of the world. The date of the estimate varies
by country and region but covers the period 1987-90. The estimates of forest C pools are calculated
on the basis of complete C budgets in all latitudes (see text for methods).

C densities (Mg

C pools (Pg) ha-")
Latitudinal belt References

Vegetation Soils Vegetation Soils

High
Russia (28, 74, 76) 74 249 83 281
Canada (13, 16) 12 211 28 484
Alaska (15) 2 11 39 212
Subtotal 88 471 Mean 64 343

Mid
Continental U.S.A. (15) 15 26 62 108
Europe* (32) 9 25 32 90
China (77) 17 16 114 136
Australia (79) 18 33 _45 83
Subtotal 59 100  Mean 57 96

Low
Asia (20, 80) 411-54 43 132-174 139
Africa (20) 52t 63% 99 120
Americas (20) 119¢ 110% Eg L?_O
Subtotal 212 216§ 121 123
Total 359 787  Mean 86 189

*Includes Nordic nations. A factor of 1.75 was used to convert stem to total vegetation biomass (32). For soil C,

an average of 9 kg m~2 for temperate forests was used (43) and forest area in Table 1.

fEstimated as the

product of C densities by ecofloristic zone and areas of forest in each zone (20), corrected for roots, nontree

components, and woody debris (3, 44).

fEstimated as the product of forest area (Table 1) and an average of

12 kg m~—2 of soil organic C (derived as total tropical pool minus Asia divided by area of forests

in Africa and America).

§From (43) for mineral soil of all tropical forest life zones and from (87) for O horizon,

with total area adjusted according to Table 1. Another recent estimate gives 184 Pg in mineral soil only (82).
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for a total of 1146 Pg (Table 2). Earlier
projections ranged from 953 to 1400 Pg (5,
6, 42, 43). We estimate that soils and peat
contain ~69% and vegetation 31% of the
total forest C pool, whereas earlier analyses
reported an almost even split between soils
and vegetation. These differences could
reflect (i) changes in forest area during the
last decade or so, (ii) extensive forest deg-
radation and formation of secondary forests
at the global scale, but particularly in low
latitudes (18, 19), (iii) that earlier investi-
gators assumed that most forests were ma-
ture and used data from ecological field
studies that were not necessarily collected
from the population of interest and tended
to overestimate forest biomass C densities
(4, 15, 44), and (iv) use of different soil
data, which excluded peatlands colocated
with forest zones, at high latitudes [we
report a total of 471 Pg of C for these forest
zones compared with 179 to 182 Pg report-
ed earlier (6, 42, 43)].

The allocation of C between vegetation
and soils differs by latitude. A large part of
the vegetation (25%) and soil (59%) C
pools are located in the high-latitude forests
(Table 2). Significant peat deposits are
colocated with forests at high latitudes, and
many of these peats are covered with sparse
forest cover, particularly in Canada.
Sparsely vegetated lands partly explain the
low area-weighted average C density for
forest vegetation in Canada. In contrast,
Russian forests have the highest C densities
in vegetation, partly because they contain
relatively large quantities of standing and
lying dead wood. The forests of Russia
contain the largest proportion of the high-
latitude pools (58% of total) (Table 2);

thus, any future change in these forests

(21% of the world’s forest land area), par-
ticularly conversion to nonforest use, has
the potential to significantly affect the glob-
al C storage.

Mid-latitude systems account for a small
part of the global forest C pools (16 and
13% of the vegetation and soil, respective-
ly) (Table 2). The European forest C pool is
about one-half that of the other regions in
this latitudinal belt, and European forests
have the lowest average C density. China
has a relatively large forest vegetation C
pool and the smallest forest area among
mid-latitude nations. The implementation
of an intensive program of forestation and
management to enrich the forest resource
base of China may explain its high C
density forests. Australia, often considered
to be mostly a semi-arid country, has forests
with an average C density that is only 25%
less than that for forests in the continental
United States. Although mid-latitude for-
ests are a small proportion of the global
forest area (~25%), they are relatively
young, are expanding in area (Table 1),
and have the capability to accumulate C in
future decades (15, 32).

Low-latitude tropical forests are relative-
ly heterogeneous and contain 59 and 27%
of global forest vegetation and soil C, re-
spectively (Table 2). Weighted C densities
for forest vegetation range from 99 Mg ha™!
in tropical Africa to 174 Mg ha™! in trop-
ical Asia, although smaller regions (for
example, in Indonesia and Malaysia) may
contain more than 250 Mg ha™?! (18, 19).
Brazil’'s Amazon basin, containing the larg-
est area of tropical forest, accounts for 49 Pg
of C in forest vegetation or ~23% of the
total tropical vegetation C pool (3). Soil C
densities in the low-latitude forests are gen-

Table 3. Estimated annual C fluxes to (—) and from (+) the atmosphere by the world's forests. The
incipient influence of CO, enrichment on vegetation may be expressed in flux data but has not been
quantified. The reporting period varies by country (see text for further details).

T C flux
Latitudinal belt References (Pg year—)
High
Russia (28, 74) +0.30 to +0.50
Canada (13, 16) +0.08
Subtotal (mean =+ range) +0.48 = 0.1
Mid
Continental (15) +0.10to +0.25
U.S.A. and Alaska
Europe* (32) +0.09 to +0.12
China (77) ~0.02
Australia (79) trace
Subtotal (mean = range) +0.26 = 0.09
Low
Asia (33) —0.50to —0.90
Africa (33) -0.25t0 —0.45
Americas (33) —0.50to —0.70
Subtotal (mean =+ range) —1.65 = 0.40
Total -09+x04

*Includes Nordic nations.
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erally higher than those for the mid-latitude
forests (5, 43).

Carbon Sources and Sinks

The net C flux to the atmosphere from the
world’s forests caused by changes in land use,
forest status, and forest C cycling processes
was approximately —1.3 to —1.5 Pg year™!,
with a midpoint of —0.4 Pg year™! (Table
3). This is ~15% of global fossil fuel-based
C emissions. Deforestation in low latitudes
(currently, a net loss of forest area of 15.4
million ha year™!) (Table 1) produced 1.6 +
0.4 Pg of C per year. This source was
partially offset by a net sink of 0.7 = 0.2 Pg
of C per year in mid- to high-latitude forests
(Table 3). The conclusion that mid- and
high-latitude forests are a sink is different
from the results of other analyses which
estimated that these forests were approxi-
mately in balance in 1980 (10, 34).

Our estimate of a net release of 0.9 *
0.4 Pg of C per year from global forest
ecosystems to the atmosphere substantially
reduces the imbalance in the global C
budget. Substituting this new estimate for
the terrestrial source into the global C
budget given in (1) results in a total source
to the atmosphere of 6.3 £ 0.6 Pg year™!.
The sink value remains the same at 5.2 *
0.8 Pg year™!, and the imbalance (sources
~ sinks) now equals —1.1 = 1.0 Pgyear~!.
However, this reduction in the imbalance is
still not consistent with estimates of the
total net terrestrial C flux obtained from
geophysical data and modeling (1). Geo-
physical data imply that the net terrestrial
flux of C is near zero over the last decade.
That is, emissions of C from fossil fuel
combustion are accounted for by the ob-
served increase in atmospheric C and the
modeled uptake of C by oceans. Thus, the
release of C from changes in forest land use
must be balanced by the accumulation of C
elsewhere. Using latitudinal gradients in
atmospheric CO, concentration, relative
abundance of *CO,, and precise measure-
ments of atmospheric O, (45), investigators
have suggested that C is accumulating on
land, particularly in the low- or mid-lati-
tude forests (2). Because we have shown
that changes in land use in the low-latitude
forests are a significant C source (Table 3),
any accumulation on land would have to be
over and above that being released by
changes in land use, that is, in previously
disturbed and regrowing forests (34, 46).

If the imbalance in the global carbon
budget were to be explained by the accumu-
lation of C in northern mid-latitude forests,
the required rate of accumulation would
average ~1.5 Mg ha~!year™! or 2 to 3% of
their present standing stock in vegetation.
Although this rate is within the range of
values reported for intensively studied plots
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(47) and less than an estimate of 3.7 Mg
ha™! year™' based on ecosystem CO, ex-
change in a successional forest in the north-
eastern United States (48), the required rate
is more than the average rates determined
for U.S. forests (1.4 Mg ha™! year™!) (15)
and European forests (0.4 to 0.6 Mg ha™!
year™!) (32). More importantly, the esti-
mates of C accumulation in U.S. and Euro-
pean forests are based on observed rates of
growth over large areas. The observed rates
are the basis for the C flux reported here and
they helped define the global C imbalance.
If the missing C was to be accumulating in
these forests, the observed rates of growth
must have been an underestimate of the
actual rates by a factor of up to 4, which is
unlikely. Many forest ecosystems are likely
not accumulating C at high rates in vegeta-
tion because of poor site conditions, anthro-
pogenically induced stresses, or successional
stage (6, 32, 34). Accumulation of C in
forest soils could account for an additional C
sink, especially in second-growth forests at
mid- and high latitudes (49). Similarly,
global accumulation rates of C in woody
detritus of forests may also be underestimat-
ed (14). However, we expect these addition-
al sinks to be small compared with the C
accumulation rates in vegetation.

In our estimates of C flux, uncertainties
exist for all forests but are largest in low-
latitude forests. Many of the mid- or high-
latitude forests are covered by permanent
national forest inventories, on relatively
homogeneous landscapes, and currently
subject to less modification by humans than
low-latitude systems (13—16). Much of the
uncertainty in estimates for mid-and high-
latitude forests results from differences in
accounting for the C in wood products and
in organic matter left in the forest after
harvest (34). In low latitudes, uncertainties
in estimated rates of forest area change
(deforestation and reforestation) are high
and may vary by 10 to 30%. Moreover,
spatial variation in vegetation C density
estimates may be up to 90% of mean values
(18, 50). Although estimates of biomass C
densities have been improved (18, 19),
these estimates are in need of constant
refinement because of forest degradation.
Losses due to degradation are not from
clearing of forests but a gradual reduction in
biomass C density by nonsanctioned re-
moval of wood for timber or fuel (9, 18, 19,
51). For example, primary forests of penin-
sular Malaysia lost ~35% of their biomass
C density during 1972-82 from removal of
large-diameter trees as the forests became
more fragmented (51).

National forest inventories and contin-
uous forest monitoring systems are not uni-
formly available, particularly in most low-
latitude nations. Thus, there is no consis-
tent method to measure and detect changes
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(degradation or accumulation) in the C
stored in forests. In models of land-use
change used for estimating C flux, forests
that have not been cut or cleared within
the past 100 years or so are assumed to be in
C steady state (10), which cannot be sup-
ported by recent work (46). Uncertainties
in balancing the C flux from forest land-
scapes will remain until a coordinated glob-
al network of permanent forest inventory
plots and the application of remote sensing
technology to measure changes in area and
condition of forests, including “mature”
forest, is undertaken.

Forest Carbon Conservation
and Sequestration

Although forests are continuously recycling
C (photosynthesis and decomposition), the
period of C sequestration by net storage in
vegetation and soil can range from years to
centuries with the time scale dependent on
species, site conditions, disturbance, and
management practices. Estimates of unreal-
ized global forest C conservation and se-
questration potential, calculated on the
basis of C budget methodology, suggest a
biologic capability of 1 to 3 Pg of C annu-
ally for as much as a century (26-28).
Forest management practices to conserve
and sequester C can be grouped into four
major categories: (i) maintain existing C
pools (slow deforestation and forest degra-
dation), (ii) expand existing C sinks and
pools through forest management, (iii) cre-
ate new C sinks and pools by expanding
tree and forest cover, and (iv) substitute
renewable wood-based fuels for fossil fuels.
Management of forests as C reservoirs often
complements other environmental goals in-
cluding protection of biologic, water, and
soil resources (52).

Maintenance of existing forest C pools.
Slowing forest loss and degradation can
significantly affect C flux across all forest
biomes (Tables 1 and 3). International and
national efforts are being proposed and
mounted to reduce deforestation, particu-
larly in low latitudes. For example, defor-
estation in Brazil's Amazon basin dropped
40% between 1988 and 1991 (3, 53). In
Thailand, incentives for shifting cultivators
to establish agroforest systems to offset de-
forestation and reforest degraded lands has
conserved or sequestered ~1 Pg of C over
the past 20 years (54). Establishment of
biosphere reserves, extractive reserves, na-
tional parks, and other forest conservation
and management programs maintains forest
C pools even though they were not specif-
ically designed for that purpose (Table 1)
(30, 56, 57). Our analysis (58) projects that
cumulative deforestation (on the basis of
past and ongoing trends) could be slowed by
138 million ha by the year 2045 from a base
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through implementation of forest management

in low latitudes (58).

line projection of 650 million ha under
future scenarios, thus conserving up to 0.5
Pg of C per year (Fig. 1).

Similar opportunities to maintain forest
C pools also exist at high latitudes. For
example, 40% of forests in the former So-
viet Union have no fire monitoring or
protection system. Implementation of a
comprehensive fire management system
could increase the near- and long-term C
sinks in Russia by up to 0.1 and 0.6 Pg
year™!, respectively (28).

Expansion of existing C sinks and pools.
Large areas of forest (vegetation and soils)
at all latitudes are not at maximum C storage
(26, 28, 32). Most of what has been consid-
ered to be primary tropical forests are sec-
ondary forests that could accumulate C over
many decades if they were protected (26, 46,
59, 60). Areas of tropical Asian forests
continue to lose biomass because of log
poaching and fuelwood gathering (9, 18,
19). In some regions C accretion is occurring
(for example, in managed forests), but it is
not a widespread phenomenon (46, 51). In
the United States and other mid-latitude
nations, net C accumulation of commercial
timberland, on average, is below its biologic
capacity, and these forests can store more C
in future decades (15, 32).

Practices to expand or conserve forests
also influence soil C pools, including (i)
forestation to reduce erosion, (ii) addition
of amendments to improve soil fertility,
(iii) concentration of intensive tropical ag-
riculture and reduction of shifting cultiva-
tion, (iv) removal of marginal lands from
agricultural production that is followed by
forestation, and (v) retention of forest litter
and debris after silvicultural or logging ac-
tivities. Accumulation of soil C in mature
forests occurs over decades to centuries
(49), but C aggradation on relatively
young, disturbed or degraded soils, particu-
larly in low latitudes, can range from 0.5 to
2.0 Mg ha™! year™! (54, 61, 62).

Creation of new C sinks and pools. Humans

have cleared over 750 million hectares of



land within low latitudes (60, 63), and more
than 90% of this land is inefficiently man-
aged, is in marginal agricultural uses, has been
degraded, or has been abandoned (59-61,
63). Hundreds of millions of additional hec-
tares in high- and mid-latitude regions fall
into similar land-use categories. There may be
100 million hectares of formerly harvested
sites and abandoned lands available for fores-
tation in the former Soviet Union (28). Sim-
ilarly, more than 100 million hectares of
economically and technically marginal lands
in Europe and the United States could support
forest cover (54, 55, 64).

Expansion of forests at all latitudes could
sequester significant quantities of C (54-56,
60-62, 65). Estimates of forest C sequestra-
tion suggest a biological potential of up to 1
to 2 Pg annually over a period of decades to
centuries (30, 56-58, 65). On the basis of
technical suitability of land and biological
potential of forest growth, the low latitudes
offer the greatest potential for C conserva-
tion and sequestration (26). Natural regen-
eration of previously disturbed forests will
significantly increase C sequestration. Es-
tablishment of plantations and agroforestry
appear to be less important tools to seques-
ter C (Fig. 1), but without these manage-
ment options, protection and regeneration
of existing forests is highly unlikely.

Substitution of wood fuels for fossil fuels.
Although forest C conservation and seques-
tration could help mitigate some greenhouse
gas emissions in the future, currently available
options could offset ~5 to 15% of current
fossil fuel emissions (I, 30, 56, 57, 65).
Substitution of sustainable woody biomass en-
ergy, a renewable source, for fossil fuel com-
bustion is an alternative method of C conser-
vation in all forest nations (25,30, 31, 52, 54,
56). Short-rotation woody crops have the
potential, with advances in energy conserva-
tion and crop yield, to reduce global fossil fuel
emissions by up to 20% (25, 30, 31).

Global Forest C Cycling: Prognosis

The timing and magnitude of future changes
in forest C cycling will depend on (i)
environmental factors such as changing cli-
mate, accumulation of atmospheric CO,,
and increased global mobilization of nutri-
ents such as N and S (12, 66), and (ii)
human factors such as demographics, eco-
nomic growth, technology, and resource
management policies (52). The interactive
effects of all these factors on the world’s
forest regions are complex and not intu-
itively obvious and are likely to differ
among geographic regions.

High- and mid-latitude forests will prob-
ably be more strongly influenced by environ-
mental factors than low-latitude regions. Of
particular concern are the lagged, or tran-
sient effects of climate change that may

increase C flux to the atmosphere or alter
current C storage, including increasing soil
C oxidation (67), changing productivity of
forests in an increasingly exotic climate
(68), shifts in the occurrence of C-dense
trees (for example, late-successional species)
(69), and the local absence of climatically
appropriate tree species because of delays in
immigration to newly available habitats (70—
72). Those processes that decrease C storage
under a changed climate could be compen-
sated by responses that increase C sequestra-
tion in forests; for example, young forests
have high rates of net C accretion (15, 32),
increased soil C decomposition may increase
rates of soil nutrient mobilization (8), and
the increase in atmospheric CO, may in-
crease above- and below-ground forest pro-
ductivity (12, 66), particularly in the ever-
increasing area of secondary forests. Results
from a global biogeochemical model, which
considers only environmental factors, pro-
ject that net primary productivity of forests
may increase up to 25%. Improvements in
productivity were attributed to warmer am-
bient conditions, mineralization of soil N,
and CO, enrichment (66). Although large-
scale field experiments at the ecosystem level
are needed to evaluate the long-term im-
pacts of changes in future environmental
conditions on C cycling, current trends from
field studies point toward changes in patterns
of C accumulation in the system in response
to increases in CO, enrichment (12).

Future changes in low-latitude land-use
patterns, particularly continued deforesta-
tion, could overwhelm changes in C pools
and flux caused by future environmental
conditions (37, 38, 63, 73). Demographic
projections of increases in low-latitude hu-
man population and associated agricultural
and industrial development in future dec-
ades suggest that these pressures will be
great (52). To assess the potential impacts
of the combined effects of human and en-
vironmental factors on forests, we used the
BIOME model (40). Potential transient
and nontransient changes in forest C pools
under moderate (GISS) and intense
(GFDL) climate change scenarios (41) were
projected. Nonirrigated agriculture was as-
sumed to replace 50% of the native vegeta-
tion in regions where it becomes climatical-
ly suitable in the future (37, 38). Thus, the
combined effect of changing climate and
atmospheric composition on native forest
vegetation (39) and on agricultural area
(37, 38) was simulated.

The GISS nontransient climate scenario
simulation showed a net decrease in forest
C storage of 27 Pg and GFDL of 176 Pg,
both primarily from soil C losses at high
latitudes. Other C cycling response projec-
tions (37-39, 70-72, 75) are not compara-
ble with our results because they used high-
er estimates of forest C density (4, 5) and
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did not include future expansion of agricul-
ture (37, 38). On the basis of BIOME
output (40), the transient projection of
total future C emissions from forest lands,
without emission from land-use change,
annualized over a 100-year period was 4.1
Pg of C per year for the moderate and 4.2
Pg of C per year for the intense scenario.
Projected total future forest C emissions
with climate-induced land-use change is
4.4 to 6.0 Pg year™! without implementa-
tion of adaptation or mitigation practices.

In summary, large uncertainty exists
with our ability to project future forest
distribution, composition, and productivity
(70-72). Moreover, global models have not
been developed that consider the role of
improved forest management in mitigating
C flux to the atmosphere under transient or
nontransient climate change scenarios (25,
30, 31, 54-56, 58). The potential to adapt
forest ecosystems to help minimize green-
house gas emissions is considerable in mid-
latitude forests given current infrastructure
and technology (30, 54-57). However, the
effects most responsible for future C emis-
sions, such as decline in forests and expan-
sion of agriculture, should be considered in
development of forest C conservation and
sequestration options.
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