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Abstract. Using forests to mitigate climate change has gained much interest in science and policy discussions.
We examine the evidence for carbon benefits, environmental and monetary costs, risks and trade-offs for a variety of
activities in three general strategies: (1) land use change to increase forest area (afforestation) and avoid
deforestation; (2) carbon management in existing forests; and (3) the use of wood as biomass energy, in place of
other building materials, or in wood products for carbon storage.
We found that many strategies can increase forest sector carbon mitigation above the current 162–256 Tg C/yr,

and that many strategies have co-benefits such as biodiversity, water, and economic opportunities. Each strategy
also has trade-offs, risks, and uncertainties including possible leakage, permanence, disturbances, and climate
change effects. Because ;60% of the carbon lost through deforestation and harvesting from 1700 to 1935 has not yet
been recovered and because some strategies store carbon in forest products or use biomass energy, the biological
potential for forest sector carbon mitigation is large. Several studies suggest that using these strategies could offset as
much as 10–20% of current U.S. fossil fuel emissions. To obtain such large offsets in the United States would require
a combination of afforesting up to one-third of cropland or pastureland, using the equivalent of about one-half of
the gross annual forest growth for biomass energy, or implementing more intensive management to increase forest
growth on one-third of forestland. Such large offsets would require substantial trade-offs, such as lower agricultural
production and non-carbon ecosystem services from forests. The effectiveness of activities could be diluted by
negative leakage effects and increasing disturbance regimes.
Because forest carbon loss contributes to increasing climate risk and because climate change may impede regeneration

following disturbance, avoiding deforestation and promoting regeneration after disturbance should receive high priority
as policy considerations. Policies to encourage programs or projects that influence forest carbon sequestration and offset
fossil fuel emissions should also consider major items such as leakage, the cyclical nature of forest growth and regrowth,
and the extensive demand for and movement of forest products globally, and other greenhouse gas effects, such as
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methane and nitrous oxide emissions, and recognize other environmental benefits of forests, such as biodiversity, nutrient
management, and watershed protection. Activities that contribute to helping forests adapt to the effects of climate
change, and which also complement forest carbon storage strategies, would be prudent.

Key words: afforestation; avoided deforestation; carbon emission offsets; carbon storage and sequestration; disturbance risk;
greenhouse gas mitigation; intensive silviculture; substitution; urban forestry; wood biomass energy; wood products.

INTRODUCTION

Carbon dioxide (CO2) and other greenhouse gases

(GHGs) have increased markedly since the Industrial

Revolution because of the combustion of fossil fuels for

energy and from changes in land use, such as

deforestation for agriculture. Because CO2 emissions

from fossil fuels have a long residence time in the

atmosphere and because the Earth will take centuries to

come into thermodynamic equilibrium with higher

GHG concentrations, the effects of elevated GHGs on

global climate and ecosystems will last for a millennium

or more (Archer 2005, Solomon et al. 2009).

We examine how forests and products from forests

could be managed to sequester more carbon and slow

the release of carbon to the atmosphere, with a focus on

the United States. We review the available literature to

answer two questions: (1) Can forest management and

use of wood products provide carbon sinks that will last

for a defined period of time? (2) What are the major

trade-offs, risks, uncertainties, and co-benefits of using

forests and wood products to help reduce or slow the

increase in GHG concentrations?

To answer these questions, we first examine the global

and forest carbon cycles, the role that forests have in the

global carbon cycle, and how human activities have

influenced these cycles. Next, focusing on the biological

and biophysical processes, we examine the major

strategies for forest carbon storage, including: land use

change, forest management, biomass energy, wood

products, urban forest management, and fuel treatments

to decrease loss of carbon stocks. We then discuss some

methods to measure forest carbon. We also briefly

discuss the economics and policy features surrounding

forest carbon storage. Finally, we then identify major

risks, uncertainties, trade-offs, and synergies with other

ecosystem and societal values. We conclude with

considerations for policy.

Human alteration of the global carbon cycle

Since the Industrial Revolution, atmospheric CO2

concentration ([CO2]) has increased from 280 parts per

million (ppm) to over 385 ppm as a result of over 400

petagrams (Pg) of carbon (C) (1 Mg C¼ 3.67 Mg CO2)

released to the atmosphere from human activities

(Siegenthaler et al. 2005, IPCC 2007). Currently, human

activities contribute CO2 to the atmosphere through the

combustion of fossil fuels (totaling 8.76 0.5 Pg C/yr in

2008) and from deforestation and changes in land use

(1–2 Pg C/yr) (Houghton 2005, IPCC 2007, CDIAC

2009, Le Quere et al. 2009). The current rate of

increasing atmospheric CO2 concentration would be

greater if it were not for the absorption of about one-

half of the fossil fuel emissions by the terrestrial

biosphere (3.0 Pg) and the oceans (2.3 Pg) (Schimel et

al. 2001, Gurney et al. 2002, Le Quere et al. 2009). Plants

and soil store ;2000 Pg C, ;60% of which is contained

in forests and forest soils (Winjum et al. 1992). Because

forests comprise a large and active portion of the

terrestrial carbon stocks and flows (Fig.1), altering

human activities to maintain forest carbon stocks and

promote greater CO2 uptake and storage has gained

much attention as an option for reducing atmospheric

CO2 concentrations.

THE FOREST CARBON CYCLE

The exchange of CO2 between forests and the

atmosphere is complicated. Live and dead trees store

;60% of the carbon in forest ecosystems. Trees are long-

lived and forests can accrue carbon over a long time.

Disturbance periodically kills some or all of the trees

and changes the balance between production and

decomposition, the consequences of which occur over

large temporal and spatial scales (Figs. 2 and 3).

Forest stands are vulnerable to natural disturbances

such as fire, disease, fungal infections, insect infesta-

tions, and weather damage (Kurz et al. 2008a, b, Balshi

et al. 2009, van Mantgem et al. 2009, Metsaranta et al.

2010). Outbreaks of mountain pine beetle in western

North America, for example, have caused extensive tree

mortality over millions of hectares from western Canada

to Arizona. Stand-replacing fire is very common in the

United States, and many forest types are well adapted to

and depend on fire. Natural disturbances affect forests

on different temporal and spatial scales (Pickett et al.

1989); some forests experience significant mortality due

to disturbance in average intervals of less than 100 years,

while disturbance intervals in some forests can be much

longer.

Disturbance such as stand-replacing fire can release

large amounts of CO2 from forests, but forest carbon

stocks will usually fully recover over the life cycle of the

forest (Kashian et al. 2006). Fire causes tree death and

reduces total carbon stocks initially (Fig. 2). However,

most of the aboveground carbon stocks are retained

after fire in dead tree biomass, because fire typically only

consumes the leaves and small twigs, the litter layer or

duff, and some dead trees and logs (Rothstein et al.

2004; Fig. 2). Trees killed by fire retain their carbon

initially but then gradually lose carbon to the atmo-

sphere as they decompose over decades. Soon after

disturbance, new trees begin to grow and store carbon

while dead trees decompose. The ratio of carbon in
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living-to-dead biomass increases over time, as do total

ecosystem carbon stocks, until the forest and carbon

stocks are fully recovered (Fig. 2).

Although disturbances subject forests to boom and

bust cycles in carbon stocks over time, this effect is

moderated over large spatial scales because a single

disturbance rarely affects an entire landscape at the

same time (Harmon 2001). Forested landscapes often

resemble a mosaic of many stands in different stages of

recovery, due to different types and timing of distur-

bance. Over large spatial and long temporal scales, the

average forest carbon stocks are relatively stable over

time (Fig. 3; Harmon 2001, Kashian et al. 2006,

Smithwick et al. 2007). However, changes in the

frequency and severity of disturbance regimes, including

synchronized stressors, over large areas compared to the

historical norm, such as through human intervention or

climate change, can increase or lower the average forest

carbon stocks over time (Kashian et al. 2006, Smithwick

et al. 2007).

Human alteration of the U.S. forest carbon cycle

Human activities directly influence carbon uptake and

storage in U.S. forests in dramatic ways. From 1700 to

1935, large-scale forest use for wood fuel and timber and

forest clearing for agriculture resulted in a loss of ;60%

of the total forest carbon stocks, with carbon emissions

from forest clearing peaking at 400–800 Tg C/yr around

1900 (Fig. 4; Birdsey et al. 1993, 2006, Houghton et al.

1999). Beginning in the early 20th century, choice of

energy source and building materials shifted from wood

FIG. 1. Plants and soil play a large role in the global carbon cycle as shown by the stocks and annual fluxes (values are in
petagrams, Pg). Non-filled and solid light-gray arrows are the historical fluxes between the oceans and the atmosphere, and plants
and soil and the atmosphere (100 Pg/yr), that would have occurred without human influence. The filled light gray arrow is the
additional ocean absorption of CO2 (3.2 Pg/yr) resulting from increased CO2 in the atmosphere since the Industrial Revolution.
The black arrows are the fluxes to the atmosphere from fossil fuel combustion (8.7 Pg/yr) or deforestation (1.4 Pg/yr). The solid
dark gray arrow is the flux from the atmosphere to the land, mostly from forest regrowth (3 Pg/yr). The measured atmospheric
increase of 4.1 Pg C/yr is not equal to the sum of the additions and withdrawals because they are estimated separately and with
associated uncertainties (le Quere et al. 2009). For perspective, U.S. fossil fuel emissions are ;1.6 Pg C/yr, and forests in the
conterminous United States contain ;41 Pg C and a net carbon storage rate of ;0.2 Pg C/yr. Globally, forests contain ;1100 Pg C
but only have a net carbon storage rate of ;1.0 Pg C/yr due, in large part, to deforestation globally (Dixon et al. 1994).

FIG. 2. If a forest regenerates after a fire and the recovery is
long enough, the forest will recover the carbon lost in the fire
and in the decomposition of trees killed by the fire. This concept
is illustrated here by showing carbon stored in forests as live
trees, dead wood, and soil and how these pools change after
fire. Model output is from an analysis published in Kashian et
al. (2006).
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to fossil fuels, steel, and concrete, and agriculture was

abandoned in many areas. As a result, forest regrowth in

the United States has recovered ;40% of the carbon lost

to the atmosphere through the deforestation and

harvesting before 1935 (Birdsey et al. 1993, 2006).

Because a significant portion of former forestland is now

cropland or pastureland (Smith et al. 2007), U.S. forests

will not recover all of the forest carbon stocks present

prior to European settlement without drastic reductions

to U.S. agricultural output.

How much longer U.S. forests will continue to be

carbon sinks as a result of this recovery is unclear.

Forests in the conterminous United States and derived

forest products currently store 216–313 Tg C/yr, which

is equivalent to about 10–20% of U.S. fossil fuel

emissions (Table 1; SOCCR 2007, USEPA 2010).

Continued human population growth and exurban

development will continue to exert pressure to reduce

existing forests and associated carbon benefits.

Humans also affect forest carbon dynamics indirectly

by altering disturbance regimes, increasing atmospheric

CO2 and nitrogen deposition, and changing global and

regional climate (Pastor and Post 1988, Scheffer et al.

2001, Denman et al. 2007, Canadell et al. 2007a,

Magnani et al. 2007, Lenihan et al. 2008, Janssens and

Luyssaert 2009). Fire suppression, land use change, and

climate change in the United States have altered the fire-

return intervals in many forests (Fellows and Goulden

2008, Mitchell et al. 2009). As a result, tree densities and

carbon stocks in some forests are often greater than

before (Houghton et al. 1999), but large stand-replacing

fires are also more common (Covington and Moore

1994, Hurtt et al. 2002, Westerling et al. 2006). Where

soil nutrients and water are not strongly limiting,

increased atmospheric [CO2] attributed to human

activities can enhance tree growth (Schimel et al. 2000,

McCarthy et al. 2009, McKinley et al. 2009, Norby et al.

2010). Similarly, release of biologically reactive nitrogen

from human activities into ecosystems can increase plant

growth where nitrogen availability constrains plant

growth and potentially decrease plant growth in some

sensitive forest ecosystems (Townsend et al. 1996, Aber

et al. 1998).

BIOPHYSICAL EFFECTS OF FOREST COVER

Forest cover influences albedo (the amount of

radiation that is reflected from the Earth’s surface)

and evapotranspiration, potentially changing regional

climate (Bala et al. 2007, Jackson et al. 2008). Forests

generally absorb more solar radiation (have lower

albedo) compared to other land cover; so, when forest

area increases, more radiation is absorbed resulting in

warming air masses (Bonan 2008). The strongest

potential warming effect occurs when boreal forest

cover replaces snow-covered ground, which has very

high albedo (Bonan 2008). Forests can also reduce air

temperatures relative to other cover types because

forests typically support high rates of evapotranspira-

tion, which increases evaporative cooling, cloud forma-

tion, and precipitation (Bonan 2008). Tropical forests

have high evapotranspiration and the strongest cooling

effects, while boreal forests, with relatively little

evapotranspiration, have weak cooling effects. The

effects of albedo and evapotranspiration rates are

generally less than the carbon effects of land use change,

but they are the highest when land use changes between

forest and non-forest cover (Jackson et al. 2008). The net

effect of these biophysical processes on climate are not

well understood, particularly for temperate forests,

which comprise most of the forests in the United States

(Bonan 2008).

FIG. 3. Management actions should be examined for large
areas and over long time periods. This figure models how the
behavior of carbon stores changes as the area becomes larger
and more stands are included in the analysis under normal
disturbance regimes. As the number of stands increases, the
gains in one stand tend to be offset by losses in another, and
hence the flatter the carbon stores curve becomes. The average
carbon store of a large number of stands is controlled by the
interval and severity of disturbances. That is, the more frequent
and severe the disturbances, the lower the average becomes (not
shown).

FIG. 4. The carbon balance of the U.S. forest sector shows
that clearing for agriculture, pasture, development, and wood
use released ;42 000 Tg of carbon from 1700 to 1935, and
recovered ;15 000 Tg of carbon from 1935 to 2010. Adapted
and reprinted from Birdsey et al. 2006, with permission from
the American Society of Agronomy, Crop Science Society of
America, and Soil Science Society of America.
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DISTRIBUTION AND FLUX OF FOREST CARBON

IN THE UNITED STATES

The United States including Alaska supports 303

million ha of forestland, ;7.7% of the world’s total,

with forest carbon stocks varying greatly in response to

the wide ranges in environmental conditions, land use

history, and current human influences (Figs. 5 and 6;

FAO 2007, Woodbury et al. 2007a). Forests of the

conterminous United States, most of which are

classified as temperate forests, cover an area of ;251

million ha and contain ;41 000 Tg C, most of which

(63% or 25 800 Tg C) is contained in the eastern United

States (Smith and Heath 2004, 2008, Woodbury et al.

2007b, USDA 2008; Fig. 5A). Publicly owned forests,

primarily found in the West, comprise ;40% of all

forestland in the conterminous United States and

contain ;19 000 Tg C (Smith and Heath 2004). Forests

occupy the greatest fractions of land area in the

southern and northeastern regions (Figs. 5A and 6A),

while the largest total forest carbon stocks are found in

the southern and Pacific regions (Fig. 6B), which also

have the highest forest carbon density (Fig. 6C). The

Great Plains states have the lowest forest carbon stocks

of any region; however, on their eastern edge,

increasing tree density and woody plant encroachment

TABLE 1. U.S. forest carbon storage and flux estimates and some published potential mitigation estimates for various activities.

Category and item Estimate (Tg C/yr) Source

Forest growth

Net growth 184 Smith et al. (2007: Table 36), summary line,
assuming wood density of 400 kg/m3 for
softwoods and 600 kg/m3 for hardwoods and
a carbon content of 50%; excludes interior
Alaska.

Removals 110 Same as for net growth.
Mortality not removed 55 Same as for net growth.
Gross growth 349 (Net growth þ Mortality þ Removals)

Current forest sector carbon storage

Forest annual net carbon storage change 192 2008, USEPA (2010), Table 7-7; excludes
interior Alaska.

Harvested wood annual net carbon storage change 24 Same as above.

Total 216
Forest annual net carbon storage change 256 SOCCR (2007), Table ES-1.
Harvested wood annual net carbon storage change 57 Same as above.

Total 313

Mitigation potential

Afforestation 1, 37, 119, 225 USEPA (2005), Table 4-5 for carbon prices of
$18, $55, $110, $183 per Mg C, respectively.
1 Tg C/yr requires 262 000–1 133 000 ha of
crop or pastureland suitable for tree growth.

Forest management 29, 60, 86, 105 Same as above. Activities include longer harvest
interval, increasing growth, establishing
preserves. 1 Tg C/yr requires 479 000–707 000
ha of forestland suitable for management.

Forest sector total 30, 97, 205, 330 Same as above.
Biomass energy 190 Perlack et al. (2005)
Biomass energy 130 Zerbe (2006)
Avoided deforestation Unknown
Forest management Unknown
Product substitution Unknown
Urban forestry Low
Fuel treatments Unknown

Urban forests

Urban forest net annual carbon stock change 26 2008, USEPA (2010), Table 7-42.

Fire emissions

Annual emissions from forest fires 67 USEPA (2010), Table 7-9. Averaged over 2000,
2005–2008.

CO2 emissions

U.S. CO2 emissions 1615 2008, USEPA (2010), Table ES-2.
U.S. non-CO2 GHG emissions 282 2008, CO2 equivalent, USEPA (2010), Table

ES-2.

Total 1897

Note: Mitigation potential is in addition to some baseline projection of forest sector carbon storage. The multiple values in the
‘‘estimate column’’ correspond to the dollar values in the ‘‘source’’ column. For example, under afforestation we could sequester 1,
37, 199, and 225 Tg C/yr if we provide subsidies in the amount of $18, $55, $110, and $183, respectively.
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are increasing carbon stocks (Briggs et al. 2005).

Southern forests cover the greatest area in the

conterminous United States and form a strong carbon

sink because of their young age structure (resulting

from past human disturbance) and very active forest

management in this region (Turner et al. 1995, Johnsen

et al. 2001; Figs. 5 and 6). About 13 million ha of

southern forests are in pine plantations and include

some of the more intensively managed forests in the

world (Fox et al. 2007b).

FIG. 5. (A) Average statewide forest carbon stocks (Mg C/ha) in live and dead trees in the conterminous United States and (B)
changes (Mg C ha/yr) in forest carbon stocks from 1990 to 2005. Dark green represents the states with forests having the greatest
carbon stocks or most carbon gain; light green represents the least. These maps were generated using data from the Forest
Inventory and Analysis National Program (FIA). (Adapted from Woodbury et al. 2007b.)
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Current net forest growth in the United States

(excluding interior Alaska) is 184 Tg C/yr, while 110

Tg C/yr is harvested annually and 55 Tg C/yr is lost to

mortality and not harvested, giving gross forest growth

of 349 Tg C/yr (Table 1; Smith et al. 2007: Table 36).

Estimates of current annual net carbon storage change

for U.S. forests are 192 Tg C/yr (USEPA 2010) and 256

Tg C/yr (SOCCR 2007). Differences among the

estimates arise from differences in area included and

different assumptions about carbon accumulation in

pools that are difficult to measure. For example, the

SOCCR (2007) estimate uses a much greater estimate

for soil carbon accumulation (from Pacala et al. 2001)

and includes carbon accumulation in urban forests.

Although USEPA (2010) includes an urban tree

category, we have not included that amount in the

forest estimate we are using. For reference, U.S. CO2

emissions in 2008 were 1615 Tg C/yr with another 282

Tg C/yr from other greenhouse gases such as methane

and nitrous oxides (converted into CO2 using ‘‘global

warming potentials’’) (USEPA 2010).

MANAGING FORESTS FOR CARBON: PROJECT SYSTEM

BOUNDARIES AND KEY CONCEPTS

Defining system boundaries is critical for evaluating

the carbon impact of any carbon project. However,

because CO2 is well mixed in the atmosphere, important

processes that control atmospheric CO2 could be outside

of the system boundary but remain unknown because

they are too difficult to measure. For example, if system

boundary for a project is a forest area, then decreasing

harvests can influence activities outside of this boundary

owing to a societal need to compensate for lowered

supply of wood products by increasing supply elsewhere.

Given a particular system boundary these so called

‘‘leakage’’ effects can be difficult to estimate. Other

processes that are often not incorporated into the system

boundary for a project include: possible emissions from

disturbance or from planting, thinning, and harvesting;

emission offsets (defined later in Carbon offsets, credits,

and additionality) from wood energy use; and emission

offsets from use of wood in place of alternate materials

that emit more CO2 in their manufacture. Economic

market processes that influence the contribution of

emission offsets from avoiding use of wood substitutes,

use of biomass energy, and change in imports and

exports of carbon in harvested wood products may have

a notable influence on carbon stocks and offsets, and are

discussed more in Expanding the Role of Forests in

Mitigating Climate Change.

For our review of forests and carbon, we consider the

forest project boundary (Fig. 7) to include one or more

of the following: carbon stored in the forest, carbon

stored in wood products in use and in landfills (Micales

and Skog 1997, Skog 2008, Heath et al. 2010, Werner et

al. 2010), and fossil fuel emissions that may be reduced

by increases in wood biomass energy use (Schlamadinger

et al. 1995) or reductions in fossil fuel emissions from

FIG. 6. (A) Total land area and forested area, (B) forest
carbon in aboveground (non-soil forest carbon) and soil carbon
stocks, and (C) carbon density of aboveground and soil carbon,
including coarse roots of each region in the conterminous
United States. Included states in each region are: Mountain
(Arizona, New Mexico, Colorado, Utah, Wyoming, Montana,
Idaho, Nevada); Great Plains (Texas, Oklahoma, Kansas,
North Dakota, South Dakota, Nebraska, Missouri, Iowa);
Southern (North Carolina, South Carolina, Georgia, Florida,
Alabama, Mississippi, Louisiana, Arkansas, Kentucky, West
Virginia, Virginia, Tennessee); Northern Lake (Wisconsin,
Michigan, Illinois, Minnesota, Indiana, Ohio); Pacific (Wash-
ington, Oregon, California); and Northeastern (Massachusetts,
New Hampshire, Maine, Rhode Island, Vermont, Connecticut,
New York, New Jersey, Pennsylvania, Maryland, Delaware).
Data source for carbon stocks and changes in U.S. forests is
USDA (2008).
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the substitution of wood for products such as steel and

concrete that emit higher amounts of GHGs in their

manufacture (Lippke et al. 2004, Perez-Garcia et al.

2005, Zerbe 2006). Conclusions about the effect of a

carbon project will be influenced by the choice of the

carbon storage and emission processes that are included

within the system boundary.

Carbon offsets, credits, and additionality

A carbon offset is a reduction in greenhouse gas

emissions (or an increase in carbon sequestration) by

one individual or organization that can compensate for

(or offset) emissions made by another individual or

organization. The latter can thus use the former’s offset

to manage emissions. Offsets can refer to either carbon

physically stored in forests and forest products or a

reduction in fossil fuel carbon emissions as a result of

the use of forest products (Fig. 7). Offsets are financial

instruments that could be traded (bought and sold) as

‘‘carbon credits.’’ Carbon offsets require additionality,

that is, the carbon benefits occur as a result of an action

deliberately taken to increase carbon sequestration

above some reference level or ‘‘baseline’’ value (Vine et

al. 2001). Estimates of additionality and timing of offset

can be uncertain as in the case of offsets due to the

effects of substitution of wood products for other

building materials, substitution of wood biomass energy

for fossil fuels, and changes in land use due to changes in

management or product use. The baseline can differ

with different system boundaries for a project. The

baseline depends on estimates of the initial and

forecasted carbon stocks and fluxes in the scenario of

no proposed project action. Some metrics of addition-

ality must make assumptions about future consumption

and use of wood products and land use, which are

determined by market forces over time.

The chosen baseline will influence and can even

determine if a project will be carbon positive. For

example, afforestation can noticeably increase ecosys-

tem carbon stocks by growing trees, which store more

carbon than either crops or grassland (Fig. 8A),

assuming this would not have happened without human

intervention. However, if the starting point is a mature

forest with large carbon stocks (Cooper 1983, Harmon

et al. 1990), then harvesting this forest and converting it

to a young forest will reduce carbon stocks and result in

a net increase in atmospheric [CO2] for some time (Fig.

8B; Harmon and Marks 2002). Even if the mature forest

is converted to a very productive young forest, it could

take several harvest intervals to equal the amount of

carbon that was stored in the mature forest, even with

100% utilization efficiency, biomass for energy and

substitution (Harmon et al. 1990; Fig. 8A).

FIG. 7. Carbon stocks (boxes) and fluxes from those stocks (arrows) are shown as a conceptual model illustrating carbon
dynamics within the system boundaries of a hypothetical forest system. The width of the arrows roughly approximates the
magnitude of the flux (for conceptualization purposes only). The boundaries of the forest system include carbon stored in living/
dead biomass and in soils, in which the carbon stocks can increase or decrease owing to afforestation or deforestation, respectively.
A forest system includes carbon harvested from forest stocks to produce forest products (some of which enter landfills) as well as
forest products used as substitutes for products that use significantly more energy in their production or are used as a direct
substitute for fossil fuel in energy generation. Substitution ‘‘stores’’ carbon only in the sense that unused fossil fuel carbon remains
in the ground. Per unit mass, more carbon can be emitted from the combustion of biomass than that of fossil fuels to produce the
same energy equivalent, because some fossil fuels are more energy dense (i.e., more energy can be generated per unit carbon).
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Permanence and leakage

Many recent forest carbon sequestration projects also

consider ‘‘permanence’’ and ‘‘leakage’’ metrics. Perma-

nence requires that the sequestered carbon will remain

for the length of the project. Both natural and human

disturbances can reduce permanence and anticipated

gains for carbon sequestration projects. Negative

leakage occurs when carbon sequestration projects cause

changes to carbon stocks outside of the system

boundary for a project, reducing or canceling the

project’s carbon benefit. Leakage in the form of harvest

or land use change outside a system boundary can be

quite significant (Murray et al. 2004, Meyfroidt et al.

2010), but is very difficult to measure because of the

complexity of societies reliance on the forest system and

forest use, rapid and global nature of market adjust-

ments, and the difficulty of identifying cause and effect.

Nonetheless, appropriate accounting of leakage and

permanence is necessary to provide integrity to carbon

sequestration projects.

STRATEGIES FOR INCREASING FOREST CARBON

Avoiding deforestation

Between 1850 and 1998, global land use change

released some 156 000 Tg C to the atmosphere, with

most of this release resulting from deforestation

(Houghton 2005). Currently, global deforestation re-

sults in the gross annual loss of nearly 90 000 km2, or

0.2% of all forests (FAO 2007, IPCC 2007), which is

estimated to release 1400–2000 Tg C/yr, with about two-

thirds of the deforestation occurring in tropical forests

in South America, Africa, and Southeast Asia (Hought-

on 2005, IPCC 2007).

Forests in the United States provide a strong carbon

sink, partially from increases in forested area and forest

regrowth (SOCCR 2007, USEPA 2009b, Crevoisier et al.

2010; Fig. 4, Table 1). The gross deforestation rate

between 2000 and 2005 in the United States was

;600 000 ha/yr, but there was a net increase in forested

area during this period of ;400 000 ha/yr because some

1 000 000 ha/yr of land reverted to forests (Birdsey et al.

2006, FAO 2007). These dynamics will change, with the

balance of future land use expected to decrease total

forested area in the United States by more than nine

million ha by 2050 (Alig et al. 2003). Development and

conversion of forest to pasture or agricultural land are

responsible for much of the current and expected loss of

U.S. forests. Fire disturbance regimes that increasingly

fall outside of the ecological history of an ecosystem can

result in the large-scale conversion of forests to shrub-

lands and meadows. By contrast, regeneration of forests

in these areas of the western United States will help

retain forest carbon.

Afforestation

The term afforestation is generally defined as the

establishment or planting of forests in areas where there

have not been forests (e.g., grasslands) or where forests

have not been present for some time (usually more than

20 years). In the United States, estimates suggest that

afforestation could sequester between 1 and 225 Tg C/yr

from 2010 to 2110, depending on federal policy and the

valuation of carbon (USEPA 2005, SOCCR 2007; Table

1).

Proposed afforestation projects in the United States

have focused on establishing forest plantations on

marginal agricultural land to decrease potential inter-

ference with food production and reduce soil erosion.

However, afforestation might require substantial human

intervention in the form of irrigation or fertilization in

areas that do not naturally support forests. In 2005,

about one-half of the carbon sink in the conterminous

United States (216–313 Tg C/yr; SOCCR 2007, USEPA

2010) was from forest regrowth on abandoned cropland

(Pacala et al. 2001). Using 2005 data (SOCCR 2007) as

an example, an effort to offset U.S. fossil fuel emissions

of 1615 Tg C/yr by 10% (or 160 Tg C) per year, would

require that one-third of U.S. croplands, or 44 million

ha, would need to be converted to tree plantations

(Jackson and Schlesinger 2004), requiring large changes

in current land use. Texas, Minnesota, Iowa, Illinois,

and Missouri have the greatest potential for afforesta-

tion of agricultural lands, and Texas, California,

Montana, New Mexico, and Colorado have the greatest

potential for afforestation of rangelands (Potter et al.

2007). The greatest gains in carbon storage through

afforestation with the least human input in the form of

irrigation and fertilization will occur where productive

forestland once existed because climatic and edaphic

conditions favor forest growth.

Afforestation can also affect soil carbon stocks

(Dixon et al. 1994, Jandl et al. 2007), especially in

degraded agricultural lands, which have lost as much as

two-thirds of their original soil carbon (Lal 2004).

Reviews of afforestation of former agricultural land

found an average net increase in soil carbon of 0.14–

0.34 Mg C ha/yr (Post and Kwon 2000, Paul et al. 2002),

with a large variability across sites that differed by

climate, age of the stand, tree type, and soil depth. A

different analysis showed that soil carbon decreased

6.9% when trees were grown on grasslands, pasture, or

shrublands (Berthrong et al. 2009). Soil carbon is

typically lost in the first decade after forest establish-

ment, but most forests eventually recover most of the

lost soil carbon after 30 years (Paul et al. 2003). There is

substantial evidence that most locations could expect a

modest gain of soil carbon from afforestation over at

least several decades.

Tree and shrub encroachment into grasslands, range-

lands, and savannas, which may also be called uninten-

tional afforestation, is estimated to sequester an

estimated 120 Tg C/yr, more than one-half of what

existing U.S. forests sequester annually (SOCCR 2007).

Because tree growth estimates are sparse in these areas,

this estimate is very uncertain (95% confidence bounds
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.100%). Tree and shrub encroachment results from

changing land use, overgrazing, and fire suppression

(Van Auken 2000). The land area of woody encroach-

ment in the United States is estimated to be 2.24 million

km2 (224 million ha), with the majority in the Rocky

Mountain region (Houghton et al. 2000). Encroachment

by Juniperus into native grasslands in the eastern Great

Plains has increased ecosystem carbon stocks by as

much as 100 Mg/ha in ,50 years, or ;2 Mg C ha/yr

(McKinley and Blair 2008, Strand et al. 2008). This

estimate shows results similar to a grassland afforesta-

tion project with planted trees in China, which increased

aboveground carbon stocks by 1.06–2.75 Mg C ha/yr

(Hu et al. 2008). We do not include encroachment as a

strategy because it is unintentional.

Forest management: decreasing forest harvests

Forest management can increase the interval between

harvests or decrease harvest intensity and thereby

increase forest carbon stocks (Schroeder 1992, Thornley

and Cannell 2000, Liski et al. 2001, Harmon and Marks

2002, Jiang et al. 2002, Seely et al. 2002, Kaipainen et al.

2004, Balboa-Murias et al. 2006, Harmon et al. 2009).

Some old growth forests in Oregon, for example, store

as much as 1100 Mg C/ha (Smithwick et al. 2002), which

would take centuries to recoup if these stocks were

liquidated and replaced, even with fast growing trees

(see Fig. 8B). Generally, harvesting forests with high

biomass and planting a new forest will reduce overall

carbon stocks more than if the forest were retained, even

counting the carbon storage in harvested wood products

(Harmon et al. 1996, Harmon et al. 2009). Thinning

increases the size and vigor of individual trees, but

generally reduces net carbon storage rates and carbon

storage at the stand level (Schonau and Coetzee 1989,

Dore et al. 2010). The estimates of harvest effects on soil

carbon are mixed. A meta-analysis of forest harvest

impacts showed a nonsignificant average loss of 8% of

mineral soil carbon stocks and significant 30% loss of

the organic layer (forest floor) carbon (Nave et al. 2010),

whereas another review found no effect (Johnson and

Curtis 2001). Low intensity or partial harvests maintain

forest carbon stocks compared to clearcuts (Harmon et

al. 2009) while possibly reducing the risk of disturbance,

such as fire and damaging storms, and concurrently

allowing forests to be used for wood products or

biomass energy.

Forest management: increasing forest growth

Increasing growth rates in existing or new forests

increases the carbon storage on the landscape, provided

that the harvest interval is kept the same, and increases

the supply of forest products or biomass energy.

Practices that increase forest growth include fertiliza-

tion; irrigation; switch to fast-growing planting stock;

and weed, disease, and insect control (Albaugh et al.

1998, 2003, 2004, Allen 2001, Nilsson and Allen 2003,

Borders et al. 2004, Amishev and Fox 2006).

Yield gains from these practices can be impressive. In

pine forests in the southern United States, tree breeding

has improved wood growth, and thus carbon accumu-

lation rate, by 10–30% (Fox et al. 2007a, b), and

FIG. 8. Carbon balance from two hypothetical forest
management projects with different initial ecosystem carbon
stocks. Cumulative carbon stocks in both ecosystems, carbon
removed from forest for use in wood products (long [L]- and
short-lived [S]), substitution, and biomass energy (bio-energy)
are shown for two scenarios: (A) land that has been afforested
and (B) a forest with high initial carbon stocks. Carbon stocks
for trees, litter, and soils are net carbon stocks only. Both
scenarios are harvested in 40-year intervals. This diagram
assumes that all harvested biomass will be used and does not
account for logging emissions. Gains in carbon sequestration
occur in two ways; (1) increasing the average ecosystem carbon
stock (panel A; tree biomass), and (2) accounting for carbon
stored in wood products in use and landfills, as well as
preventing the release of fossil fuel carbon (counted as stored
carbon) via product substitution or biomass energy (panel A;
landfill, short- and long-lived products, and bio-energy).
However, carbon can be lost for some time (panel B) when
forests with substantial carbon stocks are harvested (e.g., some
old-growth forests) until carbon stocks can accrue via
sequestration in landfills, products, and with substitution
effects. (The figure is adapted from the 2007 IPCC report.)
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increased pest and stress resistance (McKeand et al.

2006) reduces losses to mortality. For southern U.S.

pines, operational plantations using improved seedlings,

control of competing vegetation, and fertilization grow

wood four times faster than naturally regenerated

second-growth pine forests without competition control

(Carter and Foster 2006). Fertilization can show 100%
gains for wood growth (Albaugh et al. 1998, 2004).

Nitrogen and phosphorus fertilizers have been used in

;6.5 million ha of managed forests in the Southeast to

increase wood production (Liski et al. 2001, Seely et al.

2002, Albaugh et al. 2007, Fox et al. 2007a). Many U.S.

forests are nitrogen limited and would likely respond to

fertilization (Reich et al. 1997). The potential to increase

forest growth varies by site and depends on the specific

climate, soil, tree species, and management. Where

fertilization is used to increase carbon production and

storage, careful accounting of the carbon cost of

producing, transporting, and applying fertilizers, as well

as any additional increases in other potent GHGs such

as nitrous oxide (N2O), is required.

Using wood products to reduce emissions from fossil fuels

and store carbon

Biomass energy.—Increased wood biomass used in

place of fossil fuels can lower atmospheric CO2 over

time depending on the forest growth or wood emissions

that would have occurred without the increased use of

wood for energy (Marland and Marland 1992, Schla-

madinger et al. 1995, Searchinger et al. 2009). The

degree and time path of emission offsets will also depend

on its effects in changing forest harvest and forest

products use elsewhere (Searchinger et al. 2008, 2009,

Melillo et al. 2009, Meyfroidt et al. 2010). For biomass

from existing forests, the CO2 benefit balance is

influenced by the time period considered, forest growth

rate, initial stand carbon density, and the efficiency with

which wood offsets fossil fuel emissions (Schlamadinger

et al. 1995).

In 2008, biomass energy made up 28% of the U.S.

renewable energy supply and 2% of the total U.S. energy

use (U.S. Energy Administration 2009); estimates

suggest that this could be increased to 10% through

increased use of wood for energy generation (Zerbe

2006). If prices for biomass energy increase, short-

rotation forest crops such as poplars could become a

significant feedstock source (Solomon et al. 2007).

Expansion of wood biomass energy is currently limited

by high transportation costs, technology development,

the low price of fossil fuels, and uncertainty as to how

long forest resources will take to renew (Maness 2009).

Carbon in forest products

Wood and paper continue to store carbon when in

use and also in landfills. The rates of change depend on

the rates of additions, disposal, combustion, and open

air or landfill decay. The half-life for single-family

homes made of wood built after 1920 is about 80 years

(Skog 2008, USEPA 2008), while the half-life of paper

and paperboard products is less than three years (Skog

2008). About two-thirds of discarded wood and one-

third of discarded paper go into landfills (Skog 2008).

Decay in landfills is typically anaerobic and very slow

(Barlaz 1998) and, because of this, 77% of the carbon in

solid wood products and 44% in paper products will

remain in landfills for a very long time (Chen et al.

2008, Skog 2008). About 2500 Tg C accumulated in

wood products and landfills in the United States from

1910 to 2005 (Skog 2008), with ;700 Tg C (in 2001) in

single- and multifamily homes (Skog 2008). In 2007, net

additions to products in use and those in landfills

combined were 27 Tg C/yr (USEPA 2009c), with ;19

Tg C/yr from products in use (Skog 2008).

Methane release from anaerobic decomposition of

wood and paper in landfills reduces the benefit of storing

carbon because methane has about 25 times more global

warming potential than CO2. For some paper, the global

warming potential of methane release exceeds its carbon

storage potential, but high lignin paper and wood have a

positive carbon benefit, even considering methane

emissions (Skog 2008). Using discarded products for

energy generation would likely provide a better carbon

benefit than landfill burial.

Substitution.—Using wood as a substitute for steel

and concrete lowers fossil fuel emissions because the

energy needed for production is considerably lower

(Schlamadinger and Marland 1996). In some cases,

using wood from fast-growth forests for substitution can

be more effective in lowering atmospheric CO2 than

storing carbon in the forest where increased wood

production is sustainable (Marland and Marland 1992,

Marland et al. 1997, Baral and Guha 2004, Werner el al.

2010). The carbon storage effect of wood can be

multiplied by as much as two or more times when wood

is substituted for more energy-intensive building mate-

rials such as steel and concrete (Sathre and O’Connor

2008). Opportunities for substitution in the United

States are largely in nonresidential buildings (McKeever

et al. 2006, Upton et al. 2008) because most houses are

already built with wood. Some other opportunities to

increase the substitution effect in residential buildings do

exist, however, by using wood for walls in houses, for

example (Lippke and Edmonds 2006).

Urban forestry

Urban forestry (the planting and management of trees

in and around human settlements) offers limited

potential to store additional carbon, but we cover urban

forests here because of the large interest in using them to

offset carbon emissions and because urban trees provide

many co-benefits. The carbon density of some urban

ecosystems in the conterminous United States rivals that

of tropical forests. In 2000, total carbon stocks of U.S.

urban areas, including infrastructure, was 18 000 Tg C

based on a small number of direct measurements

DUNCAN C. MCKINLEY ET AL.1912 Ecological Applications
Vol. 21, No. 6

I
S
S
U
E
S

I
N
E
C
O
L
O
G
Y



(Churkina et al. 2010), with a net accumulation rate of

26 Tg C/yr (USEPA 2010).

The potential for urban forestry to help offset GHG

emissions is limited for two reasons: (1) urban areas

make up only a small fraction of the U.S. landscape

(3.5%; Nowak and Crane 2002), and (2) urban forests

require intensive management. When urban landscapes

are irrigated or fertilized, the carbon benefits may be

reduced by the energy required for the synthesis of

fertilizer, by the extraction and application of irrigation

water, and by soil nitrous oxide emissions (Pataki et al.

2006). Urban forests have important indirect effects on

climate (Akbari 2002), however, by cooling with shading

and transpiration, potentially reducing fossil fuel emis-

sions associated with air conditioning. When urban

forests are planted over very large regions, the climate

effects are less certain, as trees have both warming

effects (low albedo) and cooling effects, and may result

in complex patterns of convection that can alter air

circulation and cloud formation (Jackson et al. 2008).

Fuel treatments

Fuel management uses thinning to lower foliage

biomass to reduce the risk of crown fire because crown

fires are difficult, if not impossible, to control (Finney

2001, Ager et al. 2007). Fuel management occurs in

forests with a variety of historical fire regimes, from

forests where historical forest density was lower and the

natural fires were mostly surface fires, to forests with

stand-replacing fire regimes in which crown fires

naturally occurred (Finney 2001, Peterson et al. 2005,

Ager et al. 2007, Mitchell et al. 2009). Fuel management

temporarily lowers the carbon stored in forest biomass

and dead wood because the thinned trees are typically

piled and burned or mulched and then decompose

(Stephens et al. 2009). If a crown fire burns through a

forest that was thinned to a low density, the fire may

change from a crown to a surface fire in which many of

the trees can often survive the fire. By contrast, many or

all of the trees in an unthinned stand are often killed by

a crown fire. This contrast in survival has led to the

notion that fuel treatments offer a carbon benefit:

removing some carbon from the forest may protect the

remaining carbon (Finkral and Evans 2008, Hurteau et

al. 2008, Mitchell et al. 2009, Stephens et al. 2009, Dore

et al. 2010).

There are two views regarding the science on carbon

savings through fuel treatments. Some studies have

shown that thinned stands have much higher tree

survival and lower carbon losses in a crown fire

(Hurteau et al. 2008) or have used modeling to estimate

lower carbon losses from thinned stands if they were to

burn (Finkral and Evans 2008, Hurteau and North

2009, Stephens et al. 2009). However, other stand-level

studies have not shown a carbon benefit from fuel

treatments (Reinhardt et al. 2010), and evidence from

landscape-level modeling suggests that fuel treatments in

most forests will decrease carbon (Harmon et al. 2009,

Mitchell et al. 2009) even if the thinned trees are used for

biomass energy. Because the occurrence of fires cannot
be predicted at the stand level, treating forest stands

without accounting for the probability of stand-replac-
ing fire could result in lower carbon stocks than in

untreated stands (Hanson et al. 2009, Mitchell et al.
2009). More research is urgently needed to resolve these
different conclusions because thinning to reduce fuel is a

widespread forest management practice in the United
States (Battaglia et al. 2010). We recommend that such

research focus on the landscape scale because carbon
loss in thinning needs to be placed in the context of the

expected fire frequency and extent and the potential for
regeneration after fire. Regardless of the outcome of

such research, the carbon benefits of fuel treatments
might be improved by using the harvested trees for wood

or energy generation.

MEASURING FOREST CARBON

Carbon in forests

At the scale of individual forest stands, standard
inventory methods are used to estimate the carbon

stored in trees, plants, dead wood, and in forest floor
litter (Gibbs et al. 2007). These approaches use

mathematical formulas (allometry) to calculate tree
biomass from simple measurements (e.g., tree diameter

at 1.4 m), which can be converted to carbon using a
simple ratio. Forest carbon estimates can be enhanced

by measuring other pools, such as dead wood and soil
(Bradford et al. 2008). Repeated measurements or

models are used to estimate changes in carbon over
time. Estimates of belowground carbon stocks are more

difficult because of limited data on root biomass, the
high spatial variability of soil carbon, and the high cost

of sampling (Davis et al. 2004).
Remote sensing can measure or verify aboveground

pools of carbon at landscape scales. Radar and lidar are
effective at monitoring of vegetation structure, tree

height, cover, and disturbance (Hese et al. 2005, Sherrill
et al. 2008, Asner 2009, Helmer et al. 2009). Satellite-
based observation can also be used to obtain coverage of

large areas (Nabuurs et al. 2010). These techniques can
be combined with inventory-based methodologies to

increase statistical certainty when extrapolating to large
spatial scales (Dubayah and Drake 2000, Brown 2002).

Monitoring at the regional or national scale will
require information from combinations of methodolo-

gies obtained at different spatial scales. In the United
States, the official forest carbon statistics are based on

field plots from the Forest Inventory and Analysis
National Program combined with remotely sensed

changes in forest age, cover types, and disturbance (see
Fig. 5; Smith and Heath 2008, USEPA 2008). Regional

gaps in inventory data can be addressed using remotely
sensed data combined with modeling (Birdsey 2004). A

more complete discussion on general methodologies to
estimate forest carbon stocks can be found in Gibbs et

al. (2007).
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Carbon in wood products, substitution,

and biomass energy

The carbon stored in wood products is difficult to

measure directly because no direct measurement system
exists and imports and exports must be tracked.

Monitoring of carbon accumulation in wood products
is currently conducted at the national scale (Aalde et al.

2006, USEPA 2009c) using models to track the quantity
of wood in different uses over time. These estimates can

be verified by comparison to census-based estimates of
carbon stored in housing and to the U.S. Environmental

Protection Agency’s estimates of wood and paper
discarded to landfills and the resulting methane emission

rates (Skog 2008, USEPA 2009c). Estimates of wood
product decomposition can be made using regional or

local data on timber use and national estimates of decay
for those uses (Smith et al. 2006). This procedure was

used in accounting for the carbon in wood products
adopted by the California Air Resource Board (Climate
Action Reserve 2009). Industrial use of biomass energy

can be tracked through sales records and self-reporting
(Hillring 2006). Unlike measures of carbon storage or

‘‘carbon offsets’’ using forests and forest products, there
are no direct measures for carbon offsets resulting from

product substitution or biomass energy.

EXPANDING THE ROLE OF FORESTS IN MITIGATING

CLIMATE CHANGE

To increase forest carbon storage, carbon storage in
harvested wood products, offset of emissions by

alternate use of steel and concrete vs. wood, and offset
of fossil fuels with wood of wood energy, societies will

need to assign a high value to carbon to make these
activities economically viable through market mecha-

nisms (USEPA 2005, Maness 2009). For example, direct
subsidies paid to landowners (as in the current
Conservation Reserve Program for agriculture) could

also provide an incentive to maintain or increase carbon
stocks. Voluntary markets and registries are emerging,

and current proposals being debated include a carbon
tax, a ‘‘cap-and-trade’’ market, and land use regulation

(Lippke and Perez-Garcia 2008).
Several studies have estimated the potential for

increased forest sector carbon mitigation (Table 1).
Jackson and Schlesinger (2004) estimate that one-third

of current U.S. cropland would need to be afforested to
offset 10% of U.S. fossil fuel emissions (160 Tg C/yr).

Perlack et al. (2005) estimate that U.S. forests could
provide ;190 Tg C/yr for energy generation, using

residue from logging and land clearing operations, fuel
treatments, fuelwood, unutilized wood and pulping

liquors in processing mills, and urban areas. Zerbe
(2006) estimates that forest biomass energy could

provide 130 Tg C/yr for energy generation. With the
use of only harvest residue, forests could provide ;20
Tg C of dry wood annually, producing ;4 billion

gallons (15 3 109 L) of biofuel per year by 2022 (BRDI
2009). The U.S. Environmental Protection Agency

(USEPA 2005) estimates that U.S. forests could offset

an additional 30–330 Tg C/yr above current levels

between 2010 and 2110 with economic incentives of $18–

$183 US$ per Mg carbon; for an economic incentive of

$110 US$ per Mg of carbon, afforestation supplied 58%
of the carbon savings and forest management 42% (this

report did not evaluate avoided deforestation). Jackson

and Baker (2010) estimate that afforestation, forest

management, and forest biomass fuels could offset an

additional 90–200 Tg C/yr, with afforestation (46%) and

forest management (50%) supplying most of the benefit.

Estimates of the economic potential for forest carbon

for different strategies are generally highly uncertain

due, in part, to the large scale necessary for some

activities. For example, utilizing the unused and

currently used residue from forest harvest for biomass

energy (Perlack et al. 2005) would be roughly equivalent

to 40% of the gross annual forest growth in the United

States (Table 1), growing to roughly 54% by 2030. Also,

to achieve the higher range of carbon storage (200–330

Tg C/yr) estimated in the USEPA (2005) report would

require improved forest management on 34–60 million

ha and afforestation of 25–46% of U.S. cropland (based

on afforestation carbon storage potentials reported in

Jackson and Schlesinger 2004). Such large-scale land use

change could lead to increased deforestation in other

countries to replace the lost crop production in the

absence of global mitigation measures.

Using economic incentives within the forest sector to

lower atmospheric CO2 will have a significant monetary

cost (USEPA 2005). The estimated cost of the USEPA

(2005) high-end estimates of 200–330 Tg C/yr in the

United States is $110–$183 per Mg of carbon, for a total

annual cost of $23–60 billion US$. However, economic

modeling consistently shows that forest carbon storage

(including afforestation) can significantly lower the cost

of complying with the proposed regulations and meeting

emissions targets (Xu 1995, Huang et al. 2004, Richards

and Stokes 2004, Niu and Duiker 2006, Strengers et al.

2008, Maness 2009, USEPA 2009a) compared to the

same reductions in the energy or transportation sectors.

UNCERTAINTY, RISK, AND TRADE-OFFS

Each forest carbon storage strategy mentioned

previously has trade-offs and can be affected by systemic

factors, increasing uncertainty and risk. It is impossible

to make changes to the forest and forest products system

that are large enough to have an impact on atmospheric

[CO2] without also having large effects on other

ecosystems or ecosystem services. In addition, popula-

tion increase and exurban development will decrease the

general amount of forested area while increasing

demand for forest products. The potential to increase

carbon storage in forests needs to be weighed against the

projected increases in disturbances promoted by a

changing climate that may lower carbon storage.

Recognizing such issues will be vital to any effort to

promote forest carbon storage.
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Disturbance

Increasing carbon sequestration in forests also in-
creases the risk and impact of losing some of these

carbon stocks to forest fires, insect outbreaks, and
storms (Girod et al. 2007, Kurz et al. 2008b, Balshi et al.

2009, Metsaranta et al. 2010). Although most distur-
bances have little effect on forest carbon stocks over

long temporal and large spatial scales, our knowledge of
how more extreme future disturbances (those outside of

the observed range of variability) will affect carbon
management and sequestration is limited (Breshears and

Allen 2002).
Climate change threatens to amplify risks to forest

carbon stocks by increasing the frequency and severity
of disturbances such as wildfires, insect outbreaks,

hurricanes, and drought, lowering the potential produc-
tivity and long-term storage capacity of some forests,

and threatening the ability of some forests to remain as
forests (Dale et al. 2000, 2001, Barton 2002, Breshears

and Allen 2002, Westerling et al. 2003, Running 2006,
Canadell et al. 2007b, Chambers et al. 2007, Strom and

Fule 2007, Kurz et al. 2008a, Littell et al. 2009,
Metsaranta et al. 2010). Changes in forest structure
caused by fire suppression, harvest of large trees, and

interactions with climate change have been implicated in
creating larger and more severe wildfires in some fire-

adapted ecosystems in the western United States
(Covington and Moore 1994, Dale et al. 2001, West-

erling et al. 2003, 2006, Brown et al. 2004, Breshears et
al. 2005, Kashian et al. 2006, Allen 2007, Fellows and

Goulden 2008, Miller et al. 2009). Since 1990, CO2

emissions from wildland forest fires in the conterminous

United States have ranged between 11and 85 Tg C/yr
(USEPA 2009b). The annual area of U.S. forests burned

has been increasing over the last 60 years (Stephens
2005, Westerling et al. 2006, Littell et al. 2009), and

projections using future climate suggest that the annual
area burned is likely to double by 2100 (McKenzie et al.

2004). High-severity fires can increase soil erosion, alter
nutrient cycling, decrease post-fire seedling recruitment,
which can shift forests to meadows or shrublands and

cause long-term losses of carbon, compromising carbon
offset projects (Barton 2002, Savage and Mast 2005,

Allen 2007, Strom and Fule 2007, Galik and Jackson
2009, Metsaranta et al. 2010). Increases in the frequency

and intensity of storms and insect outbreaks, as well as
changes in climate may also affect site productivity and

the range of forests. Many forests could release
significant amounts of carbon to the atmosphere during

the next 50–100 years, which coincides with the period
when reducing CO2 emissions is most critical. Climate

change adaptation strategies for forests are being
developed to anticipate necessary management changes

in a changing climate (Joyce et al. 2008).

Strategies for increasing forest carbon storage and offsets

We define uncertainty as the extent to which an
outcome/result is not known and risk as the potential for

harm resulting from the mitigation activity. Risk can

refer to harm to both the forest and climate system (e.g.,

elevated GHGs). The following strategies are discussed

in order of increasing uncertainty and risk (see Table 2

for summary).

Avoided deforestation.—Avoided deforestation pro-

tects existing forest carbon stocks with low risk and

many co-benefits. Important risks are the potential for

leakage (deforestation can move elsewhere with no

lowering of atmosphere [CO2]) and lost economic

opportunities for timber, agriculture, pasture, or urban

development (Meyfroidt et al. 2010). Leakage estimates

(percentage of carbon benefit lost) for avoided defores-

tation, without allowing harvest, range from 9% to 92%
for different U.S. regions (Murray et al. 2004). In the

United States, regenerating forests after severe wildfires

may be important for avoiding conversion of forest to

meadow or shrubland (Keyser et al. 2008, Donato et al.

2009).

Afforestation.—Afforestation stores carbon and has

some benefits (including erosion control and improving

water quality), few risks and uncertainties, but some

trade-offs. Afforestation on historical forestland gener-

ally has the greatest co-benefits, lowest risk, and fewest

trade-offs. The benefits of afforestation are enhanced

where seedlings established, whether by planting or

natural regeneration, include a substantial proportion of

native species appropriate to the site. This will enhance

species diversity, and possibly wildlife habitat, with the

lowest risk for unintended consequences if done on lands

that were formerly forests. Planting monocultures of

nonnative or native improved-growth species on histor-

ical forestland will likely yield greater carbon storage

rates, but fewer benefits in terms of biodiversity.

Planting trees where they were not present historically

can lower species diversity (if trees are planted in native

grassland), lower the water table, cause soil erosion on

hill slopes, and absorb more solar energy (lower albedo)

compared to the native ecosystem (Jobbagy and Jackson

2004, Farley et al. 2008, Jackson et al. 2008, McKinley

and Blair 2008, Schwaiger and Bird 2010). Conversion

of agricultural or grazing lands to forest reduces revenue

from agricultural products and may lead to deforesta-

tion elsewhere to compensate; this type of leakage can be

significant (18–43%; Murray et al. 2004). Afforestation

generally reduces streamflow because trees use more

water than do grass or crops (Farley et al. 2005, Jackson

et al. 2005). Irrigation might be necessary in some arid

and semiarid regions, which might compete with

agricultural water supply and other uses. If afforestation

efforts include the addition of nitrogen fertilizer,

emissions of nitrous oxide (a greenhouse gas with

roughly 300 times more global warming potential than

CO2) may increase.

Decreasing carbon outputs.—Decreasing removal of

carbon from forests through longer harvest intervals or

less intense harvests will increase forest carbon stocks.

Benefits of the decreased outputs strategy include an
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increase in structural and species diversity. Increased

risks include carbon loss due to disturbance and the

potential for increased harvesting elsewhere (leakage) to

compensate for the reduction in forest products.

Increasing forest growth.—The benefits of increasing

forest growth include the opportunity to increase wood

production, possibly greater carbon stocks, and oppor-

tunity to plant species and genotypes adapted to future

climates. Risks include reducing the carbon benefit by

emissions of nitrous oxide from forest fertilization,

reduced water yield (faster growth uses more water),

which is more pronounced in arid and semiarid forests

in the western United States, and a loss of biodiversity if

faster growth is accomplished by replacing multispecies

forests with monocultures (limited diversity can make

some forests vulnerable to rapid environmental change

and to insect and disease epidemics).

Biomass energy, carbon storage in products, and

substitution.—The carbon benefits of increasing the use

of wood for biomass energy and for product substitution

might require more intensive forest management over a

much broader area than currently occurs in the United

States, depending on how and to what extent wood

products are utilized. For example, the aforementioned

130–190 Tg C/yr of potential biomass energy (Perlack et

al. 2005, Zerbe 2006) would involve using estimated

sustainable and recoverable portions of unused and

currently used residue from logging and land clearing

TABLE 2. Uncertainty, co-benefits, and trade-offs of proposed carbon mitigation strategies.

Mitigation strategy Uncertainty about strategy Co-benefits Trade-offs

Avoided deforestation low: uncertainty about
leakage; uncertainty about
risk of disturbance

any watershed protection,
biodiversity, wildlife habitat,
recreation opportunities
depend on type of avoided
deforestation

lost economic opportunities
affecting farmers or
developers directly

Afforestation low-moderate: depends on
where afforestation is done;
uncertainty about
biophysical effects, leakage,
and risk of disturbance

erosion control, improved
water quality; any
biodiversity and wildlife
habitat improvements
depend on type of
afforestation

lower streamflow, lost revenue
from agriculture, demand
for agricultural water;
increased release of N2O
reduces the carbon benefit

Management

Decreasing C outputs
(harvest)

moderate: uncertainty about
how to influence landowner
behavior efficiently to
decrease harvest; leakage
effects could be significant

increased old-growth seral
stage; structural and species
diversity, wildlife habitat;
effects on benefits depend
on landscape condition

displaced economic
opportunities affecting forest
owners, forest industry, and
employees

Increasing forest growth low higher wood production,
potential for quicker
adaptation to climate
change

lower streamflow, loss of
biodiversity; release of N2O
reduces the carbon benefit;
greater impacts of
disturbance on carbon
storage

Biomass energy moderate: uncertain
technology

increased economic activity in
forest products industries,
could reduce costs of forest
restoration efforts

intensive forest management
on larger area, lower carbon
storage in forests

Product substitution moderate: difficulty
demonstrating additionality,
limitations in expanding
wood use in construction
applications

increased economic activity in
forest products industries

active forest management on
larger area, lower carbon
storage in forests

Urban forestry high: net carbon benefit
depends on many factors

any shading, reducing energy
use for cooling, wildlife
habitat, recreation projects
depend on type of project

high maintenance requiring
inputs of water, energy, and
nutrients, particularly if
forests were not the native
ecosystem and with poor
species choice; release of
N2O reduces the carbon
benefit

Fuel treatments high: benefits have not yet
been examined at landscape
scale; large unknowns
remain about carbon
benefits

lower risk from fire and
insects; increased economic
activity; possible offsets
from use of wood

lost economic opportunities to
firefighting businesses and
employees; lower carbon on
site

Notes: We define uncertainty as the extent to which an outcome/result is not known. All the listed mitigation strategies have a
risk of leakage and reversal, which could compromise carbon benefits and permanence, respectively.
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operations, along with amounts from estimated fuel

treatments, fuelwood, unutilized wood and pulping

liquors in processing mills, and urban wood waste. To

the extent that wood energy use exceeds use of these

residues or forest harvesting is expanded beyond current

usage to meet demand for biomass energy, there would

be reductions in carbon stored in the forest. If additional

forest harvest were necessary to produce wood for

energy, the result would be a near-term emission that

would again require time to offset with forest regrowth

(Marland and Marland 1992). If branches and foliage

were to be removed for biomass energy beyond a limited

fraction, fertilization could be needed to replace the

nutrients removed to maintain productivity (Patzek and

Pimentel 2005). Additionally, dead wood will decrease

and soil carbon may decrease under harvesting. Dis-

placing agriculture for afforestation or energy crops

could lead to deforestation elsewhere, and those carbon

emissions can negate any climate benefit or cause more

carbon emissions (Searchinger et al. 2008, Melillo et al.

2009, Meyfroidt et al. 2010), as well as reduce food

production and security (Campbell et al. 2008). Last,

because reductions in fossil fuel carbon emissions

resulting from product substitution and biomass energy

are difficult to demonstrate and subject to leakage, these

efforts may only partly decrease fossil energy use.

Urban forestry.—Urban forestry has a relatively small

role in storing carbon with both significant trade-offs

and co-benefits. The higher the maintenance required for

urban trees, the less likely they will help mitigate climate

change. Urban trees can have high mortality rates in all

regions (Nowak et al. 2004). Where cities are located in

what would naturally be forested areas, urban forests

serve to restore these lands, and trees will likely have

lower maintenance requirements. In cities located in

grasslands and deserts, however, urban forests require

large amounts of irrigation water for maintenance.

Fuel treatments: mitigating fire risk to prevent carbon

loss.—The carbon benefits of fuel treatments are

uncertain.

CONCLUSIONS AND RECOMMENDATIONS

U.S. forests and forest products currently store the

equivalent to 10–20% of U.S. fossil fuel emissions

(SOCCR 2007, USEPA 2008), largely because of

continued forest recovery from past deforestation and

extensive harvesting. Increased nitrogen deposition and

atmospheric CO2 compared to historical levels may also

be contributing to increased forest growth, but the

science supporting their contribution is uncertain (Hurtt

et al. 2002, Canadell et al. 2007b).

How much longer U.S. forests will continue to be a

carbon sink is unclear because forests are still growing

and future land use is difficult to predict. Forest

regrowth in the United States has recovered ;40% of

the carbon lost to the atmosphere through deforestation

and harvesting before 1935 (Fig. 4; Birdsey et al. 1993,

2006). Because a significant portion of former forestland

is now in agriculture or pasture (Smith et al. 2007), it is

unlikely that U.S. forests will recover all of the forest

carbon stocks present prior to European settlement.

Population growth and the resulting exurban develop-

ment, and an increase in disturbance in a changing

climate will also reduce existing forests and carbon

stocks.

Perhaps the most difficult and yet most important

question is: will the carbon that we deliberately sequester

remain stored long enough to allow society to reduce its

dependence on fossil fuels and/or to find a means to

remove and permanently store CO2 from the atmo-

sphere? The answer is: it depends. Forest management

can increase average forest carbon stocks through a

variety of mechanisms, but the length of time in which

carbon will be sequestered will depend on the length of

carbon sequestration projects, consistency of manage-

ment techniques over space and time, and our capacity

to anticipate and adapt to changing disturbance regimes,

climate change, and offset effects influenced by market

forces. Each forest carbon storage strategy should be

evaluated in terms of its effect on storage and emissions

within and outside of the forest, the cost of implemen-

tation, the timing of net carbon benefit (Marland et al.

1997), the capacity to offset CO2 emissions, and the risks

and uncertainties.

There are some notable opportunities to expand the

use and increase the effectiveness of some forest carbon

storage strategies. Wood and paper currently being

placed in landfills could be used as energy in place of

fossil fuel and also reduce methane emissions from

landfills. Wood use could be expanded in nonresidential

building construction and for walls in residential

housing. Natural disturbances (fire and beetle kill) offer

an opportunity to use dead trees for biomass energy

(Kumar 2009). The potential of forest soils to sequester

carbon are high, particularly in forests that are restored

on former agricultural land (Heath et al. 2003). Planting

trees after certain catastrophic fires can increase carbon

storage in areas that will not regenerate naturally.

Each strategy we examined has trade-offs. Avoiding

deforestation and increasing the harvest interval in the

United States may move timber harvesting elsewhere,

resulting in no net benefit for carbon in the atmosphere.

Reestablishing forests (afforestation) can store large

amounts of carbon on a unit of land but will also

displace current land uses such as farming and pasture.

Longer harvest intervals may initially lower the amount

of available forest products, but could foster a move

toward higher-value forest products that are locally

sourced. Intensive silviculture can increase growth but

decrease streamflow and biodiversity. Increasing forest

product use and forest biomass energy will require more

active forest management over larger areas than

currently occurs and may lower forest carbon stores.

Although the carbon consequences are still largely

unknown, the use of biomass for energy from forest

thinning might help lower fire risk and suppression costs
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and reduce fossil fuel use. Forests offer many benefits

besides carbon, so managers should consider all benefits

and trade-offs associated with each activity before

deciding on specific land management practices.

Knowledge gaps

Further research would fill a number of knowledge

gaps that span scientific disciplines. Although we have a

good knowledge of forest carbon at the plot level, we

lack knowledge of natural and human influences on

forest carbon at the landscape scale. Problems such as

the carbon effects of fuel treatments, the effects of

disturbance, and changes in land use can only be

understood at the landscape scale. Other unknowns at

this scale are the interactions of climate change,

disturbance, and species shifts with carbon balance.

Also, a greater comprehensive understanding of carbon

flows among different processes and their interactions

within large or complex system boundaries is necessary.

How land cover change alters albedo and evapotrans-

piration is only generally understood, but could be very

important. Methods to assess and measure additionality,

leakage, permanence, and substitution are needed,

particularly for long temporal and large spatial scales.

Carbon life-cycle analyses are largely absent in assess-

ments of forest carbon storage strategies and are vitally

needed to determine net benefits to atmospheric [CO2].

Closing these knowledge gaps will help carbon account-

ing efforts and the market viability of forest carbon.

Considerations for forest carbon policy

National policy, market forces, public will, and

biological potential will determine how much more

carbon U.S. forests can store through forest manage-

ment or offset fossil fuel use via substitution and

biomass energy (Maness 2009). If carbon were assigned

a high monetary value, U.S. forests could roughly

double their current annual carbon benefit (USEPA

2005, Nabuurs et al. 2007, Fujimaki et al. 2009). Such

large offsets would require substantial trade-offs, such

as lower agricultural production, diminished non-

carbon ecosystem services from forests, and higher risk

for increasing forest carbon loss in forests. Decision-

makers will need to weigh the potential carbon and

other benefits of these activities against the considerable

uncertainties surrounding their carbon consequences

(i.e., leakage effects and risks), negative impacts on

other ecosystem services, some large negative societal

and monetary trade-offs, enormous scale needed for

proposed activities, and uncertainty in how future

climate will affect forests.

A policy decision on the timing of carbon benefits will

influence which strategies to employ. One strategy would

be to seek near-term carbon benefits by maintaining and

enhancing growth and carbon storage in forests. Near-

term carbon benefits could also be achieved by

optimizing forest management and the use of wood

products and biomass energy where it yields near-term

offsets, as well as accumulates offsets over time that

would exceed near-term accumulation in forest. By

contrast, the carbon benefits of some strategies may be

deferred for some time; in particular, strategies that

involve the use of forests with large carbon stocks (e.g.,

old growth forests) or those that are not efficient. Any

policy to encourage programs or projects that influence

forest carbon sequestration and offset fossil fuel

emissions should: (1) promote the retention of existing

forests; (2) account for other greenhouse gas effects,

such as methane and nitrous oxide emissions and

biophysical changes; (3) account for leakage, such as

harvest moving elsewhere indirectly caused by changes

in management with the project system boundary; (4)

recognize other environmental benefits of forests, such

as biodiversity, nutrient management, and watershed

protection; (5) focus on the most robust and certain

carbon storage benefits in any compensation scheme; (6)

recognize the cyclical nature of forest growth and

regrowth, the extensive movement of forest products

globally, and the difficulty and expense of tracking

forest carbon; (7) recognize that the value of any carbon

credit will depend on how well the carbon can be

measured and verified; (8) acknowledge that climate

change and population growth will increase the poten-

tial for forest loss and may keep large-scale projects

from reaching their full potential; (9) recognize the

trade-offs involved in the various forest carbon storage

strategies, and (10) understand that the success of any

carbon storage strategy depends on human behavior and

technological advances in addition to forest biology.

Realistic, science-based assumptions should be used

to establish baselines to assess additionality, that is,

providing reasoning and evidence that the carbon

benefit is the result of actions deliberately taken.

Identification and delineation of the system boundary

for various activities is critical for comprehensive

understanding and optimizing carbon benefits. Proto-

cols that estimate carbon credits should appropriately

discount carbon storage estimates for uncertainty in

measurement, effects beyond the system boundary of the

project, and permanence. Sound methods with adjust-

ments for uncertainty are also needed to estimate

leakage (a project indirectly causing carbon loss outside

of the project’s boundaries) and permanence (a specified

minimum length of time that carbon is to be stored)

concerning forest carbon, wood products carbon, and

the effects of substitution and biomass energy use.

Because forest carbon loss poses a significant climate

risk and because climate change may impede regenera-

tion following disturbance, avoiding forest loss and

promoting regeneration after disturbance should receive

high priority as policy considerations. Avoiding loss of

forests should be a strong policy consideration owing to

very low risk and little uncertainty compared to other

strategies discussed in this report. Forest loss moves

carbon from forests to the atmosphere, particularly

where the loss includes not only trees but also the
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decomposition of soil carbon. Because of climate

change, increasing forest disturbance, and continued

population growth and exurban development, we

cannot assume that existing forests will remain. Focus-

ing on adaptation to the effects of climate change (Joyce

et al. 2008) to protect existing forests and as a

complement to implementing forest carbon storage

strategies would be prudent.

ACKNOWLEDGMENTS

We thank the anonymous reviewers for their helpful
comments to improve the manuscript. This project was made
possible with funding from the U.S. Forest Service Rocky
Mountain Research Station and the U.S. Forest Service
Washington Office.

LITERATURE CITED

Aalde, H., et al. 2006. Generic methodologies applicable to
multiple land-use categories. Pages 2.1–2.59 in S. Eggleston,
L. Buendia, K. Miwa, T. Ngara, and K. Tanabe, editors.
IPCC Guidelines for National Greenhouse Gas Inventories.
Institute for Global Environmental Strategies (IGES), Hay-
ama, Japan.

Aber, J., W. McDowell, K. Nadelhoffer, A. Magill, G.
Berntson, M. Kamakea, S. McNulty, W. Currie, L. Rustad,
and I. Fernandez. 1998. Nitrogen saturation in temperate
forest ecosystems: hypotheses revisited. BioScience 48:921–
934.

Ager, A. A., A. J. McMahan, J. J. Barrett, and C. W. McHugh.
2007. A simulation study of thinning and fuel treatments on a
wildland–urban interface in eastern Oregon, USA. Land-
scape and Urban Planning 80:292–300.

Akbari, H. 2002. Shade trees reduce building energy use and
CO2 emissions from power plants. Environmental Pollution
116:S119–S126.

Albaugh, T. J., H. L. Allen, P. M. Dougherty, and K. H.
Johnsen. 2004. Long term growth responses of loblolly pine
to optimal nutrient and water resource availability. Forest
Ecology and Management 192:3–19.

Albaugh, T. J., H. L. Allen, P. M. Dougherty, L. W. Kress, and
J. S. King. 1998. Leaf area and above- and belowground
growth responses of loblolly pine to nutrient and water
additions. Forest Science 44:317–328.

Albaugh, T. J., H. L. Allen, and T. R. Fox. 2007. Historical
patterns of forest fertilization in the southeastern United
States from 1969 to 2004. Southern Journal of Applied
Forestry 31:129–137.

Albaugh, T. J., H. L. Allen, B. R. Zutter, and H. E. Quicke.
2003. Vegetation control and fertilization in midrotation
Pinus taeda stands in the southeastern United States. Annals
of Forest Science 60:619–624.

Alig, R. J., A. J. Plantinga, S. Ahn, and J. D. Kline. 2003. Land
use changes involving forestry in the United States: 1952 to
1997, with projections to 2050. USDA Forest Service General
Technical Report PNW-GTR-587, Portland, Oregon, USA.

Allen, C. D. 2007. Interactions across spatial scales among
forest dieback, fire, and erosion in northern New Mexico
landscapes. Ecosystems 10:797–808.

Allen, H. L. 2001. Silvicultural treatments to enhance
productivity. Pages 129–139 in J. Evans, editor. The forest
handbook. Blackwell Science, Oxford, UK.

Amishev, D. Y., and T. R. Fox. 2006. The effect of weed
control and fertilization on survival and growth of four pine
species in the Virginia Piedmont. Forest Ecology and
Management 236:93–101.

Archer, D. 2005. Fate of fossil fuel CO2 in geologic time.
Journal of Geophysical Research Oceans 110:C09S05.

Asner, G. P. 2009. Tropical forest carbon assessment:
integrating satellite and airborne mapping approaches.
Environmental Research Letters 4:034009.

Bala, G., K. Caldeira, M. Wickett, T. J. Phillips, D. B. Lobell,
C. Delire, and A. Mirin. 2007. Combined climate and
carbon-cycle effects of large-scale deforestation. Proceedings
of the National Academy of Sciences USA 104:6550–6555.

Balboa-Murias, M. A., R. Rodriguez-Soalleiro, A. Merino, and
J. G. Alvarez-Gonzalez. 2006. Temporal variations and
distribution of carbon stocks in aboveground biomass of
radiata pine and maritime pine pure stands under different
silvicultural alternatives. Forest Ecology and Management
237:29–38.

Balshi, M. S., A. D. McGuire, P. Duffy, M. Flannigan, D. W.
Kicklighter, and J. Melillo. 2009. Vulnerability of carbon
storage in North American boreal forests to wildfires during
the 21st century. Global Change Biology 15:1491–1510.

Baral, A., and G. S. Guha. 2004. Trees for carbon sequestration
or fossil fuel substitution: the issue of cost vs. carbon benefit.
Biomass and Bioenergy 27:41–55.

Barlaz, M. A. 1998. Carbon storage during biodegradation of
municipal solid waste components in laboratory-scale land-
fills. Global Biogeochemical Cycles 12:373–380.

Barton, A. M. 2002. Intense wildfire in southeastern Arizona:
transformation of a Madrean oak–pine forest to oak
woodland. Forest Ecology and Management 165:205–212.

Battaglia, M. A., M. E. Rocca, C. C. Rhoades, and M. G.
Ryan. 2010. Surface fuel loading within mulching treatments
in Colorado coniferous forests. Forest Ecology and Man-
agement 260:1557–1566.

Berthrong, S. T., E. G. Jobbagy, and R. B. Jackson. 2009. A
global meta-analysis of soil exchangeable cations, pH,
carbon, and nitrogen with afforestation. Ecological Applica-
tions 19:2228–2241.

Birdsey, R. 2004. Data gaps for monitoring forest carbon in the
United States: an inventory perspective. Environmental
Management 33:S1–S8.

Birdsey, R. A., A. J. Plantinga, and L. S. Heath. 1993. Past and
prospective carbon storage in United States forests. Forest
Ecology and Management 58:33–40.

Birdsey, R., K. Pregitzer, and A. Lucier. 2006. Forest carbon
management in the United States: 1600–2100. Journal of
Environmental Quality 35:1461–1469.

Bonan, G. B. 2008. Forests and climate change: forcings,
feedbacks, and the climate benefits of forests. Science
320:1444–1449.

Borders, B. E., R. E. Will, D. Markewitz, A. Clark, R.
Hendrick, R. O. Teskey, and Y. Zhang. 2004. Effect of
complete competition control and annual fertilization on
stem growth and canopy relations for a chronosequence of
loblolly pine plantations in the lower coastal plain of
Georgia. Forest Ecology and Management 192:21–37.

Bradford, J. B., R. A. Birdsey, L. A. Joyce, and M. G. Ryan.
2008. Tree age, disturbance history, and carbon stocks and
fluxes in subalpine Rocky Mountain forests. Global Change
Biology 14:2882–2897.

BRDI. 2009. Increasing feedstock production for biofuels:
economic drivers, environmental implications, and the role of
research. Biomass Research Development Initiative, Biomass
Research and Development Board, Washington, D.C., USA.

Breshears, D. D., and C. D. Allen. 2002. The importance of
rapid, disturbance-induced losses in carbon management and
sequestration. Global Ecology and Biogeography 11:1–5.

Breshears, D. D., et al. 2005. Regional vegetation die-off in
response to global-change-type drought. Proceedings of the
National Academy of Sciences USA 102:15144–15148.

Briggs, J. M., A. K. Knapp, J. M. Blair, J. L. Heisler, G. A.
Hoch, M. S. Lett, and J. K. McCarron. 2005. An ecosystem
in transition: causes and consequence of the conversion of
mesic grassland to shrubland. BioScience 55:243–254.

September 2011 1919SYNTHESIS OF U.S. FOREST CARBON STORAGE

I
S
S
U
E
S

I
N
E
C
O
L
O
G
Y



Brown, S. 2002. Measuring carbon in forests: current status and
future challenges. Environmental Pollution 116:363–372.

Brown, T. J., B. L. Hall, and A. L. Westerling. 2004. The
impact of twenty-first century climate change on wildland fire
danger in the western United States: an applications
perspective. Climatic Change 62:365–388.

Campbell, J. E., D. B. Lobell, R. C. Genova, and C. B. Field.
2008. The global potential of bioenergy on abandoned
agriculture lands. Environmental Science and Technology
42:5791–5794.

Canadell, J. G., M. U. F. Kirschbaum, W. A. Kurz, M. J. Sanz,
B. Schlamadinger, and Y. Yamagata. 2007a. Factoring out
natural and indirect human effects on terrestrial carbon
sources and sinks. Environmental Science and Policy 10:370–
384.

Canadell, J. G., D. E. Pataki, R. Gifford, R. A. Houghton, Y.
Lou, M. R. Raupach, P. Smith, and W. Steffen. 2007b.
Saturation of the terrestrial carbon sink. Pages 59–78 in J. G.
Canadell, D. E. Pataki, and L. Pitelka, editors. Terrestrial
ecosystems in a changing world. The IGBP Series, Springer-
Verlag, Berlin Heidelberg, Germany.

Carter, M. C., and C. D. Foster. 2006. Milestones and
millstones: a retrospective on 50 years of research to improve
productivity in loblolly pine plantations. Forest Ecology and
Management 227:137–144.

CDIAC. 2009. Global fossil-fuel carbon emissions. Carbon
Dioxide InformationAnalysis Center. hhttp://cdiac.ornl.gov/i

Chambers, J. Q., J. I. Fisher, H. C. Zeng, E. L. Chapman, D. B.
Baker, and G. C. Hurtt. 2007. Hurricane Katrina’s carbon
footprint on U.S. Gulf Coast forests. Science 318:1101–1107.

Chen, J. X., S. J. Colombo, M. T. Ter-Mikaelian, and L. S.
Heath. 2008. Future carbon storage in harvested wood
products from Ontario’s Crown forests. Canadian Journal of
Forest Research 38:1947–1958.

Churkina, G., D. G. Brown, and G. Keoleian. 2010. Carbon
stored in human settlements: the conterminous United States.
Global Change Biology 16:135–143.

Climate Action Reserve. 2009. Forest project protocol, version
3.0. Climate Action Reserve. hhttp://www.climateactionreserve.
org/wp-content/uploads/2009/03/Forest_Project_Protocol_
Version3.0.pdf i

Cooper, C. F. 1983. Carbon storage in managed forests.
Canadian Journal of Forest Research 13:155–166.

Covington, W. W., and M. M. Moore. 1994. Southwesten
ponderosa forest structure: changes since Euro-American
settlement. Journal of Forestry 92:39–47.

Crevoisier, C., C. Sweeney, M. Gloor, J. L. Sarimiento, and
P. P. Tans. 2010. Regional US carbon sinks from three-
dimensional atmospheric CO2 sampling. Proceedings of the
National Academy of Sciences USA 107:18348–18353.

Dale, V. H., L. A. Joyce, S. McNulty, and R. P. Neilson. 2000.
The interplay between climate change, forests, and distur-
bances. Science of the Total Environment 262:201–204.

Dale, V. H., et al. 2001. Climate change and forest disturbances.
BioScience 51:723–734.

Davis, A. A., M. H. Stolt, and J. E. Compton. 2004. Spatial
distribution of soil carbon in southern New England
hardwood forest landscapes. Soil Science Society of America
Journal 68:895–903.

Denman, K. L., et al. 2007. Couplings between changes in the
climate system and biogeochemistry. Chapter 7 in S.
Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis,
K. B. Averyt, M. Tignor, and H. L. Miller, editors. Climate
change 2007: the physical science basis. Contribution of
Working Group I to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge
University Press, Cambridge, UK and New York, New
York, USA.

Dixon, R. K., S. Brown, R. A. Houghton, A. M. Solomon,
M. C. Trexler, and J. Wisniewski. 1994. Carbon pools and
flux of global forest ecosystems. Science 263:185–190.

Donato, D. C., J. B. Fontaine, J. L. Campbell, W. D.
Robinson, J. B. Kauffman, and B. E. Law. 2009. Conifer
regeneration in stand-replacement portions of a large mixed-
severity wildfire in the Klamath-Siskiyou Mountains. Cana-
dian Journal of Forest Research 39:823–838.

Dore, S., T. E. Kolb, M. Montes-Helu, S. E. Eckert, B. W.
Sullivan, B. A. Hungate, J. P. Kaye, S. C. Hart, G. W. Koch,
and A. Finkral. 2010. Carbon and water fluxes from
ponderosa pine forests disturbed by wildfire and thinning.
Ecological Applications 20:663–683.

Dubayah, R. O., and J. B. Drake. 2000. Lidar remote sensing
for forestry. Journal of Forestry 98:44–46.

FAO. 2007. The state of the world’s forests. Food and
Agriculture Organization of the United Nations. hhttp://
www.fao.org/docrep/009/a0773e/a0773e00.HTMi

Farley, K. A., E. G. Jobbagy, and R. B. Jackson. 2005. Effects
of afforestation on water yield: a global synthesis with
implications for policy. Global Change Biology 11:1565–
1576.

Farley, K. A., G. Pineiro, S. M. Palmer, E. G. Jobbagy, and
R. B. Jackson. 2008. Stream acidification and base cation
losses with grassland afforestation. Water Resources Re-
search 44:W00A03.

Fellows, A. W., and M. L. Goulden. 2008. Has fire suppression
increased the amount of carbon stored in western U.S.
forests? Geophysical Research Letters 35:L12404.

Finkral, A. J., and A. M. Evans. 2008. Effects of a thinning
treatment on carbon stocks in a northern Arizona ponderosa
pine forest. Forest Ecology and Management 255:2743–2750.

Finney, M. A. 2001. Design of regular landscape fuel treatment
patterns for modifying fire growth and behavior. Forest
Science 47:219–228.

Fox, T. R., H. L. Allen, T. J. Albaugh, R. Rubilar, and C. A.
Carlson. 2007a. Tree nutrition and forest fertilization of pine
plantations in the southern United States. Southern Journal
of Applied Forestry 31:5–11.

Fox, T. R., E. J. Jokela, and H. L. Allen. 2007b. The
development of pine plantation silviculture in the southern
United States. Journal of Forestry 105:337–347.

Fujimaki, R., A. Sakai, and N. Kaneko. 2009. Ecological risks
in anthropogenic disturbance of nitrogen cycles in natural
terrestrial ecosystems. Ecological Research 24:955–964.

Galik, C. S., and R. B. Jackson. 2009. Risks to forest carbon
offset projects in a changing climate. Forest Ecology and
Management 257:2209–2216.

Gibbs, H. K., S. Brown, J. O. Niles, and J. A. Foley. 2007.
Monitoring and estimating tropical forest carbon stocks:
making REDD a reality. Environmental Research Letters
2:034001.

Girod, C. M., G. C. Hurtt, S. Frolking, J. D. Aber, and A. W.
King. 2007. The tension between fire risk and carbon storage:
evaluating U.S. carbon and fire management strategies
through ecosystem models. Earth Interactions 11:1–33.

Gurney, K. R., et al. 2002. Towards robust regional estimates
of CO2 sources and sinks using atmospheric transport
models. Nature 415:626–630.

Hanson, C. T., D. C. Odion, D. A. Dellasala, and W. L. Baker.
2009. Overestimation of fire risk in the Northern Spotted Owl
recovery plan. Conservation Biology 23:1314–1319.

Harmon, M. E. 2001. Carbon sequestration in forests:
addressing the scale question. Journal of Forestry 99:24–29.

Harmon, M. E., W. K. Ferrell, and J. F. Franklin. 1990. Effects
on carbon storage of conversion of old-growth forests to
young forests. Science 247:699–702.

Harmon, M. E., J. M. Harmon, W. K. Ferrell, and D. Brooks.
1996. Modeling carbon stores in Oregon and Washington
forest products: 1900–1992. Climatic Change 33:521–550.

Harmon, M. E., and B. Marks. 2002. Effects of silvicultural
practices on carbon stores in Douglas-fir–western hemlock
forests in the Pacific Northwest, USA: results from a

DUNCAN C. MCKINLEY ET AL.1920 Ecological Applications
Vol. 21, No. 6

I
S
S
U
E
S

I
N
E
C
O
L
O
G
Y



simulation model. Canadian Journal of Forest Research
32:863–877.

Harmon, M. E., A. Moreno, and J. B. Domingo. 2009. Effects
of partial harvest on the carbon stores in Douglas-fir/western
hemlock forests: a simulation study. Ecosystems 12:777–791.

Heath, L. S., J. M. Kimble, R. A. Birdsey, and R. Lal. 2003.
The potential of U.S. forest soils to sequester carbon. Pages
385–394 in J. M. Kimble, L. S. Heath, R. A. Birdsey, and R.
Lal, editors. The potential of U.S. forest soils to sequester
carbon and mitigate the greenhouse effect. CRC Press, Boca
Raton, Florida, USA.

Heath, L. S., V. Maltby, R. Miner, K. E. Skog, J. E. Smith, J.
Unwin, and B. Upton. 2010. Greenhouse gas and carbon
profile of the U.S. forest products industry value chain.
Environmental Science and Technology 44:3999–4005.

Helmer, E. H., M. A. Lefsky, and D. A. Roberts. 2009. Biomass
accumulation rates of Amazonian secondary forest and
biomass of old-growth forests from Landsat time series and
the Geoscience Laser Altimeter System. Journal of Applied
Remote Sensing 3:033505.

Hese, S., W. Lucht, C. Schmullius, M. Barnsley, R. Dubayah,
D. Knorr, K. Neumann, T. Riedel, and K. Schroter. 2005.
Global biomass mapping for an improved understanding of
the CO2 balance—the Earth observation mission Carbon-3D.
Remote Sensing of Environment 94:94–104.

Hillring, B. 2006. World trade in forest products and wood fuel.
Biomass and Bioenergy 30:815–825.

Houghton, R. A. 2005. Aboveground forest biomass and the
global carbon balance. Global Change Biology 11:945–958.

Houghton, R. A., J. L. Hackler, and K. T. Lawrence. 1999. The
U.S. carbon budget: contributions from land-use change.
Science 285:574–578.

Houghton, R. A., J. L. Hackler, and K. T. Lawrence. 2000.
Changes in terrestrial carbon storage in the United States. 2:
The role of fire and fire management. Global Ecology and
Biogeography 9:145–170.

Hu, Y. L., D. H. Zeng, Z. P. Fan, G. S. Chen, Q. Zhao, and D.
Pepper. 2008. Changes in ecosystem carbon stocks following
grassland afforestation of semiarid sandy soil in the
southeastern Keerqin Sandy Lands, China. Journal of Arid
Environments 72:2193–2200.

Huang, C. H., R. Bates, G. D. Kronrad, and S. L. Cheng. 2004.
Economic analyses of sequestering carbon in loblolly pine,
cherrybark oak, and northern red oak in the United States.
Environmental Management 33:S187–S199.

Hurteau, M., and M. North. 2009. Fuel treatment effects on
tree-based forest carbon storage and emissions under
modeled wildfire scenarios. Frontiers in Ecology and the
Environment 7:409–414.

Hurteau, M. D., G. W. Koch, and B. A. Hungate. 2008.
Carbon protection and fire risk reduction: toward a full
accounting of forest carbon offsets. Frontiers in Ecology and
the Environment 6:493–498.

Hurtt, G. C., S. W. Pacala, P. R. Moorcroft, J. Caspersen, E.
Shevliakova, R. A. Houghton, and B. Moore. 2002.
Projecting the future of the U.S. carbon sink. Proceedings
of the National Academy of Sciences USA 99:1389–1394.

IPCC. 2007. Climate change 2007: synthesis report. Contribu-
tion of Working Groups I, II and III to the Fourth
Assessment Report of the Intergovernmental Panel on
Climate Change. IPCC, Geneva, Switzerland.

Jackson, R. B., and J. S. Baker. 2010. Opportunities and
constraints for forest climate change mitigation. BioScience
60:698–707.

Jackson, R. B., E. G. Jobbagy, R. Avissar, S. B. Roy, D. J.
Barrett, C. W. Cook, K. A. Farley, D. C. le Maitre, B. A.
McCarl, and B. C. Murray. 2005. Trading water for carbon
with biological sequestration. Science 310:1944–1947.

Jackson, R. B., et al. 2008. Protecting climate with forests.
Environmental Research Letters 3:044006.

Jackson, R. B., and W. H. Schlesinger. 2004. Curbing the U.S.
carbon deficit. Proceedings of the National Academy of
Sciences USA 101:15827–15829.

Jandl, R., M. Lindner, L. Vesterdal, B. Bauwens, R. Baritz, F.
Hagedorn, D. W. Johnson, K. Minkkinen, and K. A. Byrne.
2007. How strongly can forest management influence soil
carbon sequestration? Geoderma 137:253–268.

Janssens, I. A., and S. Luyssaert. 2009. Nitrogen’s carbon
bonus. Nature Geoscience 2:318–319.

Jiang, H., M. J. Apps, C. H. Peng, Y. L. Zhang, and J. X. Liu.
2002. Modelling the influence of harvesting on Chinese
boreal forest carbon dynamics. Forest Ecology and Man-
agement 169:65–82.

Jobbagy, E. G., and R. B. Jackson. 2004. Groundwater use and
salinization with grassland afforestation. Global Change
Biology 10:1299–1312.

Johnsen, K. H., et al. 2001. Carbon sequestration and southern
pine forests. Journal of Forestry 99:14–21.

Johnson, D. W., and P. S. Curtis. 2001. Effects of forest
management on soil C and N storage: meta analysis. Forest
Ecology and Management 140:227–238.

Joyce, L. A., G. M. Blate, J. S. Littell, S. G. McNulty, C. I.
Millar, S. C. Moser, R. P. Neilson, K. A. O’Halloran, and
D. L. Peterson. 2008. National forests. Pages 1–66 in S. H.
Julius, and J. M. West, editors. Preliminary review of
adaptation options for climate-sensitive ecosystems and
resources. A Report by the U.S. Climate Change Science
Program and the Subcommittee on Global Change Research.
U.S. Environmental Protection Agency, Washington, D.C.,
USA.

Kaipainen, T., J. Liski, A. Pussinen, and T. Karjalainen. 2004.
Managing carbon sinks by changing rotation length in
European forests. Environmental Science and Policy 7:205–
219.

Kashian, D. M., W. H. Romme, D. B. Tinker, M. G. Turner,
and M. G. Ryan. 2006. Carbon storage on landscapes with
stand-replacing fires. BioScience 56:598–606.

Keyser, T. L., L. B. Lentile, F. W. Smith, and W. D. Shepperd.
2008. Changes in forest structure after a large, mixed-severity
wildfire in ponderosa pine forests of the Black Hills, South
Dakota, USA. Forest Science 54:328–338.

Kumar, A. 2009. A conceptual comparison of bioenergy
options for using mountain pine beetle infested wood in
Western Canada. Bioresource Technology 100:387–399.

Kurz, W. A., C. C. Dymond, G. Stinson, G. J. Rampley, E. T.
Neilson, A. L. Carroll, T. Ebata, and L. Safranyik. 2008a.
Mountain pine beetle and forest carbon feedback to climate
change. Nature 452:987–990.

Kurz, W. A., G. Stinson, G. J. Rampley, C. C. Dymond, and
E. T. Neilson. 2008b. Risk of natural disturbances makes
future contribution of Canada’s forests to the global carbon
cycle highly uncertain. Proceedings of the National Academy
of Sciences USA 105:1551–1555.

Lal, R. 2004. Soil carbon sequestration to mitigate climate
change. Geoderma 123:1–22.

Lenihan, J. M., D. Bachelet, R. P. Neilson, and R. Drapek.
2008. Response of vegetation distribution, ecosystem pro-
ductivity, and fire to climate change scenarios for California.
Climatic Change 87:S215–S230.

Le Quere, C., et al. 2009. Trends in the sources and sinks of
carbon dioxide. Nature Geoscience 2:831–836.

Lippke, B., and L. Edmonds. 2006. Environmental perfor-
mance improvement in residential construction: the impact of
products, biofuels, and processes. Forest Products Journal
56:58–63.

Lippke, B., and J. Perez-Garcia. 2008. Will either cap and trade
or a carbon emissions tax be effective in monetizing carbon
as an ecosystem service. Forest Ecology and Management
256:2160–2165.

Lippke, B., J. Wilson, J. Perez-Garcia, J. Bowyer, and J. Meil.
2004. CORRIM: life-cycle environmental performance of

September 2011 1921SYNTHESIS OF U.S. FOREST CARBON STORAGE

I
S
S
U
E
S

I
N
E
C
O
L
O
G
Y



renewable building materials. Forest Products Journal 54:8–
19.

Liski, J., A. Pussinen, K. Pingoud, R. Mäkipää, and T.
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