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Chapter 7
Managing Carbon

Kenneth E. Skog, Duncan C. McKinley, Richard A. Birdsey, Sarah J. Hines,
Christopher W. Woodall, Elizabeth D. Reinhardt, and James M. Vose

7.1 Introduction

Storing carbon (C) and offsetting carbon dioxide (CO2) emissions with the use
of wood for energy, both of which slow emissions of CO2 into the atmosphere,
present significant challenges for forest management (IPCC 2001). In the United
States, there has been a net increase in C in forests and in harvested wood products
stocks (Tables 7.1 and 7.2), a result of historical and recent ecological conditions,
management practices, and use of forest products (Birdsey et al. 2006). However,
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Table 7.1 Net annual changes in carbon (C) stocks in forest and harvested wood
pools, 1990–2009

1990 2000 2005 2009

C pool (Tg C year�1)

Forest
Live, aboveground �98.2 �78.3 �122.1 �122.1
Live, belowground �19.3 �15.7 �24.1 �24.1
Dead wood �8.6 �3.5 �8.4 �9.1
Litter �8.8 7.5 �11.4 �11.4
Soil organic C �14.9 17.6 �53.8 �53.8
Total forest �149.8 �72.4 �219.9 �220.6

Harvested wood products
Products in use �17.7 �12.8 �12.4 1.9
Products in solid waste disposal sites �18.3 �18.0 �16.3 �16.7
Total harvested wood products �35.9 �30.8 �28.7 �14.8
Total net flux �185.7 �103.2 �248.6 �235.4

From USEPA (2011)

Table 7.2 Carbon (C) stocks in forest and harvested wood pools, 1990–2010

1990 2000 2005 2009

C pool (Tg C)

Forest
Live, aboveground 15,072 16,024 16,536 17,147
Live, belowground 2,995 3,183 3,285 3,405
Dead wood 2,960 3,031 3,060 3,105
Litter 4,791 4,845 4,862 4,919
Soil organic C 16,965 17,025 17,143 17,412
Total forest 42,783 44,108 44,886 45,988

Harvested wood products
Products in use 1,231 1,382 1,436 1,474
Products in solid waste disposal sites 628 805 890 974
Total harvested wood products 1,859 2,187 2,325 2,449
Total C stock 44,643 46,296 47,211 48,437

From USEPA (2011)

recent projections for the forest sector suggest that annual C storage could begin
to decline, and U.S. forests could become a net C emitter of tens to hundreds of
Tg C year�1 within a few decades (USDA FS 2012a). It is therefore urgent to
identify effective C management strategies, given the complexity of factors that
drive the forest C cycle and the multiple objectives for which forests are managed.
An ideal C management activity contributes benefits beyond increasing C storage
by achieving other management objectives and providing ecosystem services in a
sustainable manner.

Strategies for effectively managing forest C stocks and offsetting C emissions
requires a thorough understanding of biophysical and social influences on the forest



7 Managing Carbon 153

C cycle (Birdsey et al. 1993). Successful policies and incentives may be chosen
to support strategies if sufficient knowledge of social processes (e.g., landowner or
wood-user response to incentives and markets) is available. For example, if C stocks
are expected to decrease owing to decreasing forest land area caused by exurban
development, policies or incentives to avoid deforestation in those areas may be
effective. If C stocks are expected to decrease owing to the effects of a warmer
climate, reducing stand densities may retain C over the long term by increasing
resilience to drought and other stressors and by reducing crown fire hazard (Jackson
et al. 2005; Reinhardt et al. 2008). Protecting old forests and other forests that have
high C stocks may be more effective than seeking C offsets associated with wood
use, especially if those forests would recover C more slowly in an altered climate.

If climate change increases productivity in a given area over a long period of
time, increasing forest C stocks through intensive management and forest products,
including biomass energy, may be especially effective. It is equally important
to know which strategies might make some management practices unacceptable
(e.g., reducing biodiversity). However, no standard evaluation framework exists to
aid decision making on alternative management strategies for maximizing C storage
while minimizing risks and tradeoffs.

Here we discuss (1) where forest C is stored in the United States, (2) how to
measure forest C through space and time, (3) effectiveness of various management
strategies in reducing atmospheric greenhouse gases (GHG), and (4) effectiveness
of incentives, regulations, and institutional arrangements for implementing C
management.

7.2 Status and Trends in Forest-Related C

Net annual C additions to forests (84 %) and harvested wood products used
in human settlements and infrastructure (10 %) account for most of the total
annual GHG sequestration in the United States. The two largest C components in
forests are aboveground biomass (37 %) and soil organic C (38 %), with the rest
distributed among belowground biomass (8 %), litter (11 %), and dead wood (6 %).
Because aboveground biomass accumulates, then shifts to dead wood, litter, or wood
products in a matter of decades, forest management and land use activities can
affect aboveground biomass distribution over decades. In other words, management
modifications can potentially increase C accumulation and emission offsets.

Change in forest area and forest C per unit area (C density) determines the
change in C stocks over time. Since the 1950s, U.S. forest area has been relatively
stable (Fig. 7.1) while C density has been increasing. Large-scale reforestation
of the United States since the early 1900s is the primary cause of expansion
of forest area over time. Increasing C sequestration is a result of gross growth
per year continuing to increase, while mortality has increased slowly and harvest
removals have stabilized (Fig. 7.1). Despite national trends of stable forest area and
increasing C, it is likely that mortality plus harvest exceeds growth in some areas.
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Fig. 7.1 Growing stock carbon change is affected by growth, mortality, and removals, along with
timberland area, 1953–2007

Fig. 7.2 Aboveground live biomass in forests

Aboveground biomass C stocks are largely found in the Pacific coastal region,
Appalachian Mountains, Rocky Mountains, Lake States, and central hardwoods
(Fig. 7.2). Net annual C sequestration can vary considerably at small spatial scales,
and a forest can quickly become a net emitter of C following local disturbances
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Fig. 7.3 Aboveground live forest carbon change

such as wildfire. Although C stocks have been increasing in most U.S. counties in
recent years (Fig. 7.3), uncertainty in annual net sequestration increases greatly as
the spatial scale decreases. Given the low density of forest plots that are remeasured
each year, estimates of interannual variation in forest C for a local area may be
detectable only after major changes in forest structure caused by harvest, wildfire,
or other disturbances. Because of inherent variation in C stocks at small spatial
scales, it makes more sense to quantify C dynamics at large scales when measuring
C sequestration and effectiveness of C management strategies.

7.3 Monitoring and Evaluating Effects of C Management

Effectiveness of C management activities for mitigating GHG emissions is based
on forest removal (and retention) of CO2 from the atmosphere. Figure 7.4 shows
C storage and emission processes that can be affected by management of C in forests
and wood products. Carbon changes are evaluated by tracking C flows across system
boundaries over time. The boundary around the “forest sector” includes forest,
wood products, and wood energy processes for a defined forest area. A system can
be defined to include only C fluxes to and from forests or wood products, or it
may include C fluxes from equipment used to manage forests and manufacture and
transport wood products, nonwood products, and fossil fuel feedstocks.



156 K.E. Skog et al.

Fig. 7.4 Forest sector and non-forest sector greenhouse gas emissions and stock changes that are
influenced by forest management

Forest management can affect GHG emissions beyond the “forest sector.” System
boundaries can be expanded to include substitution of wood energy for fossil fuels,
and substitution of wood products for non-wood products that produce higher levels
of GHGs. System boundaries can also be expanded beyond the defined forest area
to nonforest areas where actions may cause indirect land use change and associated
GHG emissions. System boundaries also include a definition of the time period over
which C storage or emissions are evaluated. The effects of altering a C management
strategy, storing C, or altering emissions cannot be assessed without clearly defining
system boundaries, processes, and time period. Unfortunately, no standard approach
exists for evaluating forest biomass as a replacement for fossil fuels.

Evaluating C management strategies associated with forests requires (at a mini-
mum) (1) monitoring C stock changes and emissions over time, and (2) evaluating
the effects of altered activities that affect in-forest C (in situ) and associated
C storage or emissions outside forests (ex situ). One accounting framework (type A)
determines how C fluxes in terrestrial systems and harvested wood products have
changed for a current or past period because of management actions and other
factors such as natural disturbances. Another accounting framework (type B)
determines the degree to which a change in management under various mitigation
strategies could increase C storage and decrease emissions.

This accounting approach determines the magnitude of additional C offsets
compared to a baseline, where the baseline is the level of C stock, C stock change,
level of emissions, or emissions change for a given set of land conditions and
activities (e.g., forest management, timber harvest, and disturbances) and off-land
activities (e.g., substitution for fossil emissions, as defined by the accounting system
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and boundaries at a point in time or over a period of time). A baseline can be defined
by past conditions or projected future conditions. The effectiveness of a new strategy
(e.g., providing an incentive to increase wood use for energy) is determined by
changes in landowner behavior. For example, high energy use (high price) may
motivate some landowners to convert non-forest land to wood plantations, thus
accumulating C and benefiting from wood substitution for fossil fuel. In addition,
an increase in wood prices could cause pulpwood to be used for energy rather than
for oriented strandboard panel production and associated C storage.

Accounting for the effects of forest management on C must include, explicitly
or implicitly, specification of the accounting framework (type A or B) and system
boundaries for processes included (e.g., forest sector, service sector, non-forest land
use, specific forest area, time period, wood C only, and other GHG emissions).
A “common” type A framework defines system boundaries to include current annual
C exchange with the atmosphere from forest ecosystems at a given geographic scale,
plus C additions and emissions for harvested wood products from those forests
(Fig. 7.4). This framework can be used to answer the management question “Are
forests and forest products continuing to (collectively) withdraw and store C from
the atmosphere?” The framework is also the basis for reporting GHG emissions and
sinks in many accounting systems such as that used in annual reports to the United
Nations Framework Convention on Climate Change (United Nations 1992).

This framework is not intended to evaluate the full effects on atmospheric CO2 of
a change in strategy, which would require a system boundary that includes changes
in non-wood C emissions and C emissions or storage outside the forest. Some
excluded changes may include altered fossil fuel use, other land use emissions, and
altered no-wood product emissions (Fig. 7.4). Evaluating strategy changes requires
a framework that includes all processes that significantly change atmospheric CO2.
If changes in emissions occur over many years, the framework must evaluate CO2

fluxes over many years. For example, a strategy to increase use of wood for heat,
electric power, or biofuels via incentives at a national level would change CO2 flux
estimates compared to a given baseline over an extended time from (1) wood for
energy, (2) fossil fuels for energy, (3) land use change (e.g., crops to plantation,
or forest to intensive plantation), and (4) flux from forests where wood is removed
(including regrowth after removal).

“Leakage” recognizes certain C effects in which the effects of a policy or
management change are evaluated with a type B accounting framework. Leakage
expressed the C effects of a program change outside the system boundaries defined
by a limited set of processes (e.g., C changes for a specific forest area). Leakage
includes C changes on land outside of a system boundary (e.g., caused by changes
in harvest or land use) (Sohngen et al. 1999; Schwarze et al. 2002; Murray et al.
2004; Gan and McCarl 2007; Pachauri and Reisinger 2007), and differs depending
on the mitigation activity (Murray et al. 2004; Gan and McCarl 2007). In the United
States, leakage estimates associated with activities on a given land area range from
less than 10 % to greater than 90 % (proportion of C benefit lost), depending on
the activity and region (Murray et al. 2004). Globally, leakage estimates range
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between 42 and 95 % (Gan and McCarl 2007). Leakage tends to be highest where
programs constrain the supply of forest products (e.g., no harvest is allowed) or
constrain land use change (e.g., forest land conversion to agriculture) (Sohngen et
al. 1999, 2008; Aukland et al. 2003; Murray et al. 2004; Depro et al. 2008; Sohngen
and Brown 2008). In contrast, the indirect effects of a program can increase C
benefits outside of a system boundary through “spillover” (Magnani et al. 2009).
For example, spillover can occur if an increase in plantation forestry reduces C
losses from established forests by increasing C flows in cheaper forest products
(Magnani et al. 2009). Defining system boundaries to include indirect effects on C
(e.g., multi-national programs) or otherwise accounting for leakage ensures program
integrity.

Ineffectiveness of some C storage strategies may be caused by flaws in incentive
structures or policies, not by biophysical attributes of the strategy itself. For
example, an incentive program might favor harvesting large trees that produce
lumber, assuming that lumber would replace building materials that emit more C
in manufacturing. If this incentive strategy were implemented, the lumber could go
to non-building uses, or an increase in harvest by one landowner could be offset by
a decrease by another. This is a flaw of the incentive system, not of the underlying
wood substitution strategy. If there were incentives for builders to use wood rather
than alternate materials, the strategy could be effective in reducing emissions from
manufacturing.

Life cycle assessment (LCA) can be used to evaluate C management strategies
by focusing on the change in C storage or emissions associated with producing one
unit of wood energy or one unit of wood product. An attributional LCA, which is
similar to a type A accounting framework, estimates storage and emissions over the
life cycle of one unit of product, including specification of forest growth, harvest,
manufacturing, end use, disposal, and/or reuse. Attributional LCAs monitor inputs
and emissions associated with production and do not include all process that would
be affected by a change in production or processes. A consequential LCA, which
is similar to a type B accounting framework, also estimates storage and emissions
over the life cycle of one unit of product, but calculates the change in emissions
associated with a one-unit change in product production caused by change in
processes over the life cycle. Consequential LCAs are typically used to analyze
the potential response of a change to a system, such as a change in policy, and can
include the effects of altered product demand on production and emissions from
products across many sectors.

It can be difficult to compare the effectiveness of different C management strate-
gies, because they are often evaluated with different system boundaries, accounting
frameworks, models, assumptions, functional units (land area vs. product units), and
assumed incentives. However, it is possible to describe the effects of strategies on
changing particular processes, uncertainty in attaining specific effects, and timing
of the effects.
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7.4 Carbon Mitigation Strategies

Carbon mitigation through forest management focuses on (1) increasing forest
area (afforestation), avoiding deforestation, or both, (2) C management in existing
forests, and (3) use of wood as biomass energy or in wood products for C storage
and as a substitute for other building materials. Estimates of CO2 emissions offset
by forests and forest products in the United States (using the type A framework)
vary from 10 to 20 % depending assumptions and accounting methods (McKinley
et al. 2011), with 13 % (about 221 Tg C year�1) being the estimate as of 2011
(USEPA 2011). The first two mitigation strategies above maintain or increase forest
C stocks (using the type B framework with a boundary around forest area and other
land capable of growing forests). The third strategy increases C storage or reduces
emissions, including C fluxes associated with forests and products removed from
the forest (using the type B framework with a boundary around the forest sector,
services, and non-forest land processes) (Fig. 7.4). The mitigation potential of these
strategies differs in timing and magnitude (Table 7.3).

7.4.1 Land Use Change: Afforestation, Avoiding Deforestation,
and Urban Forestry

7.4.1.1 Afforestation

In the United States, estimates of the potential for afforestation (active establishment
or planting of forests) to sequester C vary from 1 to 225 Tg C year�1 for 2010–2110
(U.S. Climate Change Science Program 2007; USEPA 2005). Afforestation can be
done on land that has not been forested for some time (usually more than 20 years).
Reforestation refers to establishing forests on land that was previously forested but
has been in non-forest use for some time. Mitigation potential, co-benefits, and
environmental tradeoffs depend on where afforestation and reforestation efforts are
implemented (Table 7.3).

The mitigation potential of afforestation and reforestation is significant and
generally has co-benefits, low risk, and few tradeoffs. Forest regrowth on abandoned
cropland comprises about half of the additional potential C sink in the United
States (Pacala et al. 2001). Sequestering the equivalent of 10 % of U.S. fossil fuel
emissions (160 Tg C) would require 44 million ha (or one-third) of U.S. croplands
to be converted to tree plantations (Jackson and Schlesinger 2004), with 0.3 to 1.1
million ha needed to sequester 1 Tg C annually (USEPA 2005). Forest establishment
on productive, high-value agricultural land is unlikely and may cause leakage
(Murray et al. 2004), although establishing forest plantations on less productive,
low-value agricultural land is more feasible. Where climatic and soil conditions
favor forest growth (over crops), irrigation and fertilization inputs would be low
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relative to gains in C storage, creating co-benefits such as erosion control, improved
water quality, higher species diversity, and wildlife habitat.

Afforestation on lands that do not naturally support forests may require
human intervention and environmental tradeoffs. Carbon storage in tree and
shrub encroachment in grasslands, rangelands, and savannas could potentially
be 120 Tg C year�1, a C sink that could be equivalent to more than half of what
existing U.S. forests sequester annually (U.S. Climate Change Science Program
2007), demonstrating the potential (unintentional) effects of land use change and
other human activities (Van Auken 2000). However, planting trees (especially non-
native species) where they were not present historically may alter the water table,
cause soil erosion on hill slopes, and absorb more solar energy compared with a
native ecosystem (Jobbágy and Jackson 2004; Farley et al. 2008; Jackson et al.
2008; McKinley and Blair 2008). Irrigation, where necessary, may compete with
agricultural water supply and other uses, and water-demanding tree species can
reduce streamflow (Farley et al. 2005; Jackson et al. 2005). Use of nitrogen (N)
fertilizers may increase emissions of nitrous oxide, a GHG with 300 times greater
radiative effect than CO2.

7.4.1.2 Avoiding Deforestation

Avoiding the loss of forested land can prevent loss of C to the atmosphere. Estimates
of potential C mitigation through avoided deforestation are not available for the
United States; however on a global scale, deforestation results in the gross annual
loss of 90,000 km2, or 0.2 % of all forests (FAO 2007; Pachauri and Reisinger
2007), which releases 1,400–2,000 Tg C year�1; two-thirds of the deforestation
occurs in tropical forests in South America, Africa, and Southeast Asia (Houghton
2005; Pachauri and Reisinger 2007). Over a recent 150-year period, global land
use change released 156,000 Tg C to the atmosphere, mostly from deforestation
(Houghton 2005). In contrast, forest area in the United States increased at a net rate
of 340,000 ha year�1 between 2002 and 2007. Increased forest area and regrowth
are responsible for most of the current U.S. sink (USEPA 2011). However, land
development and conversion of forest to agricultural land is expected to decrease
forest area in the United States by 9 million ha by 2050 (Alig et al. 2003). In
addition, increased area burned by fire may result in the conversion of some forests
to non-forest (McKenzie et al. 2009), or a permanent reduction in C stocks on
existing forests if fire-return intervals are reduced (Harden et al. 2000; Balshi et al.
2009). Successful regeneration after wildfires will help avoid conversion of forest
to vegetation that retains less C (Keyser et al. 2008; Donato et al. 2009).

Avoided deforestation protects existing forest C stocks and has many co-benefits
(Table 7.3), including maintaining the functionality of watersheds, plant and animal
habitat, and some recreational activities (McKinley et al. 2011). However, incentives
to avoid deforestation in one area may increase forest harvest elsewhere, deriving
minimal reduction in atmospheric CO2. Avoided deforestation may also decrease
economic opportunities for timber, agriculture, and urban development in some
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areas (Meyfroidt et al. 2010). Leakage can be large for avoided deforestation,
particularly if harvest is not allowed (Murray et al. 2004).

7.4.1.3 Urban Forestry

Planting and managing trees in and around human settlements offers limited
potential to store additional C, but urban trees provide indirect reductions of
fossil fuel emissions and have many co-benefits. Although urban C stocks in the
United States are surprisingly large (Churkina et al. 2010), the potential for urban
forestry to help offset GHG emissions is limited because urban areas comprise
only 3.5 % of the landscape (Nowak and Crane 2002), and urban trees require
intensive management. Urban forests affect local climate by cooling with shading
and transpiration, potentially reducing fossil fuel emissions associated with air
conditioning (Akbari 2002). In urban forests planted over very large areas, trees
have both warming effects and cooling effects, resulting in complex patterns of
convection that can alter air circulation and cloud formation (Jackson et al. 2008).
Mortality of urban trees is generally high (Nowak et al. 2004), and they require
ongoing maintenance, particularly in cities in arid regions. Risks increase when
irrigation, fertilization, and other maintenance are necessary to maintain tree vigor
(Pataki et al. 2006).

7.5 In Situ Forest Carbon Management

Carbon mitigation through forest management focuses on efforts to increase forest
C stock by either decreasing C outputs in the form of harvest and disturbance, or
increasing C inputs through active management. Carbon mitigation for a combined
effort including increased harvest intervals, increased growth, and preserved estab-
lishment could remove 105 Tg C year�1. Achieving these results would require
large land areas, because 500,000–700,000 ha of manageable forest land are needed
to store 1 Tg C year�1 (USEPA 2005).

7.5.1 Increasing Forest C by Decreasing Harvest
and Protecting Large C Stocks

Forest management can increase forest C by increasing the interval between harvests
or decreasing harvest intensity (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). Increasing harvest intervals have
the biggest effect on forests harvested at ages before peak rates of growth begin to
decline (culmination of mean annual increment [CMAI]), such as some Douglas-fir
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(Pseudotsuga menziesii [Mirb.] Franco) forests in the northwestern United States.
Increasing rotation age for forests with low CMAI, such as Southern pine species
that are already harvested near CMAI, would yield a decreasing benefit per year of
extended rotation.

Harvesting forests with high biomass and planting a new forest reduce overall
C stocks more in the near term than if the forest were retained, even counting the
C storage in harvested wood products (Harmon et al. 1996, 2009). For example,
some old-growth forests in Oregon store as much as 1,100 Mg C ha�1 (Smithwick
et al. 2002), which would require centuries to regain if these stocks were liquidated
and replaced, even with fast-growing trees (McKinley et al. 2011). Partial harvests,
including leaving dead wood on site, maintain higher C stocks compared to clearcuts
(Harmon et al. 2009) while concurrently allowing forests to be used for wood
products or biomass energy. Although thinning increases the growth rate and vigor
of residual trees, it generally reduces net C storage rates and C storage at the
stand scale (Schonau and Coetzee 1989; Dore et al. 2010). Studies on the effects
of harvest on soil C provide mixed results (Johnson and Curtis 2001; Nave et al.
2010). Benefits of decreased wood (and C) outputs from forests include an increase
in structural and species diversity (Table 7.3). Risks include C loss from disturbance
and reduced substitution of wood for more C-intensive materials.

7.5.2 Managing Forest Carbon with Fuel Treatments

Since 1990, CO2 emissions from wildland forest fires in the conterminous United
States have averaged 67 Tg C year�1 (USEPA 2009a, 2010). The possibility that
fuel treatments, although reducing onsite C stocks, may contribute to mitigation
by providing a source for biomass energy and avoiding future wildfire emissions is
attractive, especially because fuel treatments have many co-benefits. Fuel treatments
are a widespread forest management practice in the western United States (Battaglia
et al. 2010) and are designed to alter fuel conditions to reduce wildfire intensity,
crown fires, tree mortality, and suppression difficulty (Reinhardt et al. 2008; Scott
and Reinhardt 2001). Fuel treatment to reduce crown fire hazard can be done by
reducing surface fuels, ladder fuels (small trees), and canopy fuels (Peterson et al.
2005), all of which remove C from the site (Stephens et al. 2009; Reinhardt et al.
2010) and alter subsequent forest C dynamics.

Crown fires often result in extensive tree mortality, whereas many tree species
can survive surface fires. This contrast in survival has led to the notion that fuel
treatments may offer a C benefit by removing some C from the forest to protect the
remaining C (Finkral and Evans 2008; Hurteau et al. 2008; Mitchell et al. 2009;
Stephens et al. 2009; Dore et al. 2010). Thinned stands that burn in a surface
fire typically have much higher tree survival and lower C losses than similar,
unthinned stands that burn in a crown fire, although the net effect of fuel treatment
C removal and surface fire emissions may exceed that from crown fire alone, even
when materials from fuel treatments are used for wood products (Reinhardt et al.
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2010). Because fuel treatment benefits are transient, they may lapse before a wildfire
occurs, in which case the C removed by the fuel treatment is not offset by reduced
wildfire emissions.

Modeling studies suggest that fuel treatments in most landscapes will result in
a net decrease in landscape C over time (Harmon et al. 2009; Mitchell et al. 2009;
Ager et al. 2010), because the savings in wildfire emissions is gained only on the
small fraction of the landscape where fire occurs each year. The following conditions
would be required to yield a substantial C benefit: (1) relatively light C removal
would substantially reduce emissions, (2) fire occurrence is high in the near term
(while fuel treatments are still effective), and (3) thinnings can provide wood for
energy or long-lived products that yield substitution benefits. If fuel treatments are
implemented, it is preferable from a C management standpoint to use removed fuels
for energy production or wood products, rather than burning them onsite (Coleman
et al. 2010; Jones et al. 2010). Feasibility and energy implications depend in part on
hauling distance (Jones et al. 2010). An alternative to hauling biomass to conversion
facilities is in situ pyrolysis to produce energy-dense liquid fuel and biochar which
can remain onsite to enhance soil productivity and sequester C (Coleman et al.
2010). Even if thinning and fuel treatments reduce overall forest C, they may have
the benefit of providing small C emissions every few decades, rather than large
pulses from wildfire (Restaino and Peterson 2013).

7.5.3 Increasing Forest C Stocks by Increasing Forest Growth

Increasing growth rates in existing or new forests can increase C storage and the
supply of forest products or biomass energy. Practices that increase forest growth
include fertilization, irrigation, use of fast-growing planting stock, and control of
weeds, pathogens, and insects (Albaugh et al. 1998, 2003, 2004; Nilsson and Allen
2003; Borders et al. 2004; Amishev and Fox 2006; Allen 2008). The potential for
increasing forest growth differs by site and depends on specific climate, soil, tree
species, and management.

Increased yields from these practices can be impressive. In pine forests in the
southern United States, tree breeding has improved wood growth by 10–30 % (Fox
et al. 2007b) and has increased resistance to insects and other stressors (McKeand
et al. 2006). In this region, pine plantations using improved seedlings, control of
competing vegetation, and fertilizer grow wood four times faster than naturally
regenerated second-growth pine forests without competition control (Carter and
Foster 2006). Tree breeding and intensive management also provide an opportunity
to plant species and genotypes better adapted to future climates.

Many U.S. forests are N limited and would likely respond to fertilization (Reich
et al. 1997). Nitrogen and phosphorus fertilizers have been used in about 6.5 million
ha of managed forests in the southern United States to increase wood production
(Liski et al. 2001; Seely et al. 2002; Albaugh et al. 2007; Fox et al. 2007a).
Fertilization can produce 100 % gains for wood growth (Albaugh et al. 1998,
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2004), although the benefits of fertilization for growth and C increase need to
be balanced by the high GHG emissions associated with fertilizer production and
from eutrophication in aquatic systems (Carpenter et al. 1998) (Table 7.3). Other
risks include reduced water yield (faster growth uses more water), which is more
pronounced in arid and semiarid forests, and potential loss of biodiversity if faster
growth relies on monocultures (limited diversity can make some forests vulnerable
to insects and pathogens). Increasing the genetic and species diversity of trees and
increasing C stocks could be compatible goals in some areas (Woodall et al. 2011).

Markets for forest products can provide revenue to invest in accelerating forest
growth. For example, expectation of revenue from the eventual sale of high value
timber products would support investment in treatments or tree planting to increase
growth rate. Taxation or other government incentives may also support growth-
enhancing management. To the extent that incentives to alter growth alter timber
harvest and wood product use, evaluation will require a type B accounting with
system boundaries that include the forest sector, services sector, and non-forest land.

7.6 Ex Situ Forest C Management

Wood is removed from the forest for a variety of uses, each of which has different
effects on C balance. Carbon can be stored in wood products for a variable length
of time, oxidized to produce heat or electrical energy, or converted to liquid
transportation fuels and chemicals that would otherwise come from fossil fuels
(Fig. 7.5). In addition, a substitution effect occurs when wood products are used in
place of other products that emit more GHG in manufacturing (Lippke et al. 2011).

Strategies that increase use life, use of wood products in place of higher emitting
alternate products, and storage in long-lived wood products can complement
strategies aimed at increasing forest C stocks. Risk and uncertainty in attaining
benefits need to be considered when comparing strategies for increasing forest C
with strategies for attaining wood product C offsets—successful strategies need
to ensure energy offsets are attained in an acceptable period of time and that
substitution effects are attained.

7.6.1 Carbon in Forest Products

Wood and paper store C when in use and also in landfills (Fig. 7.5). Rates of net
C accumulation depend on rates of additions, disposal, combustion, and landfill
decay. The half-life for single-family homes made of wood built after 1920 is about
80 years (Skog 2008; USEPA 2008), whereas the half-life of paper and paperboard
products is less than 3 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 77 % of the C in solid
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wood products and 44 % in paper products remain in landfills for decades (Chen
et al. 2008; Skog 2008). However, current rates of methane release and capture can
eliminate this C storage benefit for some low-lignin paper products (Skog 2008).
About 2,500 Tg C was accumulated in wood products and landfills in the United
States from 1910 to 2005 (Skog 2008), with about 700 Tg C (in 2001) in single- and
multi-family homes. In 2007, net additions to products in use and those in landfills
combined were 27 Tg C year�1 (USEPA 2009b), with about 19 Tg C year�1 from
products in use (Skog 2008).

7.6.2 Product Substitution

Net C emissions associated with production and use of forest products is typically
much less than with steel and concrete. Use of 1 Mg of C in wood materials in
construction in place of steel or concrete can result in 2 Mg less C emissions
(Schlamadinger and Marland 1996; Sathre and O’Connor 2008). Using wood from
faster-growing forests for substitution can sometimes be more effective in lowering
atmospheric CO2 than storing C in the forest (Marland and Marland 1992; Marland
et al. 1997; Baral and Guha 2004) (Fig. 7.5a). On the other hand, harvesting forests
with very high C stocks that have accumulated over many decades may result in
a large deficit of biological C storage that could take many decades to restore
(McKinley et al. 2011) (Fig. 7.5b). Opportunities for substitution are largely in
non-residential buildings (McKeever et al. 2006; Upton et al. 2008) because most
houses are already built with wood, although some building practices, such as using
wood for walls, can create a substitution effect in residential buildings (Lippke and
Edmonds 2006). Attaining the substitution effect requires incentives that encourage
increased use of wood.

7.6.3 Biomass Energy

Biomass energy could prevent the release of an estimated 130–190 Tg C year�1

from fossil fuels (Perlack et al. 2005; Zerbe 2006). Biomass energy comprises 28 %
of renewable energy supply and 2 % of total energy use in the United States; the
latter amount has the potential to increase to 10 % (Zerbe 2006). Currently, wood
is used in the form of chips, pellets, and briquettes to produce heat or combined
heat and generation of electricity (Saracoglu and Gunduz 2009). These basic energy
carriers can be further transformed into liquid transportation fuels and gases (e.g.,
methane and hydrogen) (Demirbas 2007; Bessou et al. 2011). Conversion processes
for these fuels require further development to improve efficiency and commercial
viability. In addition, the potential exists to create high-value chemicals and other
bioproducts from wood that would otherwise be made from fossil fuels, resulting in
reduced emissions (Hajny 1981; USDOE 2009).
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Fig. 7.5 Carbon (C) balance from two hypothetical management projects with different initial
ecosystem C stocks and growth rates. Cumulative C stocks in forest, C removed from forest for
use in wood projects (long [L]- and short-lived [S]), substitution, and biomass energy are shown
on land that (a) has been replanted or afforested, or (b) has an established forest with high C
stocks. The dotted line represents the trajectory of forest C stocks if no harvest occurred. Actual
C pathways vary by project. Carbon stocks for trees, litter, and soils are net C stocks only. The
scenario is harvested in x-year intervals, which in the United States could be as short as 15 years or
longer than 100 years. This diagram assumes that all harvested biomass will be used and does not
account for logging emissions. Carbon is sequestered by (1) increasing the average ecosystem C
stock (tree biomass) by afforestation, or (2) accounting for C stored in wood products in use and in
landfills, as well as preventing the release of fossil fuel C through product substitution or biomass
energy. The product-substitution effect is assumed to be 2:1 on average. Biomass is assumed to be
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Most biomass for energy is a byproduct of conventional forest product streams,
such as milling residues (Gan and Smith 2006a), with some use of trees killed by
insects, disease, fire, and wind (Peng et al. 2010; Tumuluru et al. 2010). Most of
these residues, mainly sawdust and bark, are already used for direct heating in
milling operations or used for other wood products (Ackom et al. 2010; Mälkki
and Virtanen 2003; Nilsson et al. 2011); obtaining higher quantities of biomass
feedstock would require using other residues. Residues that are generally not used
are from logging, hazardous fuel reduction treatments, precommercial thinning, and
urban areas (Mälkki and Virtanen 2003; Perlack et al. 2005; Gan and Smith 2006b;
Gan 2007; Smeets and Faaij 2007; Ackom et al. 2010; Repo et al. 2011).

If forest harvesting for biomass energy is expanded, roundwood from standing
trees will increasingly be used for energy, and short-rotation plantations (e.g.,
poplars) devoted to biomass feedstock production (Solomon et al. 2007) may
become more common (Tuskan 1998; Fantozzi and Buratti 2010). Carbon emissions
from increased use of roundwood for energy may be offset over time by a
subsequent increase in forest C, which can be done through increased forest growth
on land where roundwood is harvested. The amount and speed of the offset are
influenced by the time period considered, forest growth rate, initial stand C density,
and the efficiency with which wood offsets fossil fuel emissions (Schlamadinger
et al. 1995). The offset can also be done through increased landowner investment
in forestry, including converting non-forest land to forest, retaining land in forest
that would otherwise be converted to non-forest, and planting land in faster growing
pulpwood or short-rotation plantations. Forest inventory and C projections indicate
that for scenarios with high wood energy use, more land will be retained in forest
plantations for the southern United States (USDA FS 2012b). However, landowner
investment in revenue for biomass is expected to be low for other parts of the
United States.

Reductions in GHG emissions from wood-to-energy pathways depend, in part, on
how efficiently wood substitutes for fossil fuels. The energy value of wood (energy
content per unit mass) is lower than for fossil fuels (Demirbas 2005; Patzek and
Pimentel 2005), and is most pronounced when wood substitutes for fossil fuels
with high energy values (e.g., natural gas). The risk of not attaining various levels
of offset from use of wood for energy differs, depending on whether biomass is
from residues or from roundwood (Schlamadinger et al. 1995; Zanchi et al. 2010).
Risks for using residues are small, especially if harvests and supply chains are
well managed. Risks associated with using roundwood differ by forest conditions,
treatments, and landowner investment in forest management. Large increases in

J
Fig. 7.5 (continued) a 1:1 substitute for fossil fuels in terms of C, but this is not likely for many
wood-to-energy options. This represents a theoretical maximum C benefit for these forest products
and management practices. Carbon “debt” is any period of time at which the composition of forest
products and remaining forest C stocks after harvest is lower than estimated C stocks under a no-
harvest scenario (Adapted from Solomon et al. 2007; Pachauri and Reisinger 2007; McKinley et al.
2011)
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demand could cause loss of C if natural forest with high C density were converted
to plantations with lower C density.

Several studies report that using biomass instead of fossil fuels can significantly
reduce net C emissions (Boman and Turnbull 1997; Spath and Mann 2000; Mann
and Spath 2001; Cherubini et al. 2009; Jones et al. 2010; Malmsheimer et al.
2011). However, other studies report that the postharvest regrowth period during
which forest C is initially low negates the benefits of wood energy in the near
term (Schlamadinger et al. 1995; Fargione et al. 2008; Pimentel et al. 2008;
Mathews and Tan 2009; Melillo et al. 2009; Searchinger et al. 2009; Cardellichio
and Walker 2010; Manomet Center for Conservation Sciences 2010; Bracmort
2011; McKechnie et al. 2011; Melamu and von Blottnitz 2011; Repo et al. 2011).
Depending on assumptions about processes included in system boundaries and
period of evaluation, studies that used LCAs with biomass pathways and forest C
dynamics over time calculated limited or substantial reductions in CO2 emissions.
For some cases and time periods, LCAs with biomass pathways and forest C
dynamics indicate biomass emissions can be higher than fossil fuel emissions
(Pimentel et al. 2008; Searchinger et al. 2008; Johnson 2009; Manomet Center for
Conservation Sciences 2010; McKechnie et al. 2011).

These conflicting conclusions are the result of different assumptions and methods
used in the LCAs (Cherubini et al. 2009, 2012; Matthews and Tan 2009). Emerging
C accounting methods are increasingly focused on the effect of emissions on the
atmosphere and climate over an extended time period, rather than assuming C
neutrality (Cherubini et al. 2012). Evaluation frameworks are needed to accurately
quantify overall C and climate effects of specific combinations of forest manage-
ment and wood energy use.

7.7 Mitigation Strategies: Markets, Regulations, Taxes,
and Incentives

Forests comprise about a third of the land area in the United States, but fragmenta-
tion and conversion of forest to other land uses is increasing, especially in the East
(Drummond and Loveland 2010). Various mechanisms exist at national, regional,
and local scales that can enhance mitigation efforts while providing incentives to
keep forests intact. Markets and incentive programs can potentially play a role
in ecosystem-enhancing mitigation on private and non-federal lands, providing
a means for landowners to be financially compensated for voluntary activities
that improve ecosystem services. Some of these mechanisms, such as C markets,
are designed to encourage mitigation, while other mechanisms help maintain or
augment C stores as an ancillary benefit.
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7.7.1 Markets, Registries, and Protocols for Forest-Based
Carbon Projects

Carbon markets are an emissions trading mechanism and are typically designed to
create a multi-sector approach that encourages reductions and (often but not always)
enhances sequestration of GHG emissions (measured in Mg CO2 equivalent, or
CO2e) in an economically efficient manner. Registries exist to track and account
for C, and protocols outline the specific methodologies that are a prerequisite to
creating legitimate C offsets. The United States does not have a national-level
regulatory market, but several mandatory regional efforts and voluntary over-the-
counter markets provide limited opportunities for mitigation through forest-based
C projects. Offsets generated from these projects can compensate for emissions
generated elsewhere. Forest C projects generally take the following form:

• Avoided emissions—Avoided deforestation (or avoided conversion): projects that
avoid emissions by keeping forests in forest..

• Enhanced sequestration

– Afforestation/reforestation: projects that reforest areas that are currently non-
forest but may have been forested historically.

– Improved forest management: projects that offer enhanced C mitigation
through better or more sustainable management techniques. These projects
are compatible with sustainable levels of timber harvest.

– Urban forestry: projects that plant trees in urban areas. Only sequestered C is
eligible (avoided C emissions that result from energy savings are not eligible
for credit).

The Regional Greenhouse Gas Initiative (RGGI) is a mandatory multi-state effort
in New England and the Mid-Atlantic that allows offset credits to be generated
through afforestation projects within RGGI member states. The Climate Action
Reserve is a mandatory initiative in California but accepts forest projects from
throughout the country. In addition, protocols created by the American Carbon
Registry, Verified Carbon Standard provide quality assurance for forest C projects
that may be sold on the voluntary market (Kollmuss et al. 2010; Peters-Stanley
et al. 2011). In 2009, 5.1 Mg of CO2e, or 38 % of the global share of forest-
based C offsets, was generated in North America (Hamilton et al. 2010). However,
factors such as substantial startup and transaction costs and restrictions on the long-
term use and stewardship of forest land enrolled in C projects are often barriers to
participation by private forest landowners (Diaz et al. 2009).

7.7.2 Tax and Incentive Programs

Tax incentives may be designed to maintain a viable timber industry and achieve
open space objectives, but also help maintain or enhance forest C stores. Many
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Table 7.4 Programs that influence carbon mitigation

Program Agency
Land area
(106 ha) Purpose

Conservation Reserve
Program and
Continuous
Conservation Reserve
Program

Farm Service
Agency

�13 Reduce erosion, increase wildlife
habitat, improve water quality,
and increase forested acres

Environmental Quality
Incentives Program

Natural Resources
Conservation
Service (NRCS)

�6.9 Encourages active forest
management including timber
stand improvement, site
preparation for planting,
culverts, stream crossings,
water bars, planting, prescribed
burns, hazard reduction, fire
breaks, pasture, fence, grade
stabilization, plan preparation

Conservation Stewardship
Program

NRCS Not appli-
cable

Incentives for sustainable forest
management and conservation
activities

Wildlife Habitat Incentive
Program

NRCS 0.26 Provides incentives to develop or
improve fish and wildlife
habitat, including prairie and
savanna restoration, in-stream
fish structures, livestock
exclusion, and tree planting

Forest Legacy Program U.S. Forest Service
(USFS)

�0.8 Provides incentives to preserve
privately owned working forest
land through conservation
easements and fee acquisitions

Stewardship Program USFS �14 Encourages private landowners to
create and implement forest
stewardship plans

states offer reduced taxes on forest land if it is maintained in forest and managed
responsibly. For example, private forest landowners enrolled in the Managed Forest
Law Program in Wisconsin receive an 80–95 % tax reduction on land that is at least
80 % forested and is managed for sustainable production of timber resources. In
the Use Value Appraisal Program in Vermont, C benefits from these programs are
evaluated for specific circumstances; younger, fast growing forests have higher rates
of C uptake, whereas older stands may have lower C uptake but higher C storage
(Harmon 2001; Malmsheimer et al. 2008). Therefore, a no-harvest unmanaged
forest may produce more or less C benefit than an actively managed forest, but much
depends on current C stocks, likelihood of disturbance, and how harvested timber
is used (Ingerson 2007; Nunnery and Keeton 2010). The timeframe of expected C
benefits depends on both forest management plans and forest product pathways,
both short term and long term (McKinley et al. 2011).

Federal programs administered by the Natural Resources Conservation Service,
U.S. Forest Service, and Farm Service Agency (Table 7.4) provide cost-share
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and rental payment incentives for farm, forest, watershed, and wildlife habitat
stewardship. These programs may also enhance C storage, although it is not an
explicit goal. The area enrolled in each program fluctuates annually and depends on
commodity prices, program funding, and authorization levels. In 2010, 13 million
ha of U.S. farmland were enrolled in the Conservation Reserve Program, down from
15 million ha in 2005 (Claassen et al. 2008; USDA Farm Service Agency 2010).

If new policies were to favor land management that reduces atmospheric CO2,
existing programs can be modified to explicitly provide incentives that encourage
C mitigation. For example, the overall objective of a program could remain as is
(to determine general eligibility), but the financial incentives for enrollment could
be related to estimated average C benefit per land unit. Carbon benefit per hectare
could be estimated at a county or regional scale based on a combination of factors,
including geographic location, land use, species planted, and overall landscape
connectivity. This would help to ensure that priority lands for C management
receive the highest potential benefits. Alternatively, a specific forest C incentive
program could complement current incentive programs by targeting small forest
owners and providing financial incentives to retain forest land in forest. Best
management practices could be made available (e.g., for artificial regeneration,
thinning, and insect control) (Table 7.5), and financial incentives could be based
on estimated C benefits (Pinchot Institute for Conservation 2011). These estimated
benefits would require only a credible verification of practices rather than annual
site monitoring.

7.8 The Role of Public Lands in C Mitigation

Public lands contain about 37 % of the land area of the United States, with federally
managed lands occupying 76 % of the total area managed by all public entities.
Managing these lands for C benefits would involve multiple jurisdictions, social
objectives, and political factors, and would be governed by laws mandating multiple
uses of land in the public domain. The Council on Environmental Quality, which
is responsible for overseeing environmental policy across the federal government,
developed draft guidelines on how federal agencies can improve how they consider
the effects of GHG emissions and climate change when evaluating proposals for
federal actions under the National Environmental Policy Act (Sutley 2010). Execu-
tive Order 13514 (2009) requires agencies to set targets that focus on sustainability,
energy efficiency, reduced fossil fuel use, and increased water efficiency. In addition,
the order requires agencies to measure, report, and reduce GHG emissions from
direct and indirect activities, including federal land management practices. Recent
guidance and orders are being considered by land management agencies, but it is
unclear how effective they will be in reducing GHGs, given the many other uses
of federal lands. Large areas of forest land protected by conservation organizations
(e.g., The Nature Conservancy) across the United States are managed for public
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Table 7.5 Tools and processes to inform forest management

Organization Relevant content Internet site

U.S. Forest Service Forest
Inventory and Analysis

Forest statistics by state,
including carbon (C)
estimates

http://fia.fs.fed.us

Sample plot and tree data
Forest inventory methods

and basic definitions
U.S. Forest Service Forest Health

Monitoring
Forest health status http://www.fhm.fs.fed.us
Regional data on soils, dead

wood stocks
Forest health monitoring

methods
U.S. Department of Agriculture

Greenhouse Gas (GHG)
Inventory

State-by-state forest C
estimates

http://www.usda.gov/oce/
global_change/gg_
inventory.htm

United Nations Framework
Convention on Climate Change
and Intergovernmental Panel
on Climate Change

International guidance on C
accounting and
estimation

http://unfccc.int
http://www.ipcc.ch

Natural Resources Conservation
Service

Soil Data Mart—access to a
variety of soil data

http://soildatamart.nrcs.usda.
gov

U.S. Forest Service, Northern
Research Station

Accounting, reporting
procedures, and
software tools for C
estimation

http://www.nrs.fs.fed.us/
carbon/tools

U.S. Energy Information
Administration, Voluntary
GHG Reporting

Methods and information
for calculating
sequestration and
emissions from forestry

http://www.eia.gov/oiaf/1605/
gdlinshtml

U.S. Environmental Protection
Agency

Methods and estimates for
GHG emissions and
sequestration

http://www.epa.gov/
climatechange/emissions/
usinventoryreport.html

benefits, and because they are often not subject to the regulatory issues above, they
may be able to contribute to C mitigation more quickly than is possible on other
public lands.
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