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Managing Forests because Carbon Matters:
Integrating Energy, Products, and Land
Management Policy

. Robert W. Malmsheimer, James L. Bowyer, Jeremy S. Fried, Edmund Gee, Robert L. Izlar,
Reid A. Miner, lan A. Munn, Elaine Oneil, and William C. Stewart

The United States needs many different types of forests: some managed for wood producis plus other benefits, and some managed for nonconsumptive
uses and benefits. The objective of reducing global greenhouse gases (GHG) requires increasing carbon storage in pools other than the atmosphere. Growing
more forests and keeping forests as forests are only part of the solution, because focusing solely on the sequesiration benefits of the forests misses the important
(and substantial) carbon storage and substitution GHG benefits of harvested forest products, as well as other benefits of active forest management.

Forests and global climate are dlosely linked in terms of carbon storage and releases, water fluxes from the soil and into the atmosphere, and solar energy
capture. Understanding how carbon dynamics are affected by stand age, density, and management and will evolve with dimate change is fundamental to
exploiting the capacity for sustainably managed forests to remove carbon dioxide from the atmosphere. For example, even though temperate forests continue
to be carbon sinks, in western North America forest fires and tree morfality from insects are converting some foresis into net carbon sources.

Expanding forest biomass use for biofuels and energy generation will compete with traditional forest products, but it may also produce benefits through
competition and market efficiency. Short-rotation woody crops, as well as landowners’ preferences—based on investment-return expectations and environmental
considerations, both of which will be affected by energy and environmental policies—have the potential to increase biomass supply.

Unlike metals, concrete, and plastic, forest products store atmospheric carbon and have low embodied energy (the amount of energy it takes to make
products), so there is a substitution effect when wood is used in place of other building materials. Wood used for energy production also provides substitution
benefits by reducing the flow of fossil fuel-based carbon emissions to the atmosphere.

The value of carbon credits generated by forest carbon offset projects differs dramatically, depending on the sets of carbon pools allowed by the protocol
and baseline employed. The costs associated with establishing and maintaining offset projects depend largely on the protocols’ specifics. Measurement challenges
and relatively high transaction costs needed for forest carbon offsets warrant consideration of other policies that promote climate benefits from forests and forest
products but do not require project-specific accounting.

Policies can foster changes in forest management and product manufacture that reduce carbon emissions over fime while maintaining forests for environmental and
societal benefits. US policymakers should take to heart the finding of the Intergovernmental Panel on Climate Change in its Fourth Assessment Report when it concluded
that “In the long term, a sustainable forest management strategy aimed at maintaining or increasing forest carbon stocks, while producing an annual sustained yield of
fimber, fibre, or energy from the forest, will generate the largest sustained mitigation benefit.” A rational energy and environmental policy framework must be based
on the premise that atmospheric greenhouse gas levels are increasing primarily because of the addition of geologic fossil fuel-based carbon into the carbon cydle.
Forest carbon policy that builds on the scientific information summarized in this article can be a significant and important part of a comprehensive energy policy
that provides for energy independence and carbon benefits while simultaneously providing clean water, wildlife habitat, recreation, and other uses and values.

ABSTRACT

Keywords: forest management, forest policy, forest carbon dynamics, carbon accounting, carbon offsets, life cycle assessment, building producis substitution,
hioenergy
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Preface

orest Management Solutions for Mitigating Climate Change in
F the United States (Malmsheimer et al. 2008), by the Climate

Change and Carbon Sequestration Task Force of the Society
of American Foresters (SAF), evaluated the implications of global
climate change for forests and addressed the role of forestry and
forests in mitigating climate change. Since that task force issued its
report, the science and policies involving forests™ roles in climate
change policies have evolved rapidly. Moreover, questions have
arisen regarding how changes in the amount of forest biomass used
for energy and the trading of forest carbon for pollution credits
(offsets), motivated in part by climate change concerns, will affect
global climate benefits related to forests, forest ecosystems, and tra-
ditional forest products industries.

In May 2010, SAF created a new task force to address those
issues and analyze United States’ forests, climate change, and energy
policies. This article summarizes and examines our current under-
standing of forest carbon stocks and flows; climate—forest interac-
tions; biomass use and feedstock issues; wood—fossil fuel substitu-
tion effects; and forest carbon policies. Our analysis focuses on US
rather than international forests and forest policies, although we do
examine pertinent international developments.

This article and the task force’s other products are the result of
hundreds of hours by dedicated SAF volunteers. Many individuals
assisted with the preparation of this article. We would especially like
to thank Kelsey Delaney (SAF) for her administrative assistance and
support of the task force, Sally Atwater (Editorial Arts) for editing
the article, Ken Skog (US Forest Service) for his assistance with data
clarification in Section 5, Brad Smith (USFS Program Manager,
Forest Inventory Analysis) for providing Figure 1 in Section 4, and
David Cleaves, Elizabeth Reinhardt, and David Wear (US Forest
Service) for their assistance coordinating the review of this article by
agency experts.

Three individuals initially drafted small sections of this article.
Dr. Jeffery Hatten (Mississippi State University) contributed the soil
carbon dynamics in Section 2, Dr. Demetrios Gatziolis (USFS
PNW Research Station) assisted on section 6’s assessment of carbon
via remote sensing, and Dr. Marcia Patton-Mallory (USES PN'W
Research Station) contributed to Section 6’s discussion of the stra-
tegic balance in managing carbon risk. In addition, this article was
reviewed, in whole or in part, by the reviewers listed here and by
others who wished to remain anonymous. To all of these individuals,
the authors express their sincere thanks. Their efforts significantly
increased the article’s accuracy and scope.

We have arranged this article topically. We believe that this
organization will be useful to most readers. However, one conse-
quence of this arrangement is that we discuss topics at various
spatial and temporal scales in each section. We have attempted to
alert readers to these scale changes throughout the article.
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Executive Summary

he United States needs many differ-

ent types of forests: some managed

for wood products plus other bene-
fits and some managed for nonconsumptive
uses and benefits. Management decisions
must account for local conditions; landown-
ers’ objectives; and a broad set of environ-
mental, economic, and societal values. This
article considers how various forest and
wood use strategies can reduce accumulation
of greenhouse gases (GHG) in the atmo-
sphere.

The global carbon system stores carbon
in various pools (stocks). Oceans and both
forested and nonforested lands emit carbon
to and absorb carbon from the atmosphere
in a two-way flow (Hux). In contrast, carbon
removed from fossil fuel reserves acts as a
one-way flow because regardless of whether
emissions from fossil fuel combustion are
ultimately taken up by land, ocean, or for-
ests, they are not returned to fossil fuel re-
serves on anything less than a geologic time-
scale. Although there are many uncertainties
in measuring carbon stocks and flows glob-
ally, the objective of reducing global GHGs
suggests the importance of increasing car-
bon storage in pools other than the atmo-
sphere. Growing more forests and keeping
forests as forests are only part of the solu-
tion. Focusing solely on forests’ sequestra-
tion benefits misses the important (and
substantial) carbon storage and substitu-
tion GHG benefits of harvested forest prod-
ucts, as well as other benefits of active forest
management.

An assessment of the consequences of
managing forests as part of a carbon mitiga-
tion strategy needs to consider all those ele-
ments as an integrated whole across spatial
and temporal scales. Policies that ignore how
forests fit into the broader economic, envi-
ronmental, and social framework can fall far
short of the possible reductions in carbon
emissions and lead to counterproductive
mitigation strategies that are environmen-
tally and economically unsustainable. Effec-
tive solutions require a wider perspective
that consider among many other things, the

role of forests as a source of products for
society and the effects of those products on
GHG concentrations.

US environmental and energy policies
need to be linked or at least be based on
mutual recognition and should be based on
four basic premises grounded in the science
summarized in this article:

1. Sustainably managed forests can provide
carbon storage and substitution benefits
while delivering a range of environmen-
tal and social benefits, such as timber and
biomass resources, clean water, wildlife
habitat, and recreation.

2. Energy produced from forest biomass re-
turns to the atmosphere carbon that
plants absorbed in the relatively recent
past; it essentially results in no net release
of carbon as long as overall forest inven-
tories are stable or increasing (as is the
case with US forests).

3. Forest products used in place of energy-
intensive materials such as metals, con-
crete and plastics (a) reduce carbon emis-
sions (because forest products require less
fossil fuel-based energy to produce), (b)
store carbon (for a length of time based
on products’ use and disposal), and (c)
provide biomass residuals (i.e., waste
wood) that can be substituted for fossil
fuels to produce energy.

4. Fossil fuel-produced energy releases car-
bon into the atmosphere that has resided
in the Earth for millions of years; forest
biomass—based energy uses far less of the
carbon stored in the Earth thereby reduc-
ing the flow of fossil fuel-based carbon
emissions to the atmosphere.

US policies can encourage management
of forests for all the carbon and energy ben-
efits of forests and forest products while sus-
taining ecosystem health and traditional for-
est biomass uses. The scientific information
in this article can be used as the basis for
developing sound forest carbon policies.

Forest Carbon Stocks and Flows

Tracking the allocation of forest carbon
across live and dead trees, understory shrub
and herbaceous vegetation, the forest floor,
forest litter, soils, harvested wood products,
and energy wood is far more difficult than
conducting traditional inventories of com-
mercially valuable wood volume. Under-
standing the dynamics of these allocations;
how they are affected by stand age, density,
and management; and how they will evolve
with climate change is fundamental to ex-
ploiting the capacity for sustainably man-
aged forests to remove carbon dioxide
(CO,) from the atmosphere.

Carbon flux is usually estimated as
change in carbon stocks. Several compli-
cations—deciding what comparisons or
“pools” to include and what models, equa-
tions, and coefficients to rely on, accounting
for uncertainty and error, and even defini-
tions of “tree” and “forest’— conspire to
make consistent, universally accepted esti-
mates grounded in objective science very
scarce. On average, carbon in the boles of
live trees, the best-sampled and most easily
modeled component of forest carbon inven-
tories, represents less than half the carbon in
the forest.

Unmanaged forests do not provide ad-
ditional climate benefits indefinitely. The
age when annual forest carbon storage incre-
ments begin to decline varies but generally
occurs in the first 100-150 years as tree
mortality losses increase. In most of the
American West, fire and insects pose a very
immediate threat of catastrophic loss of live
tree carbon, turning affected forests into car-
bon emitters. In the rest of the United
States, insect, disease, and storm-related
conversion of live carbon to dead carbon
eventually slows, stops, and sometimes re-
verses net sequestration.

Old forests have some of the largest car-
bon densities but typically low or near-zero
rates of additional carbon sequestration and
higher probabilities of loss. For example,
85% of the woody biomass—based carbon
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storage in ponderosa pine forests in central
Oregon is in stands older than 100 years
where annual accumulation is slowing and
the risks of carbon loss due to wildfire are
high and often increasing. Regeneration har-
vest in high-volume old-growth could re-
lease carbon that would not be used for
products or energy. However, these stands
are found almost exclusively on public lands
and are rarely harvested or even actively
managed in the United States today.

Soil carbon can have residence times as
long as thousands of years, as long as it is
deep in the soil profile or associated with
minerals. The effect of harvest and replant-
ing on soil carbon is difficult to generalize, as
much depends on the initial soil depth, the
depth to which soil is sampled, and posthar-
vest site preparation. The measured effects
tend to be slight in the short term, with car-
bon decreases concentrated in the forest
floor and near the soil surface and carbon
increases occurring in the deep mineral soil
layers. Whole-tree harvesting for biomass
production has little long-term effect on soil
carbon stocks if surface soil layers containing
organic material (O horizon) are left on site,
nutrients are managed, and the site is al-
lowed to regenerate. Converting agricultural
and degraded lands to forests or short-rota-
tion woody crops increases aboveground
carbon stocks as well as soil carbon stocks.

Fuel treatments designed to reduce fire
hazard and other stand manipulation that
promotes resilience by reducing potential
losses due to insects, diseases, or storms can-
not eliminate risk but can reduce the scale of
tree mortality and associated carbon emis-
sions. The carbon losses from disturbances
accrue over time as the live biomass is con-
verted to dead biomass that slowly releases
carbon dioxide via enhanced microbial res-
piration.

Including the boreal forests of Alaska
and the tropical island forests, 53% of the
area of US forests is timberland (i.e., forests
that are available for periodic harvesting) of
naturally regenerated origin, much of which
is managed; 7% is forest plantations; and
40% is reserved or low-productivity forest.
The carbon dynamics of each forest type are
strongly influenced by the long-term sus-
tainability of the forests, the types of wood
products that are harvested, and the life-
cycle carbon consequences of the various
products.

After accounting for the wood used for
energy in sawmills and paper mills, the an-
nual growth of forest carbon is split among

S10

growth in live-tree inventories (28%), har-
vested wood products (23%), energy (18%),
and natural mortality and logging residues
(31%). These end uses each have unique car-
bon storage characteristics and trajectories.
The distribution of total forest growth varies
considerably among regions, with the South
producing more products, the North and
Pacific Coast harvesting a smaller fraction of
new growth while still producing consider-
able products, and the Rocky Mountain
region having the highest fraction of total
growth converting into deadwood.

Since 1985, annual US wood produc-
tion has stayed roughly constant, at 420 mil-
lion m?, while consumption increased to
550 million m® by 2005. Counting the in-
creased forest carbon sequestration in the
United States as new global carbon seques-
tration overstates the benefits, however, be-
cause of the substitution of Canadian for US
wood products.

Climate-Forest Interactions

With forests covering approximately
30% of Earth’s land surface and storing
about 45% of terrestrial carbon, forests and
global climate are closely linked in terms of
carbon storage and releases, water fluxes
from the soil and into the atmosphere, and
solar energy capture. Estimates of the car-
bon, water, and energy balances of forests
differ, however, depending on the atmo-
spheric model or forest cover and forest in-
ventory model used.

Not all the carbon captured by trees
ends up as stored carbon. Approximately
three-quarters of the carbon fixed by photo-
synthesis is immediately released through
ecosystem respiration. In forests, about one-
half of the respiration comes from above-
ground vegetation and one-half from the
forest floor and forest soils. The increase in
forest floor and soil respiration is pro-
portional to how much woody debris—
whether from natural mortality or logging
residues—is decomposing on site.

Temperate forests continue to increase
as carbon sinks even though large quantities
of wood products are removed from these
forests annually. The current rate of carbon
accumulation in temperate forests may de-
cline, however, if the average age of forests
continues to increase. Changing climate
may also adversely impact carbon seques-
tration rates. Significant increases in the
shift from live-tree to dead-tree biomass
from fires and beetles in western North
America have generated interest in changing
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forest management approaches to respond
to climate-related stresses. Some researchers
believe that seed sources and silvicultural
methods must be matched to predict cli-
matic conditions to maintain or increase
productivity.

Recent data on tropical forest cover
have significantly lowered the estimates of
net GHG emissions related to tropical de-
forestation overall and suggest a need for a
greater focus on deforestation in areas where
carbon-rich peat soils are disturbed. When
the broad range of feedbacks is considered,
tropical forests are considered by most ob-
servers to be the most effective forests in
terms of overall climate benefits provided
per unit of area or biomass.

Links between water and carbon flux
are seen in all forest types but most strongly
in the tropics. The most significant water
flux link between forests and the atmosphere
is the evaporative cooling from tropical for-
est canopies, which has a positive relation-
ship with cloud formation and rainfall pat-
terns. In semi-arid areas in tropical and
temperate regions, research has pointed to a
tradeoff between increased carbon storage in
new trees and reductions in streamflow
available to other plants and animals.

A significant energy flux related to for-
ests at the global level is the drop in the al-
bedo when dark-colored trees expand at the
expense of snow-covered areas with little or
no tree cover. A lower albedo decreases the
fraction of solar energy that is reflected into
the atmosphere. The albedo effect is most
important on the northern edge of the bo-
real region; it is measurable but less signifi-
cant in temperate regions.

Biomass Use and Feedstock
Issues

Feedstock supply depends not just on
supply-and-demand curves but also on bio-
mass availability; harvesting, delivery, and
other costs; landowner objectives; and na-
tional, regional, state, and local laws, regula-
tions, and policies. Forest biomass includes
residues from forest stand improvements,
timber harvests, hazardous-fuel reduction
treatments, forest health restoration proj-
ects, energy wood plantations, and other
similar activities. Regional variations influ-
ence the United States’ potential feedstock
supply of biomass and ultimately the loca-
tion of bioenergy facilities. Readily available
forest biomass supply encompasses woody
biomass by type and US region that is eco-



nomically available based on standard and
existing logging configurations.

Expanding forest biomass use for either
biofuels or energy generation may compete
with traditional forest products, but it may
also produce benefits through competition
and market efficiency. Changes in feedstock
use are controversial and a point of conten-
tion for competing industries (paper and
pulp versus bioenergy), environmental and
other nongovernmental organizations (who
are concerned about industrial-scale bio-
mass production), private landowners (who
see opportunities for additional revenue
streams), and public land managers (who
need markets for low-quality material re-
moved from overgrown forests).

Biomass feedstock supply will be af-
fected by landowners’ preferences based on
price, investment-backed expectations, and
environmental considerations, all of which
are affected by government energy and envi-
ronmental policies. Short-rotation woody
crops, such as shrub willow, hybrid poplar,
southern pine, and eucalyptus, have the po-
tential to increase woody biomass feedstocks
from both forestlands and converted agri-
cultural lands.

Energy, Products, and
Substitution

Forests store carbon, and so do wood
products. Evaluation of carbon flows shows
that conversion of wood to useful products
can significantly reduce overall societal car-
bon emissions. To arrive at a cogent picture
of the overall forest sector effect on atmo-
spheric carbon, we need to understand the
material and energy flows as inputs and out-
puts within well-defined system boundaries.
Then, we need to integrate the effects across
system boundaries to understand the many
ways in which substitution of harvested
wood products for fossil fuels and fossil fuel-
intensive products can offset the flow of car-
bon dioxide from fossil carbon reserves to
the atmosphere.

Forest products have lower embodied
energy (the amount of energy it takes to
make products) than comparable building
products, so there is a substitution effect
when wood is used in place of steel, alumi-
num, concrete, or plastic. That substitution
effect varies by use and comparable product
but on average, every 1 tonne (t) of wood
used removes 2.1 t of carbon from the atmo-
sphere.

Wood products store carbon for the life

of the product. At the end of their lives,
wood products can be reused, recycled,
burned for energy, or landfilled. If they
are landfilled, the carbon contained within
them can be stored for a long period of time,
but there can also be a substantial GHG
cost because of methane emissions, particu-
larly from paper decomposition. This sug-
gests that incentives should be high to reuse
paper and wood, recycle it, or burn it to re-
cover at least its heating value.

A sustainably managed forest can pro-
duce a continual flow of wood products and
biomass for energy while at the same time
maintaining or increasing carbon stocks.
Determining the effects of forest harvesting
for wood products or bioenergy production
requires a landscape-level analysis over time.
For instance, in harvesting woody biomass
for use in generating energy, carbon is re-
moved from the forest, reducing forest car-
bon stocks, and that carbon is liberated as
biomass is converted to energy. However, as
long as harvests and mortality do not exceed
net growth across the forest, carbon stocks
remain stable or increase through time and
the total carbon sequestration potential of
the forests is maintained. In addition, the
products removed from the forest provide a
long-term carbon benefit equal to the
avoided emissions from fossil fuels less any
fossil energy used to harvest and transport
the biomass feedstock.

Sustainable forest management helps
ensure a neutral carbon cycle on the forest-
land base. Carbon storage in wood products
and wood use for energy from material har-
vested from that land base is an additional
carbon benefit beyond the forest.

Forest Carbon Policies

At the national level, increasing net car-
bon sequestration rates in forests, using
wood products rather than fossil fuel-inten-
sive products, and using forest residues for
energy will reduce GHG emissions. How-
ever, project-based accounting rules that ig-
nore or undercount nonproject benefits and
risks can result in project-based conclusions
that differ from a more comprehensive na-
tional or international accounting,.

Forestry offset protocols have been cre-
ated to serve different purposes. Some were
created as part of cap-and-trade programs,
either mandatory or voluntary, or as part of
emissions reduction schemes. Others were
developed independently but have been ad-
opted by one or more programs. Although
the concept of offsets is the same, the
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amount of carbon credits generated for the
same project can differ dramatically depend-
ing on the sets of carbon pools allowed and
the baseline approach employed.

Protocols for forestry offset projects
usually include the following elements: eli-
gibility, carbon sequestration calculation
procedures, baseline requirements, carbon
pools, crediting period, leakage, perma-
nence, and reversals. The costs associated
with establishing and maintaining forestry
offset projects depend largely on the pro-
tocols’ specifics. Because protocols differ
greatly in their requirements for monitoring
and verification, carbon measurement, and
third-party certification, the transaction
costs per hectare also vary substantially, by as
much as a factor of five.

Forestry offset projects generally can be
classified as afforestation, reforestation, for-
est management, forest conservation, or for-
est preservation. The estimates of net cli-
mate benefits from forest management,
conservation, or preservation projects de-
pend largely on the assumptions about the
carbon storage and substitution benefits of
wood products; this is less true for afforesta-
tion and reforestation projects. For an offset
project to have any effect on net GHG emis-
sions to the atmosphere, the net amount of
carbon sequestered must be additional to
what would have occurred anyway. For for-
est projects, additionality is relatively easy to
establish when new trees are planted and
maintained but considerably more difficult
to demonstrate when based on what did not
or will not happen (e.g., “I was going to har-
vest in 10 years but instead will wait 30
years”). If forest carbon credits are used to
permanently offset industrial emissions, the
forest project must show permanence by en-
suring that initial emissions are balanced by
an equivalent amount of new carbon storage
over time. However, strict project-level
guarantees or insurance increase the cost of
forest carbon credits. Also, US forestry proj-
ects that increase in-forest carbon sequestra-
tion through a short-term reduction in har-
vests may have national market leakage rates
that approach 100% if harvests from non-
project forests meet consumer demand.

Modeled benefits of forest carbon offset
projects are highly variable and dependent
on assumptions, including estimates of for-
est carbon flux. Determining with precision
whether a threshold flux for a given area has
been or will be achieved is difficult with the
technology available today.

The measurement challenges and rela-

S11



tively high transaction costs inherent in for-
est carbon offset systems motivate consider-
ation of other policies that can promote
climate benefits from forests without requir-
ing project-specific accounting. For exam-
ple, market prices for building and energy
products that reflect emissions, economic
incentives for treeplanting, and credible in-
formation disclosure on the relative climate
impacts of different products could prove
more effective at a national scale.

Integrating Forests into a
Rational Policy Framework
Forests are an integral component of
the global carbon cycle and may change in
response to climate change. US forest poli-
cies can foster changes in forest management
that will provide measurable reductions in
carbon emissions over time while maintain-
ing forests for environmental and societal
benefits, such as timber and nontimber for-
est products, vibrant rural communities,
clean water, and wildlife habitat. Policies
founded on three tenets reflecting the stocks
and flows of woody biomass can ensure that
US forests will produce sustainable carbon,
and environmental and societal benefits.

1. Keep Forests as Forests and Man-
age Appropriate Forests for Carbon
For more than 70 continuous years, US
forest cover has increased and net growth has
exceeded removals and mortality. Therefore,
carbon storage is increasing in the United
States. In some forests (e.g., old-growth),
other considerations and other benefits will
outweigh carbon benefits. However, forests
will change with or without management,
and choosing not to manage has its own car-
bon consequences. Young, healthy forests
are carbon sinks. As forests mature, they
generally become carbon-cycle neutral or
even carbon emission sources because net
primary productivity declines and the decay
of trees killed by natural disturbances—
windstorms, fire, ice storms, hurricanes, and
insect and disease infestations— emits car-
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bon without providing the carbon benefits
available through productand energy substi-
tution.

2. Recognize that Substantial Quanti-
ties of Carbon Are Stored in Wood
Products for Long Periods of Time

Wood is one-half carbon by weight,
and it lasts a long time in service— often for
a long time after being retired from service.
Substantial volumes of wood go into con-
struction products and structures: even
during the midst of the recent “Great Reces-
sion” (2007-2009), US housing starts ex-
ceeded 440,000 annually. Additional wood
is used for furniture and other products,
which at the end of their useful lives may be
converted to energy. Paper may go into
long-term use (e.g., books) or be recovered
from the waste stream for energy produc-
tion. Other wood— construction debris,
yard waste, and unrecycled paper—winds
up in landfills, where it often deteriorates
more slowly than is generally assumed. In
total, the rate of carbon accumulation from
wood products in use and in landfills was
about 88 million tonnes of carbon dioxide
equivalents (CO,e) in 2008, about 12% of
the rate of sequestration in forests.

3. The Substitution Effect Is Real, Irre-
versible, and Cumulative

Compared with steel, aluminum, con-
crete, or plastic products, considerably less
energy, and vastly less fossil fuel—derived en-
ergy, is required to make wood products.
The low embodied energy of wood building
products, structures, furniture, cabinets, and
other products has been well documented
through life-cycle assessments. Not only is
the quantity of energy used in manufactur-
ing wood products low compared with other
materials, but the quantity of fossil energy is
comparatively very low: one-half to two-
thirds of the energy used by the North
American wood products industry is bioen-
ergy. For instance, compared with steel
framing with an average recycled content,
the manufacture of wood framing requires
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one-half or less the total energy and one-
fourth to one-fifth the fossil energy.

Conserving forests for recreational, aes-
thetic, and wildlife habitat goals has been a
strong policy driver in the United States over
the past few decades, especially in the Pacific
Coast and Northeast regions. Evidence of
increasing losses to disturbances that are
not captured in forest growth modeling and
decreasing rates of carbon accumulation in
maturing forests suggests that a strong con-
servation-oriented strategy may not always
produce significant global climate benefits.
The climate benefits of active forest manage-
ment are most apparent when the substitu-
tion benefits that occur in the consumer sec-
tor are included. As we move forward with
policy discussions regarding the many posi-
tive roles of US forests at local, national, and
global scales, it will be imperative that ob-
jective, science-based analysis and interpre-
tations are used and that particularly close
attention is paid to the assumptions under-
lying the analyses.

US policymakers should take to heart
the finding of the Intergovernmental Panel
on Climate Change (IPCC) in its Fourth
Assessment Report when it concluded that
“In the long-term, a sustainable forest man-
agement strategy aimed at maintaining or
increasing forest carbon stocks, while pro-
ducing an annual sustained yield of timber,
fibre or energy from the forest, will generate
the largest sustained mitigation benefit”
(IPCC2007a, p. 543). A rational energy and
environmental policy framework must be
based on the premise that atmospheric
GHG levels are increasing primarily because
of the addition of geologic fossil fuel-based
carbon into the carbon cycle. Forest carbon
policy that builds on the scientific informa-
tion summarized in this article can be an
important part of a comprehensive energy
policy that promotes energy independence
and delivers carbon benefits while providing
essential environmental and social benefits,
including clean water, wildlife habitat, and
recreation.



Introduction

he United States needs many differ-

ent types of forests: some managed

for wood products plus other bene-
fits and some managed for nonconsumptive
uses. Management decisions must account
for local conditions; landowners’ objectives;
and a broad set of environmental, economic,
and societal values. This article considers
how various forest and wood use strategies
can reduce accumulation of greenhouse
gases (GHG) in the atmosphere.

Carbon Framework

A simplified representation of the
global carbon system shows that carbon is
stored in various pools (stocks) with dy-
namic flows (luxes) between the pools (Fig-
ure 1-1). The oceans, and lands, both for-
ested and nonforested, emit carbon to and
absorb carbon from the atmosphere in a
two-way flow. In contrast, carbon removed
from fossil fuel reserves acts as a one-way
flow because regardless of whether emissions
from fossil fuel combustion are ultimately
taken up by land, ocean, or forests, they are
not returned to fossil fuel reserves on any-
thing less than a geologic timescale. Al-
though there are many uncertainties in mea-
suring carbon stocks and flows globally, the
objective of reducing global GHGs suggests
the importance of increasing carbon stor-
age in pools other than the atmosphere.
Growing more forests and keeping forests
as forests are only part of the solution be-
cause focusing solely on the sequestration
benefits of the forests misses the important
(and substantial) carbon storage and sub-
stitution GHG benefits of harvested forest
products.

An assessment of forest management as
part of a carbon mitigation strategy needs to
consider all of those elements as an inte-
grated whole across spatial and temporal
scales. Policies that ignore how forests fit
into the broader economic, environmental,
and social framework can fall far short of
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possible reductions in carbon emissions
and lead to counterproductive mitigation
strategies that are environmentally and eco-
nomically unsustainable. Effective solutions
require a wider perspective that considers,
among many other things, the role of forests
as a source of products for society and the
effects of those products on GHG concen-
trations.

Forest Carbon Policies

US environmental and energy policies
need to be linked or at least be based on
mutual recognition and should be based on
four basic premises grounded in the science
summarized in this article:

1. Sustainably managed forests can provide
carbon storage and substitution benefits
while delivering a range of environmen-
tal and social benefits, such as timber and
biomass resources, clean water, wildlife
habitat, and recreation.

2. Energy produced from forest biomass re-
turns to the atmosphere carbon that
plants absorbed relatively recently from
the atmosphere; it essentially results in

no net release of carbon as long as overall
forest inventories are stable or increasing
(as is the case with US forests).

3. Forest products used in place of energy-
intensive materials, such as metals, con-
crete, and plastic, (a) reduce carbon emis-
sions (because forest products require less
fossil fuel-based energy to produce), (b)
store carbon (for a length of time based
on products’ use and disposal); and (c)
provide biomass residuals (i.e., waste
wood) that can be substituted for fossil
fuels to produce energy.

4. Fossil fuel-produced energy releases car-
bon into the atmosphere that has resided
in the Earth for millions of years; forest
biomass—based energy uses far less of the
carbon stored in Earth thereby reducing
the flow of fossil fuel—based carbon emis-
sions to the atmosphere.

US policies can encourage management
of forests for all the carbon and energy ben-
efits of forests and forest products while
sustaining ecosystem health and traditional
forest biomass users. The scientific informa-
tion in this article can be used as the basis for
developing sound forest carbon policies.

Figure 1-1. Major global carbon pools, their interactions, and forest and fossil fuel
products. (Source: Adapted from Lippke et al. 2011.)
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section 2

Forest Carbon Stocks and Flows

S forests were in carbon balance
| | with the atmosphere (emissions
approximately equal to sequestra-
tion) from the beginning of Euro-American
settlement to 1800. Subsequently, forests
were cleared for agriculture and construc-
tion, resulting in significant emissions of
carbon until 1950. These same forests are
now significant carbon sinks (Pacala et al.
2001) because of forest regrowth in areas
where agriculture was abandoned (Birdsey et
al. 20006), fire suppression in western forests,
increased productivity of planted forests,
and forest management activity. These fac-
tors were responsible for a carbon flux as
large as —390 teragrams (Tg; trillion grams)/
year as recently as the 1990s (Houghton et al.
2000). (By convention, carbon sequestra-
tion is represented as negative flux and car-
bon emissions as positive flux.)

US forests today are known to function
as a substantial carbon store, with woody
biomass carbon stocks averaging nearly 58
Mg (million grams)/ha, estimated via re-
mote sensing (Myneni et al. 2001), and
nearly 84 Mg/ha, estimated via inventory
statistics (US Environmental Protection
Agency [EPA] 2010). Carbon flux reported
for the entire forested area of the United
States ranges from —141 (Myneni et al.
2001) to — 183 (Birdsey et al. 2000) to —192
(US EPA 2010) Tg of Clyear, not account-
ing for storage in harvested wood products.
Both stocks and flux vary greatly by region,
forest type, site class, owner group, and re-
serve status. For example, inventoried
aboveground live and deadwood average
carbon stocks in California range from 13
Mg/ha for pinyon-juniper to 360 Mg/ha for
redwood (Christensen et al. 2008). Carbon
flux on highly productive national forest
lands in California averages —1.25 Mg/ha
per year versus 0 Mg/ha per year for low-
productivity (nontimberland) forests (Fried
2010). Han et al. (2007) report a sink size
for an 1l-state region in the southern
United States as —130 Tg of Clyear and
assert that this is sufficient to capture 23% of
greenhouse gas (GHG) emissions in that re-
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gion. Across the whole United States, car-
bon removed from the atmosphere by forest
growth or stored in harvested wood prod-
ucts is equal to 12-19% of fossil fuel emis-
sions (Ryan et al. 2010, EPA 2010).

Forest Carbon Trajectories

Forest carbon constitutes about one-
half of the bone-dry forest biomass. When
we consider the temporal dynamics of car-
bon in the forest, therefore, it can be helpful
to think of how forest biomass fluctuates
over time at the stand level. In forest types
that are predominantly even-aged, either be-
cause of management choice or natural dis-
turbance regimes, a stand is initiated (via
afforestation or reforestation after a fire, har-
vest, or other stand-replacing disturbance),
grows (using photosynthesis to extract car-
bon from the atmosphere and distribute it to
leaves, stem, and roots), and ultimately dies
(via harvest or other stand-replacing distur-
bance or conversion to a nonforestland use).
Management activities, such as thinning,
fertilization, and hazardous fuel removal,
may occur along the way. Where stand-
replacing disturbance is rare or management
empbhasizes selection harvest, the birth and
death of trees in a stand is continuous or
episodic, resulting in a stand-level trajectory
of forest carbon without pronounced peaks
and valleys. In such forests, gross primary
productivity and allocation of forest car-
bon among live and dead trees, understory
shrub and herbaceous vegetation, forest
floor, litter and soils are ever changing. Un-
derstanding these dynamics and how alloca-
tions change with stand age, density, and
management is essential to identifying op-
portunities to manage forests to increase
their capacity to remove carbon dioxide
(CO,) from the atmosphere (Litton et al.
2004).

Stand-Scale Trajectories

A newly regenerating forest behaves as a
net carbon source to the atmosphere because
the above- and belowground remains of
woody plants in the antecedent forest are
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subject to decay and heterotrophic (micro-
bial) respiration. In a study of disturbance
types in evergreen forests in seven disparate
regions of the United States, Thornton et al.
(2002) found that peak emissions related to
disturbance occurred 2 years after the distur-
bance, and that emissions could exceed se-
questration for up to 16 years—until the
live trees grew to a size at which their absorp-
tion of carbon exceeded the onsite losses
from decomposition of the predisturbance
forest. If an old-growth stand, in which
disturbance or harvest leaves behind high
volumes of large-diameter deadwood, the
period in which emissions exceed sequestra-
tion could be as long as 20-30 years (Har-
mon and Marks 2002). Assuming sufficient
stocking, a stand of pole-sized trees is well
positioned to accumulate woody biomass
carbon at an increasing rate for several de-
cades, barring excessive disturbance, but at
some point, growth decelerates.

Because carbon sequestration rates peak
in the first 100—150 years in most even-aged
stands as tree mortality losses increase, older
stands tend to be weak sinks at best. None-
theless, analysis of forest inventory plots
shows that in rare cases (e.g., very wet forests
on Washington’s Olympic Peninsula), for-
est carbon stores may continue to increase
for as long as 800 years. A few old-growth
forests can achieve truly massive (more than
1,100-Mg of C/ha) carbon stocks (Smith-
wick etal. 2002), and researchers are increas-
ingly documenting that some old-growth
forests can continue to have greater seques-
tration than respiration as long as they are
not affected by stand-terminating distur-
bances. Luyssaert et al. (2008) also found
positive net ecosystem productivity in for-
ests as old as 800 years in the boreal region,
but they noted that many stands had experi-
enced, and will continue to experience,
stand-terminating disturbances.

Growth decline is ultimately inevitable,
however, as gross primary productivity is re-
duced by nutrient and other resource limi-
tations and carbon allocation shifts from
wood production to respiration (Ryan et al.



2004). Ponderosa pine forests older than
190 years in central Oregon remain weak
carbon sinks, with a mean flux of —0.35 Mg
of C/ha per year (Law et al. 2003). From a
landscape perspective, 85% of the woody
biomass-based carbon storage in ponderosa
pine forests in this area is found in stands
older than 100 years and faces a significant
risk of carbon loss from wildfire. Dimin-
ished sink strength at even younger ages has
been widely documented. In Swiss alpine
forests, storage capacity was found to peak at
100 years, after which forests were net emit-
ters of carbon (Schmid et al. 2006). An Aus-
trian study that also accounted for wood
products and bioenergy offsets found that
overall carbon storage was greatest in un-
managed stands over a 100-year horizon,
but that the effective storage could well be
much less because the standing carbon was
vulnerable to unforeseen disturbances
(Seidl et al. 2007). The Tongass National
Forest, where fire is unlikely, holds 8% of
the forest carbon in the United States but
is approaching a state of no additional car-
bon sequestration because carbon emissions
via microbial respiration will soon equal
newly sequestered carbon via photosynthesis
(Leighty et al. 2006).

At some point, reduction of carbon
stocks in any individual stand is also inevita-
ble. Carbon may be emitted through natural
disturbance or harvesting. Typically, a large
fraction of forest carbon from a harvested
stand is sequestered in long-lived forest
products or converted to bioenergy. Al-
though carbon emissions from producing
bioenergy may be the same as emissions
from natural disturbance, the latter achieves
no carbon benefit. An accurate portrayal of
forest carbon and the carbon benefits and
costs of any harvested products requires
looking at a large number of forests stands of
different ages, the amount of carbon seques-
tered in products, and the likely effects of
disturbances.

Forest-Scale Trajectories

Whereas forest carbon dynamics at
stand scale are driven by growth, harvest,
and mortality, at the forest scale they are af-
fected at least as much by the distribution of
forest area by age class or successional state
and management regime. More than one-
third of the forest area of Yellowstone Park,
e.g., is of a single age class, born after the fires
of 1988. Now undergoing a period of rapid
growth and accumulating carbon, these
forests still have 91-99% of their carbon in

coarse woody debris and mineral soil; the
mature lodgepole pine forests elsewhere in
the park have 64% of their carbon in live
trees (Litton et al. 2004). The carbon lost in
the 1988 fires may not be recovered for 230
years (Kashian et al. 2006). In this and less
extreme cases, the carbon implications of
disturbance are greatly influenced by the
amount of the previous stand used in har-
vested wood products and bioenergy; in
the Yellowstone case, this was zero. Late-
successional forests, like the federally pro-
tected wilderness and parks in the West,
hold tremendous carbon stores but have low
rates of carbon accumulation compared
with younger forests. The carbon stores of
very large forest areas—those consisting of
thousands of stands spanning a broad
range of age and successional development
classes—have achieved an approximately
steady-state plateau (Harmon et al. 2001).
However, this “carbon plateau” may trend
up or down with changes in growth rates
and natural and human disturbance fre-
quency and magnitude, all of which may re-
sult from climate change (Latta et al. 2010,
Smithwick et al. 2007).

Management and Forest
Carbon Capture

Eventually, all trees die, and when they
do, their carbon moves quickly (e.g., fire,
windthrow, or harvest) or slowly (e.g., insect
attack or disease infestation) into other pools
(e.g., deadwood, soil, products, or atmo-
sphere). The process of forest renewal and
tree growth, competition, aging, and, even-
tually, death is ongoing. Environmentally
sensitive use of forest mortality offers the op-
portunity to capture some permanent car-
bon benefits via long-term storage in prod-
ucts and/or substitution for fossil fuel
energy. Depending on other objectives,
these benefits can be captured using a wide
variety of management-driven removals, in-
cluding sanitation, mechanical fuel treat-
ment, thinning, selection harvest, regenera-
tion harvest, and salvage logging, albeit with
varying implications for economic feasibility
and residual stand conditions. Such benefits
do not accrue when dead and dying trees are
left in the woods to emit carbon via hetero-
trophic respiration, and when capture op-
portunities are missed, there are no second
chances. The timing of removals, however,
can be important.

Regeneration harvest in a high-volume
old-growth stand releases a great deal of car-
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bon—so much, in fact, that it may take de-
cades before the new stand establishes
greater net uptake of carbon (after account-
ing for storage in wood products, slash dis-
posal, emissions from deadwood and other
harvest-killed vegetation, and soil carbon
emissions) than if the old-growth had been
left alone (Janisch and Harmon 2002).
However, such stands, which are found al-
most exclusively on public lands, are rarely
harvested or even actively managed in the
United States today, and in any case, are un-
likely to be considered candidates for bio-
energy feedstocks because their value as en-
ergy feedstock is low compared with the
high social values placed on old-growth for-
ests. Where catastrophic losses are likely
(e.g., in drier forest types where fire or in-
sects drive shorter disturbance intervals), the
carbon calculus is different. In this case,
management that involves periodic harvest
provides a range of societal benefits. Regen-
erated young stands continue to sequester
new forest carbon, and products derived
from the harvested wood store carbon for
various lengths of time and provide substi-
tution benefits that show up in national
GHG accounts in lower emissions from fos-
sil fuel burning.

Forests can be managed to maximize
carbon sequestration. Even-aged rotations
synchronized to culmination of mean an-
nual increment® lengthen the period during
which current annual increment (1 year’s
addition to the live-tree carbon pool) ex-
ceeds the maximum MAI. Across an owner-
ship, shorter rotations may reduce maxi-
mum sequestration on currently managed
sites but can generate additional discounted
net revenue that could be invested to in-
crease growth in other forests. Rotations
longer than maximum MAI reduce the ca-
pacity for long-term storage in harvested
wood products and, at least in some systems,
increase the risk of catastrophic carbon loss.
Reducing stocks in forests managed for
commercial products may reduce the finan-
cial and carbon risks of losses to episodic
disturbances, such as wildfires or severe
storms, and potentially increase the average
value of the products produced; increasing
stocks may increase the rate of carbon accu-
mulation but also increase loss risk. Al-
though any kind of harvest releases at least

* MAL i.e., the point at which average annual
woody carbon accumulation, calculated as total
carbon divided by stand age, peaks and begins to
fall.
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Table 2-1. Carbon flux in the US forestry
sector in 2008, excluding energy sector
and product substitution benefits.

2008 flux”
Percentage
Carbon pool Tg CO,e’ of total
Forest —704 89°
Aboveground biomass —397 50
Belowground biomass =79 10
Deadwood —26 3
Litter =56 7
Soil organic carbon —146 18
Harvested wood —388 11
Products in use —24 3
Wood in landfills —64 8
Total net flux —792 100

“ Carbon sequestration is negative flux; carbon emissions is pos-
itive flux.

 Tg CO,e, teragrams of carbon dioxide equivalent; to obtain
teragrams of C from Tg CO,e, divide the latter by 3.667.
Source: US EPA (2010).

¢ Percentages of forest carbon pool do not add up to 89 due to
rounding.

some carbon to the atmosphere, thinning
and selection harvests typically have a lower
emissions density per unit area because they
produce less slash and residual organic mat-
ter (e.g., down wood and dead roots). Com-
pared with regeneration harvests, thinning
and selection also result in a far shorter delay
before net carbon uptake is restored, because
the residual stand maintains greater carbon
sequestration capacity than does a clearcut.
Even-aged harvests have a somewhat longer-
lasting effect on net carbon flux because
there is no residual stand to sequester car-
bon, and seedlings must grow for several
years before they become a significant car-
bon sink.

Estimates of US Carbon Flux by Pool
Table 2-1 shows the estimated US for-
estry sector annual flux in teragrams of car-
bon dioxide equivalent (CO,e) for 2008, the
most current year available (US EPA 2010),
as reported under international carbon
protocols. This framework calculates net
changes between consecutive, annual esti-
mates for five forest pools and two harvested
wood pools. Note that only one-half of the
flux is estimated to occur in the above-
ground, live-tree pool—the pool that is
most commonly considered in carbon ac-
counting analyses. Of the aboveground for-
est carbon, current measurement procedures
are more accurate for the boles of trees of the
species and sizes that have typically been
used to produce products, and considerably
less accurate for noncommercial species and
for the branches, tops, and roots of all trees.
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As currently reported, estimates for all other
forest pools are derived from models, in
which their assumptions may lead to inaccu-
racies. For example, deadwood is modeled as
a fraction of live wood, and soil carbon den-
sity is assigned by forest type. Although de-
finitive conclusions are elusive because of
changes in inventory measurements and
protocols since 1990, the US forest carbon
sink has been reported as weakening due to
increasing forest age and time since farm-
land abandonment, climate variability, and
increasing frequency and severity of natural
disturbances (some resulting from many
years of fire suppression). Moreover, it ap-
pears that climate change will increase the
frequency of disturbance in forest ecosys-
tems (e.g., Hurtt et al. 2002, Dore et al.
2008, Pan et al. 2008).

Carbon Trajectories in Forest Soils

Soil carbon, both in litter layers and as-
sociated with soil minerals, occurs in a het-
erogeneous mix of organic materials
(Hedges et al. 2000). Soil carbon is the larg-
est actively cycled terrestrial carbon pool
(Schlesinger 1997, Hedges et al. 2000, Job-
bagy and Jackson 2000) and can have resi-
dence times of hundreds to thousands of
years (Gaudinski et al. 2000, Trumbore
2000). These attributes imply that soils may
be an attractive pool to sequester carbon for
long periods (Oldenburg et al. 2008). Forest
management and disturbances affect soil
carbon stocks through changes in carbon
fluxes and carbon quality, and the magni-
tude and direction of these changes tend to
be highly variable by region and situation.

The simplest conceptual model of soil
carbon is that of two pools of labile and re-
calcitrant carbon that have short and long
residence times, respectively. Generally, the
most labile carbon is organic (e.g., O hori-
zons and belowground particulate organic
matter) and represents about 1-12% of for-
est soil carbon (Schlesinger 1997, Fisher et
al. 2000, Sollins et al. 2006). Mineral-asso-
ciated carbon represents more than 90% of
all soil carbon and has the longest residence
time (i.e., oldest '*C age) (Fisher et al. 2000,
Gaudinski et al. 2000, Jobbagy and Jackson
2000). Mineral-associated carbon is pro-
tected from mineralization through its
chemical stabilization with mineral surfaces
(particularly reactive minerals such as iron
oxides) (Kleber et al. 2005, Mikutta et al.
2006) and physical protection within soil
aggregates (Six et al. 2002). Additionally,
36—41% of all soil carbon can be found be-
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low 1 m in depth (Jobbagy and Jackson
2000), where it has been found to have very
long residence times (thousands of years;
Trumbore et al. 1995).

Litterfall and root turnover (rhizodepo-
sition) are the major inputs of carbon to soil
carbon pools and are closely related to net
primary productivity (Schlesinger 1997).
Root inputs of carbon account for 56-71%
of mineral soil carbon (Rasse et al. 2005).
Most carbon entering soil pools in forested
systems decomposes and is emitted through
heterotrophic soil respiration (Hanson et al.
2000, Subke et al. 2006). An increase in this
heterotrophic soil respiration caused by
global warming may be a positive feedback
mechanism of climate change (Raich and
Schlesinger 1992). Stabilization of carbon
entering the soil system depends on the car-
bon content of the soil horizon it enters.
Carbon entering a carbon-rich or carbon-
saturated surface horizon may accumulate at
a constant rate but have a very short resi-
dence time. On the other hand, carbon en-
tering a carbon-poor soil horizon has more
potential to be stabilized in a mineral-asso-
ciated recalcitrant pool because of the larger
proportion of reactive mineral surface area.
Because surface soil horizons in forest soils
are near saturation, an increase in carbon
stores here is unlikely. Mineral soil at depth
(e.g., more than 50 cm) has much lower car-
bon concentrations and therefore may have
the capacity to stabilize carbon; however, in-
puts of carbon to this depth are also low.

Harvesting and thinning operations al-
ter soil carbon cycling by cutting the supply
of root and litter inputs, disturbing the soil
surface, and changing temperature and
moisture regimes, all of which tend to in-
crease heterotrophic respiration rates; how-
ever, they also move some forest floor carbon
into deeper, mineral soil layers. A few meta-
analyses and review articles conclude that
the net effect of harvest is a reduction in soil
carbon, with forest and soil type determin-
ing the magnitude of carbon loss (Johnson
and Curtis 2001, Jandl et al. 2007, Nave et
al. 2010). Nave et al. (2010) reported an 8%
average reduction in soil carbon stocks after
harvesting over all forest and soil types stud-
ied. However, most of the studies covered
sampled only the top 20 cm of soil, or even
just the forest floor, so these losses are pri-
marily the result of a reduction in licter layer
mass and organic matter inputs from grow-
ing trees; they may also reflect the sampling
challenges of accurately tracking forest floor
carbon over time (Federer 1982, Yanai et al.



2003). Harvesting either has no effect on
mineral soil carbon or leads to increases
(Slesak et al. 2011). Harrison et al. (2011)
report that for a variety of ecosystems and
treatments, valid estimation of changes in
ecosystem carbon was not even possible
without sampling soil deeper than 20 cm.
Even whole-tree harvesting for biomass pro-
duction may have little long-term effects on
soil carbon stocks if O horizons are left
undisturbed and nutrients are managed
(Powers et al. 2005). Forest thinning and
competition control have a much smaller
disturbance on soil characteristics and there-
fore affect soil carbon stocks less. In addi-
tion, by reducing the likelihood of stand-
replacing wildfire and fire severity at the soil
surface, thinning and fuel reduction treat-
ments may reduce future losses of soil car-
bon.

Forest fertilization may increase or de-
crease soil carbon stores by increasing net
primary production (+), shifting produc-
tion to aboveground vegetation components
(—), increasing soil carbon mineralization
(—), and depressing some enzyme activity
(+) (Jandl et al. 2007, Van Miegroet and
Jandl 2007). Effects of forest fertilization on
soil carbon have been found to be site-spe-
cific, but most studies show an increase in
soil carbon stock (Johnson and Curtis
2001). However, fertilization of forests has
been linked to increased soil emissions of
nitrous oxide (N,O, a GHG 300 times
stronger than CO,), so this must be factored
in when selecting the best management
strategy to mitigate GHG concentrations
(Matson etal. 1992, Castro etal. 1994). The
production of fertilizer itself also results in
carbon emissions because the production
processes are energy intensive.

The influence of short-rotation woody
crops and afforestation on soil carbon stocks
appears to depend primarily on previous
land use, management practices, and soil
characteristics (Tolbert et al. 1997, 2002,
Guo and Gifford 2002, Post and Kwon
2000, Sartori et al. 2006). Conversion of ag-
ricultural and degraded lands to forest or
short-rotation woody crops is likely to in-
crease soil carbon stocks. Lands used for pe-
rennial crops or pasture typically have higher
carbon concentrations than annually tilled
lands, so afforestation may or may not in-
crease soil carbon stocks. Depending on
the aforementioned factors, short-rotation
woody crops may increase soil carbon up to
0-1.6 Mg/ha per year for decades before the

soil reaches a new equilibrium (Guo and

Gifford 2002, Post and Kwon 2000, Sartori
et al. 20006).

Fire can be a major cause of carbon loss
from forests, but the magnitude of loss de-
pends on fire severity. Low-severity wildfires
and prescribed fires have little effect on soil
carbon and may even increase mineral soil
carbon through deposition and mixing of
partially burned or residual organic matter
into the surface mineral soil (Johnson and
Curtis 2001, Hatten et al. 2005, 2008).
Conversely, high-severity wildfire decreases
soil carbon stocks by 10—-60% (Baird et al.
1999, Bormann et al. 2008, Hatten et al.
2008). Recovery rates after moderate- to
high-severity fire may be similar to a post-
harvest scenario, provided soil productivity
is not damaged. Although high-severity
wildfire can release significant amounts of
carbon from soil pools, the loss can be re-
duced through well-designed fuel reduction
programs based on mechanical thinning and
prescribed fire.

Given the variable properties of soils,
determining soil carbon stores is more ex-
pensive (many samples are required) than
inventory-based accounting for above-
ground, live-tree carbon stores. The high
variability of soils and inability to take re-
peated measures on exactly the same soil
make accounting for soil carbon flux over
time even more challenging. Many research-
ers have developed sampling protocols
for soil carbon stores (e.g., Shaw et al. 2008)
or the effects of different treatments (e.g.,
Homann et al. 2001). The magnitude and
spatial dependence of soil variability differ
among soil types, so a one-size-fits-all ap-
proach to soil sampling does not work (Ay-
res et al. 2010). The Forest Inventory and
Analysis (FIA) (US Forest Service 2011)
program of the US Forest Service collects
soil carbon data to a depth of 20 cm across
the United States on phase 3 plots (one per
96,000 ac). This sampling intensity and lim-
ited sampling depth are insufficient to ac-
count for soil carbon across the United
States; however, it may help in refining a
sampling system that characterizes soils for a
given region, forest type, and soil type to
support a targeted soil carbon inventory pro-
gram.

Carbon Flux from Forest
Disturbances

As the average age of trees in forests in-
creases, both carbon inventories and carbon
losses to mortality increase (Stinson et al.
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2011). In the West, where public forests
predominate, the average stand age is 90
years; for private forests in the East, it is 47
years. In Canada, the average stand age for
managed forests is 92 years, and in Europe it
is 48 years (Bottcher et al. 2008). US west-
ern forests are similar to those of western
Canada (Kurz et al. 2008a, Stinson et al.
2011) in their high carbon inventories as
well as current high losses to mortality from
fires and insects. The younger European for-
ests are estimated to have much higher net
carbon sequestration rates and much lower
losses to mortality (Luyssaert et al. 2010).
The fraction of total growth in merchant-
able volume that ends up as mortality is now
nearly twice as high on national forests (0.33
in the East and 0.36 in the West) as on tim-
berlands outside the national forests (0.19 in
the East and 0.22 in the West; Smith et al.
2009). Thus, management that anticipates
disturbance is a more compelling idea for
western forests than for forests elsewhere. If
carbon values rise and more efficient recov-
ery technologies develop, natural distur-
bances may be seen as opportunities to cap-
ture carbon benefits via bioenergy from dead
trees that would otherwise emit carbon with
no compensating benefits. Understanding
the disturbance processes that drive mor-
tality and the fate of the dead biomass—
whether it is left in the forest to emit carbon
over time or collected and used—is a signif-
icant but often overlooked component of
forest carbon dynamics.

Fire

Increased reliance on in-forest carbon
storage usually increases carbon emissions
when fire does occur (Hurteau et al. 2008).
In the West, fire poses the greatest risk of
forest carbon emissions, which are very dif-
ficult to quantify because of spatial and tem-
poral heterogeneity: extreme interannual
variability has stymied efforts to determine
even the existence of a trend in emissions
(Liuetal. 2005). Over the long term, assum-
ing no trend in fire return intervals, emis-
sions from fires are balanced against carbon
sequestration by the growing forest. On
timescales relevant to forest carbon offsets,
fires can release truly massive quantities of
carbon (averaging 293 Tg of Clyear in
2002-2006, a period of high fire activity),
adding significant uncertainty to projections
of likely reductions in carbon emissions
(Wiedinmyer and Neff 2007). In part be-
cause of a century of fire suppression (Agee
and Skinner 2005), combined with climatic
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factors (McKenzie et al. 2004, 2008, Littell
et al. 2009b), fire is now the dominant dis-
turbance agent in most of the West and is
important to consider in virtually every for-
est management strategy. Even in wet forests
along the Pacific Coast, catastrophic fires
have occurred (e.g., the Tillamook Fire in
Oregon’s Coast Range).

Intense, stand-replacing fires in heavily
stocked stands can be so severe that substan-
tial soil carbon stores are lost and soil struc-
ture and nutrient capital are destroyed, de-
laying regeneration and/or leading to slower
regrowth. Treatments that reduce ladder fu-
els and understory vegetation in general are
frequently recommended to reduce fire se-
verity and the probability of crown fire
(Brown et al. 2004, Agee and Skinner
2005). Numerous studies have attempted to
assess various combinations of thinning,
prescribed fire, and understory and down
wood removal for their capacity to maximize
stored carbon and reduce the risk of cata-
strophic forest carbon loss (e.g., Lee et al.
2002, Li et al. 2007, Boerner et al. 2008,
Chiang et al. 2008, Hurteau and North
2010). Most of these studies have not ac-
counted for the carbon stored in harvested
wood products and the carbon benefits of
offsetting fossil fuel-generated energy, let
alone the substitution benefits of using
wood instead of building materials which
are more fossil fuel intensive. Counting all
removals as instantaneous emissions, they
generally conclude that fuel treatments in-
crease carbon emissions. Counting fire-in-
duced mortality in untreated stands as forest
ecosystem carbon (e.g., Reinhardt and Hol-
singer 2010) provides an accurate estimate
immediately after a fire but neglects the sig-
nificant differences in photosynthesis and
respiration between live and dead trees over
the next few decades.

Such omissions preclude meaningful
interpretation of study results because fuel
treatments reduce the likelihood of cata-
strophic carbon loss via wildfire and, analo-
gous to portfolio diversification, capture
some portion of the forest carbon for prod-
ucts and energy (and associated carbon ben-
efits) well before a stand reaches full rotation
age (or experiences a stand-terminating dis-
turbance). Carrying less in-forest volume
(and carbon) is thus a desirable objective of
such treatments. Finkral and Evans (2008)
show how wood use can tip the balance to-
ward net carbon benefits. In a retrospective,
model-based analysis of four large western
fires, Hurteau et al. (2008) found that had
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the forests been thinned before the fire, car-
bon emissions could have been significantly
reduced. Stephens et al. (2009) accounted
for storage in harvested wood products and
documented emissions from prescribed fire,
mechanical treatment, and a combination of
both, with and without a subsequent fire.
Relative to the control, mechanical treat-
ment produced less emissions for almost any
plausible assumption of fire probability, and
the other options produced less emissions as
the likelihood of fire increased (they resulted
in much greater treatment emissions but
much less posttreatment wildfire emissions).

In some cases, frequent fuel treatments
(thinning combined with prescribed fire)
have been known to reduce site quality
(Gough et al. 2007). Over the past 10 years,
a comprehensive literature on fuel treat-
ments (e.g., Graham et al. 2009, Cathcart et
al. 2010, Reinhardt et al. 2010) has specifi-
cally addressed the effects of biomass re-
moval treatments on fire behavior and the
consequent carbon benefits. Fire and forest
managers increasingly understand that such
treatments rarely prevent fire but, when suc-
cessful, tend to change fire type from crown
to surface and reduce both fire intensity and
carbon emissions. When natural regenera-
tion after fire is unlikely to occur, artificial
regeneration can increase carbon storage
over time.

Insects and Disease

Mortality wrought by insects and dis-
ease can rival that of fire and is a significant
factor in carbon emissions over time in for-
ests across the United States. These agents
tend not to reduce dead biomass and soil
carbon pools (as does fire); e.g., bark beetle
outbreaks generate considerable quantities
of deadwood but may cause no change in
soil respiration rates (Morechouse et al.
2008). Their effect on forest carbon over
time depends in part on whether the agent
attacks all tree species in a stand or only a
few. As long as unaffected trees are present in
significant numbers, leaf area and growth
potential of the site “transfer” to the surviv-
ing trees, at least some of which claim access
to the growing space vacated by trees that
succumb. If the dead-tree carbon can be re-
covered (e.g., via sanitation harvest for wood
products or energy), the effect on stand car-
bon trajectories would be litde different
than a thinning. However, if the stand is a
monoculture or the agent attacks all tree spe-
cies, reversals in carbon storage may be sig-
nificant, especially if salvage is not an option.
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Some exotic invasive pests may prevent pre-
infestation tree species from becoming rees-
tablished, essentially changing the capacity
of a site to store carbon unless alternative
species with equivalent growth potential are
available. Given the cost of fighting inva-
sions and infestations, managing forests for
resilience—such as by encouraging species
diversity and managing stand density—may
be the most feasible approach.

Insect infestations can heighten the
risks of severe crown fire (and thus the po-
tential for large emissions of carbon from the
live-tree pool) not because they create dead-
wood but because the resulting change in
stand structure tends to promote ladder fuels
(Bigler et al. 2005, Lynch et al. 2006). De-
creased susceptibility to surface fire after
spruce beetle infestation (Kulakowski et al.
2003) is possibly caused by increased forest
floor moisture. The prodigious amounts of
deadwood produced by infestations elevate
the potential for high-severity fire and sub-
stantial carbon emissions when fires do oc-
cur.

Weather-Related Disturbances

Windthrow, hurricanes, and ice storms
can be locally significant. A study of ice dam-
age under climate change found that
thinned stands were more susceptible to ice
damage but that ice damage became less
likely under a changed climate (McCarthy et
al. 2006). A single Katrina-sized hurricane
has the potential to convert the live-tree
equivalent of 10% of US annual carbon se-
questration into deadwood, much of which
would be inaccessible and unrecoverable.
Longer-term carbon losses result from the
delay in reestablishing full leaf area in hurri-
cane-damaged stands (McNulty 2002).
Whether and how such disturbances might
be managed to reduce carbon emissions is
unknown.

Land-Use Change

In contrast with tropical forests, where
land-use change is the leading driver of
change in carbon stores and sequestration
capacity, the forested area in the United
States is essentially stable, with recent
changes being well within the margin of er-
ror (USDA 2009). Smith etal. (2009) report
FIA estimates of 337,000 ha added to for-
ested area each year between 1997 and 2007,
on a base of 302 million ha. Statistics com-
piled by US EPA (2010, Chapter 7) from
FIA, USDA’s Natural Resources Inventory,
and the Multi-Resolution Land Cover Con-



sortium suggest substantial, bidirectional
flux in area between grass and cropland and
forest, with more area entering than leaving
forest. Moreover, a relatively small share
(35%) of the area reported to have left forest
ends up in agricultural use, whereas 65%
goes to settlements. Thus, the FIA-reported
net annual increase in forestland area likely
underestimates the carbon storage gains
because many of the forests converted to
settlements retain all or most of their forest
biomass. For example, in the western and
northern states, the growth in the area of the
wildland—urban intermix (where homes are
scattered within a matrix of wildland vegeta-
tion) dwarfs that of the wildland—urban i7-
terface (where areas of high housing density
abut areas of undeveloped wildland vegeta-
tion; Hammer et al. 2007). Even urban for-
ests can retain as much as 30-50% of the
standing forest carbon storage of their ante-
cedent wildland forest and may grow faster
because of the wider tree spacing, better con-
trol of competing vegetation in landscaped
yards, and irrigation and fertilization by
homeowners. Urban forests cannot dupli-
cate all the functions of their wildland coun-
terparts. The mere presence of humans re-
duces habitat quality for many species, but
such forests can accumulate substantial
quantities of carbon. However, eventual
capture of that carbon in harvested wood
products or as bioenergy (which would en-
able urban forests to sequester yet more car-
bon via tree growth) is a nascent opportunity
at best. Kline et al. (2004) found reduced
incidence of forest management activity, in-
cluding thinning and other harvest activity,
in forests near settlements. Some micromills
already glean timber supplies from urban
tree removal (e.g., Urban Hardwood Recov-
ery 2010), and wood removed in urban set-
tings has been used for bioenergy produc-
tion and district heating in St. Paul,
Minnesota, but it is doubtful that urban
trees’ carbon benefits (of in situ storage,
long-term product storage, and substitu-
tion) will ever approach what is possible on
undeveloped but managed forests.

Forest Carbon Accounting
Minimizing net emissions to the atmo-
sphere requires paying attention to sources
and sinks both within the forest (net inven-
tory growth and mortality) and in the con-
sumer sector, where wood products can sub-
stitute for energy- and emissions-intensive
materials such as concrete, steel, aluminum,
plastic, heating oil, and coal (see Section 5).

Table 2-2. Area of US forestland, timberland, reserved forest, and low-productivity

forest, by region (million hectares).

Total Timberland Reserved Low-productivity

Region forestland Total Natural Planted forest forest
South 87 83 64 18 1 3
North 70 66 64 2 2 1
Pacific Coast 86 30 26 4 18 38
Rocky Mountains 61 29 28 0 8 24
Interior Alaska 46 3 3 0 11 32
Tropical Islands 2 NA NA NA NA NA

Source: Smith et al (2009).

Figure 2-1. Trends in US industrial roundwood, 1965-2005 (million cubic meters). (Source:

Howard (2007).)

The summary here provides national and
regional context on the patterns of the
movement of forest carbon from forests and
into wood products and energy.

Across the United States, forests differ
in how they are managed and how much
carbon is removed to make products and en-
ergy. Table 2-2 presents the area of forest-
land across six major regions. We focus on
timberland, the more productive forest, in
the first four regions (i.e., excluding interior
Alaska and the tropical islands, where tim-
berland is scarce) because the data come
from a common, contemporary database
(the assessments for the Resources Planning
Act). This provides a more regionally nu-
anced view of US forests and their potential
to generate climate benefits. These timber-
lands represent about 60% of all US forest
area and approximately 90% of the nation’s
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productive forests (the remainder is gener-
ally in parks, wilderness, or other reserved
areas typically off-limits to active manage-
ment and considered inaccessible). Al-
though all forests may be subject to signifi-
cant disturbances spawned by climate
change, mitigation via vegetation manage-
ment is most likely feasible only on accessi-
ble timberland.

Since 1980, domestic production of
roundwood has fluctuated around 300 mil-
lion m® of wood products while consump-
tion has increased by more than 20% (Fig-
ure 2-1). Most of this gap has been filled
with imports from Canada and other coun-
tries. Because harvesting in Canada had to
increase to fill this gap, Canadian forest car-
bon stocks are lower than they would have
been otherwise. As a result, counting the in-
creased forest carbon sequestration in the
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Figure 2-2. Annual flux on timberlands in 2006, by region (million cubic meters of woody

biomass). (Source: Smith et al. (2009).)

Table 2-3. Total estimated annual biomass flux into products, new inventory, and
mortality as a percentage of gross annual growth on US timberlands.

Out-of-mills flux and Pacific Rocky Total
in-forest flux South North Coast Mountains United States
Final products 30% 15% 24% 12% 23%
Energy 23 17 11 8 18
New growing inventory 19 36 35 36 28
Logging residues 13 13 10 4 11
Natural mortality 15 19 21 40 19

Source: Calculated from Smith et al. (2009).

United States as new global climate carbon
sequestration benefits overstates the global
benefits.

Figure 2-2 combines forest inventory
and forest product data to illustrate the net
flux in wood volume on US timberlands in
2006. The measurements include changes in
both growing inventory and dead trees in
the forest. Each flux has a very different car-
bon trajectory over the next 100 years. Saw-
logs can be used to create long-lasting wood
products but account for only about one-
half of the wood products used by consum-
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ers. The conversion of harvested volume
into consumer products is determined at the
mills as they respond to market price and
demand. About one-third of harvested vol-
ume goes into lumber products, with the re-
mainder going into structural composite
lumber, oriented strandboard, structural
and nonstructural panels, paper products,
and fuelwood (Smith et al. 2009). Tradi-
tional forest inventory statistics focus on the
live-tree inventory and apply no value to log-
ging residues and mortality left in the forest.
From a GHG perspective, both natural mor-
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tality and logging residues will add to respi-
ration-based carbon emissions even if they
appear to be “storage” (in deadwood) in the
year that a tree dies. At a smaller scale, near
wood energy facilities, more of the net car-
bon flux commonly goes to fuelwood and
other energy uses, and less of the carbon is
left in the forest as logging residues or new
mortality. Although the proportions vary
across regions, nationally, a third of the total
flux is taken out as products, a third adds to
growing trees, and third goes into dead and
down wood that will decompose over time.
The annual flux from live trees into mortal-
ity from natural causes or logging is signifi-
cant. In terms of new carbon storage, the
deadwood is a “leaky bucket” because de-
composition rates and eventual CO, release
are high. Harmon et al. (2001) estimated
decomposition rates for deadwood of 3%/
year for coniferous forests and 8%/year for
deciduous forests, based on a review of more
than 20 published and unpublished studies
from temperate forests.

Table 2-3 summarizes the total forest
and forest product carbon flux by region af-
ter estimating the portion of harvested vol-
ume of sawlogs and pulpwood used as en-
ergy in mills and counting this as energy.
Wood used for energy in the industrial sec-
tor accounts for 67% of the total energy
wood category; residential (21%), electricity
generation (8%), and commercial uses (3%)
made up the rest (US EPA 2010).

Carbon fluxes from US forests vary by
region and ownership. Forests in the South
are more intensively managed and have the
lowest level of emissions related to natural
mortality, and more of their gross growth is
converted into products and energy feed-
stocks. Along the North and Pacific Coasts,
the proportions of forest biomass going into
products and energy, new growing inven-
tory, and mortality is approximately equal.
Forests in the Rocky Mountains have a large
ratio of new inventory to harvested prod-
ucts, because there is little harvest activity in
that region, but also have high flux into nat-
ural mortality. Recognizing the regional
variations in where forest carbon accumu-
lates is the key to interpreting national and
sector-specific accounting,.



section 3

Climate—Forest Interactions

ecause forests cover approximately
B 30% of the Earth’s land surface and

store about 45% of terrestrial car-
bon (Sabine et al. 2004), forests and global
climate are closely linked. Recent empirical
results (Baldocchi 2008) and climate models
that now link the biosphere and atmosphere
(Bonan 2008) indicate that the interactions
between forests and the atmosphere are
highly complex. Climatic changes can affect
existing forests, for example, though inci-
dence of drought, fire, and reproductive cy-
cles of forest pests. Conversely, forests can
affect climate in ways other than carbon
storage. An overview of the three major for-
est biomes (tropical, temperate, and boreal)
and the three major processes that connect
forests with the climate (carbon, energy, and
water fluxes) helps puts US forests in a global
context.

Forest Biomes and
Forest-Atmosphere Fluxes

The three major forest biomes have very
different biophysical dynamics with signifi-
cant consequences for the atmosphere (Ta-
ble 3-1). The United States has all three
types: 3.03 million km? of temperate forests,
0.46 million km? of boreal forests, and 0.02
million km? of tropical forests (Smith et al.
2009). Total carbon storage is similar for
each biome, even though photosynthesis is
highest in the tropics and declines toward
the poles. Only a fraction of the carbon
captured by photosynthesis is added to
carbon storage. A global review of net eco-
system carbon exchange concluded that
“in general, 77 gCm ™ *year” ' of carbon is
lost by ecosystem respiration for every 100
gC m ™ *year ' gained by gross photosyn-
thesis when an ecosystem has not experi-
enced recent and significant disturbance”
(Baldocchi 2008). A synthesis of 10 car-
bon flux studies (Misson et al. 2007) con-
cluded that forest floor and soil respiration
made up around one-half of the total site
respiration. The increase in forest floor and
soil respiration is proportional to how much

residue is left on site to decompose (Amiro
2006a). Although the carbon contained in
logging residues and dead trees is not con-
sidered as part of the growing stock in for-
ests, the deadwood has a significant effect on
forest respiration and the net carbon flux at
the forest level.

Carbon flux dynamics differ signifi-
cantly among the three forest biomes. For
instance, because most solar energy enter-
ing the atmosphere is absorbed by the
land and then transferred to the atmo-
sphere (McGuire and Chapin 2006), the
role of forests in energy fluxes has consider-
able relevance. A significant energy flux is
the drop in the albedo (and the reflection of
solar energy back through the atmosphere)
when dark-colored trees expand at the ex-
pense of snow-covered areas (Bonan 2008,
Jackson et al. 2008, Anderson etal. 2011). A
lower albedo decreases the fraction of solar
energy that is immediately reflected. The ex-
pansion of boreal forests into areas that are
currently tundra has been noted in many
northern latitudes. The energy feedbacks re-
lated to decreased albedo from the natural
movement of forests into tundra regions can
have local as well as global impacts (Eu-
skirchen et al. 2010).

Links between water and carbon flux
are seen most strongly in the tropics. The
most significant water flux linkage between
forests and the atmosphere is the evaporative
cooling from tropical forest canopies, which
has a positive relationship with cloud for-
mation and rainfall patterns (Fung et al.
2005). Other research has pointed to a

tradeoff between increased carbon storage
and reductions in streamflow from affores-
tation in semiarid locations (Jackson et al.
2005). In boreal forest regions, warming has
also been associated with more fresh-water
runoff into the Arctic Ocean and more area
of wetlands and water bodies that can be a
significant source of methane (Chapin et
al. 2000). Some researchers have esti-
mated that the climate implications of the
biogeophysical effects related to energy and
water fluxes are of a similar order of magni-
tude as aboveground carbon sequestration
(Arneth et al. 2010).

Climate-Related Characteristics
of Forest Biomes

New data on changes in tropical forest
cover have lowered the estimates of net
greenhouse gas emissions from tropical de-
forestation and suggest an emphasis on de-
forestation where carbon-rich peat soils are
disturbed (van der Werf et al. 2009,
Friedlingstein et al. 2010). Nevertheless, a
review of numerous studies shows that when
all feedbacks are considered, tropical forests
are generally seen as the most effective for-
ests for providing climate benefits per unit of
area or biomass (Jackson et al. 2008).

Although temperate forests cover the
least area of the three biomes, they are the
source of most of the sustainably produced
wood products. Temperate forests continue
to increase as carbon sinks (Friedlingstein et
al. 2010) even though large quantities of
wood are removed annually. The current

Table 3-1. Areq, storage, and gross photosynthesis of global forest biomes.

Gross primary
productivity
Forest area Total carbon (photosynthesis;
Biome (million km?) storage (kg C/m?) kg C/