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A B S T R A C T

When included as part of a larger greenhouse gas (GHG) emissions reduction program, forest offsets may

provide low-cost opportunities for GHG mitigation. One barrier to including forest offsets in climate

policy is the risk of reversal, the intentional or unintentional release of carbon back to the atmosphere

due to storms, fire, pests, land use decisions, and many other factors. To address this shortcoming, a

variety of different strategies have emerged to minimize either the risk or the financial and

environmental implications of reversal. These strategies range from management decisions made at the

individual stand level to buffers and set-asides that function across entire trading programs. For such

strategies to work, the actual risk and magnitude of potential reversals need to be clearly understood. In

this paper we examine three factors that are likely to influence reversal risk: natural disturbances (such

as storms, fire, and insect outbreaks), climate change, and landowner behavior. Although increases in

atmospheric CO2 and to a lesser extent warming will likely bring benefits to some forest ecosystems,

temperature stress may result in others. Furthermore, optimism based on experimental results of

physiology and growth must be tempered with knowledge that future large-scale disturbances and

extreme weather events are also likely to increase. At the individual project level, management

strategies such as manipulation of forest structure, age, and composition can be used to influence carbon

sequestration and reversal risk. Because some management strategies have the potential to maximize

risk or carbon objectives at the expense of the other, policymakers should ensure that forest offset

policies and programs do not provide the singular incentive to maximize carbon storage. Given the scale

and magnitude of potential disturbance events in the future, however, management decisions at the

individual project level may be insufficient to adequately address reversal risk; other, non-silvicultural

strategies and policy mechanisms may be necessary. We conclude with a brief review of policy

mechanisms that have been developed or proposed to help manage or mitigate reversal risk at both

individual project and policy-wide scales.
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Table 1
Examples of U.S. forest disturbance and approximate annual impact. Adapted from

Dale et al. (2001).

Disturbance Approximate annual impact (ha)

Fire 1,330,000a

Wind (hurricane + tornado) 1,650,000 (1,200,000 + 450,000)b

Ice >180,000c

Insect/pathogen 20,400,000d

Drought Nationwidee

a Flannigan et al. (2000), citing 10-year wildland fire average.
b Dale et al. (2001), citing Hebert et al. (1996) (hurricane) and Fujita (1971)

(tornado). Forests can also be affected by downburst and other localized wind

events; while difficult to attribute forest-specific impacts of this latter type of wind

disturbance, the area affected may be significant (e.g., Brooks and Doswell, 1993).
c Dale et al. (2001), citing Michaels and Cherpack (1998).
d U.S. Department of Agriculture (1997). Recent insect outbreak activity has been

significant, however (see e.g., Kurz et al., 2008), and may exceed the values reported

here.
e Dale et al. (2001); site-specific impacts will be affected by drought intensity,

frequency, and duration.
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1. Introduction

Attention to climate change is increasing across domestic and
international policy arenas. Beginning in the latter half of 2007 and
extending well into 2008, multiple bills and legislative discussion
drafts were introduced in the U.S. Congress (e.g., S.3036, Lieber-
man-Warner Climate Security Act of 2008; S.1766, the Low Carbon
Economy Act of 2007; H.R. 6186, Investing in Climate Action and
Protection Act; Boucher-Dingell Draft Climate Legislation [Discus-
sion Draft—October 7, 2008]). International bodies also crafted a
roadmap for future global action (UNFCCC, 2007).

One mitigation strategy receiving significant attention in policy
discussions is carbon offsets, or the reduction in emissions or
increase in sequestration of greenhouse gases (GHG) by one entity
that is used to compensate for emissions produced by another
entity. Within the category of carbon offsets, forest management is
receiving particular attention as a way to reduce emissions or
increase the uptake and storage of carbon dioxide (CO2). When
included as part of a larger cap-and-trade program, forest offsets
have the potential to provide low-cost GHG mitigation, thus
lowering the overall cost of climate policy implementation (Amano
and Sedjo, 2006; Tavoni et al., 2007).

Forest offset projects, including afforestation, reforestation, and
forest management activities, have the potential to contribute
significant GHG mitigation benefits at prices as low as $5 per ton of
CO2 equivalent (U.S. Environmental Protection Agency, 2005).
Despite this potential, forest offset projects are subjected to a
number of hurdles that have limited their participation in early
carbon markets and could hinder their role in future climate policy
(see e.g., Tavoni et al., 2007). Quantification of the on-site and off-
site GHG impacts of individual forest offset projects is a primary
hurdle (Richards and Andersson, 2001). The impermanence of
forest carbon sequestration is another hurdle, one that can
negatively impact the market value of the offset (Kim et al., 2008).

Here we focus on one particular aspect of forest offset im-
permanence, the susceptibility of forest offset projects to reversal.
Offset reversal, the intentional or unintentional release of stored
carbon back to the atmosphere, is of particular interest in an
environment characterized by a changing climate and shifting
management objectives. Indeed, at least three factors will influence
the risk of reversal faced by offset projects in the future: (1) the
severity, duration, and frequency of natural disturbances, including
fire, insect damage, and severe weather; (2) the response of trees to
increasing atmospheric CO2 concentrations and changes in climatic
conditions; and (3) landowner behavior.

The exposure of offset projects to reversal risk may in turn
influence the attractiveness of forest offsets as an investment
strategy for both landowners and buyers and as a mitigation
strategy for policymakers. A variety of different strategies have
been developed or proposed to minimize the risk of reversal or the
financial and emission implications of reversal should it occur.
These strategies range from management decisions made at the
individual stand level to buffers and set-asides that function across
entire trading programs. For such strategies to be effective,
however, the drivers and magnitude of potential reversals need
to be clearly understood.

In this paper we examine each of the three reversal risk factors
for forest offset projects identified above. We identify particular
management strategies that could either minimize risk of reversal
or increase stand susceptibility to loss. We then discuss policy
mechanisms to help manage or mitigate reversal risk at both
individual project and policy-wide scales. A focus throughout this
review is the impact that shifting climate and management will
have on individual landowners seeking to maximize carbon
storage on their lands. Lands under different ownerships and
landowners pursuing different project types will have different
goals, motivations, and constraints (Malmsheimer et al., 2008). We
emphasize private rather than public lands because private
landowners are the focus of many of the existing registries and
trading programs in use or under development today.

2. Natural disturbances in a changing climate

Forests are subject to a wide variety of disturbances, both
unintentional, natural disturbances – insect, fire, or weather, for
instance – and anthropogenic or intentional disturbances, such as
harvest or conversion to another land use. Natural disturbances
pose the greatest challenge to forest offset project accounting
because of the inherent unpredictability and potential scale that
characterize such disturbances. The intensity and frequency of
forest disturbance can be influenced by short- and long-term shifts
and cycles, such as the El Niño-Southern Oscillation (ENSO)
(Swetnam and Betancourt, 1990; Kitzberger et al., 2001) and global
climate change (IPCC, 2007). Here, we review the particular
influence that climate change may have on disturbance frequency
and intensity, and the potential impact on forests and forest
systems.

Millions of hectares of forest and wildlands are subject to natural
disturbance each year, including windthrow, ice storms, drought,
pest and pathogen infestations, and fire (Table 1). Individual natural
disturbance events can be comprised of single or multiple types of
disturbance. For example, hurricanes bring both wind and heavy
rain. Rain and other forms of heavy precipitation may accompany
ice storms. The severity of individual disturbance events also varies,
with impacts ranging from low-intensity modification of commu-
nity structure to widespread mortality (Dale et al., 2001). At their
most severe, disturbance events can have significant impacts on
regional carbon balance (e.g., Chambers et al., 2007; Kurz et al.,
2008; Lindroth et al., 2009).

Wind damage is an important disturbance in many forests. At
high velocities (>100 mph or 45 m/s), wind is capable of destroying
whole stands (Mason, 2002), and large individual windstorms can
have significant impacts on regional carbon balance (Lindroth et al.,
2009). Damage from hurricanes can also be significant. A recent
analysis suggested that a single event – Hurricane Katrina in 2005 –
converted an equivalent of 50–140% of the average annual U.S.
forest carbon storage rate into downed or dead biomass (Chambers
et al., 2007). Hurricane intensity and destructive potential are likely
to increase this century (Emanuel, 1987, 2005). Recent studies link
increased sea surface temperature with greater hurricane activity,
as well (Saunders and Lea, 2008). Other studies suggest that climate
change will influence hurricane intensity and associated rainfall,
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but that the data are insufficient to link climate change with
increased storm frequency or changes in particular locations
(Trenberth, 2005).

In other forests, ice storms are the primary cause of tree
mortality (Lafon, 2006), with substantial ice damage historically
occurring at least once a decade along a belt from Texas to New
England (Irland, 2000). Single ice storms can inflict damage
equivalent to approximately 10% of total U.S. annual forest carbon
sequestration (McCarthy et al., 2006). In addition to direct
mortality, ice storm damage can increase susceptibility to disease
(Bragg et al., 2003). In a changing climate, the Mid-Atlantic is likely
to experience less snow and ice but increased rainfall and wind
(McKenney-Easterling et al., 2000).

Drought can directly reduce tree productivity and increase
mortality, and interacts with other disturbances, as seen in recent
fire and pest infestations for pine and juniper forests in the
southwestern U.S. (Shaw et al., 2005). In the U.S., wildland fire
totals have exceeded 3.5 million hectares in recent years (NIFC,
2008). Occurrence of natural-caused wildfire in the continental
U.S. is expected to rise with increasing temperatures (Gan, 2005).
In areas such as the western United States, changes in temperature
and the timing and amount of snowmelt are expected to contribute
to seasonal water shortages, longer fire seasons, and conditions
favorable to large wildfires (Barnett et al., 2005; Westerling et al.,
2006).

Insect outbreaks, one of the major agents of natural disturbance
in North American forests, affect individual tree fitness and
mortality and can in turn influence fire occurrence and severity
(Logan et al., 2003). The scale of impact from even a single insect
outbreak can be significant. For instance, a recent mountain pine
beetle (Dendroctonus ponderosae Hopkins) outbreak in British
Columbia caused an impact equal to approximately 75% of the 40-
year-average annual forest fire emissions for all of Canada (Kurz
et al., 2008). Forest pest ranges are expected to expand and the
frequency and intensity of outbreaks will likely increase under a
changing climate (Volney and Fleming, 2000; Logan et al., 2003).
Increased bark beetle damage is expected to impact both timber
production and carbon storage (Seidl et al., 2008). An increase in
the range of species such as the mountain pine beetle and the
southern pine beetle (Dendroctonus frontalis Zimmermann) may
expose new tree species to attack (Logan and Powell, 2001;
Williams and Liebhold, 2002). Increasing winter and spring
temperatures may increase southern pine beetle infestation risk
by up to 5 times over current levels, with damage attributable to
infestation increasing by up to 7.5 times (Gan, 2004).

3. Tree physiology in a changing atmosphere and climate

Tree physiology and ecosystem function are expected to be
directly impacted by changing temperature and precipitation
regimes, as well as increasing atmospheric CO2 concentrations. In
particular, aspects of growth, water use, and respiration are likely
to be affected. These factors have the potential to influence forest
carbon balance and the rate and extent of forest carbon
accumulation. This can in turn influence project feasibility, the
type of management regime undertaken, and the rate at which lost
carbon may be recovered should a disturbance occur.

Based on responses to increased CO2 alone, some increases in
forest productivity seem likely for the coming century. For
instance, rates of light-saturated photosynthesis for forest species
were 51% higher on average in elevated (�700 mmol mol�1) than
in ambient CO2 (350 mmol mol�1) across 15 elevated CO2

experiments (Medlyn et al., 1999). Wood growth also increased
by an average of 23% in four long-term forest experiments that
included the species Pinus taeda, Liquidambar styraciflua, Populus

alba, and Populus tremuloides (Finzi et al., 2007). Where nitrogen is
relatively available in the soil, responses of trees to increased CO2

(700 mmol mol�1 versus 350 mmol mol�1 CO2) tend to be greater
than if N strongly limits growth (Maroco et al., 2002).

Increased atmospheric CO2 also affects forest water use. Most
tree species use substantially less water per unit leaf area at high
CO2 concentrations, but water savings at the canopy scale are often
substantially smaller (e.g., Field et al., 1995). Data from 13 field-
based studies using 15 European forest species in the genera Betula,
Fagus, Fraxinus, Phillyrea, Picea, Pinus, Pistacia, Populus, and Quercus,
showed that stomatal conductance decreased by 21% on average in
response to growth at 700 mmol mol�1 versus 350 mmol mol�1

CO2 (Medlyn et al., 2001); younger trees (<10 years) responded
more than older trees (>10 years), and deciduous trees reduced
their stomatal conductance more than conifers did. No evidence of
acclimation of stomatal conductance to elevated CO2 concentra-
tions was found (Medlyn et al., 2001). If canopy leaf area increases,
however, as is often observed in elevated CO2 experiments, then
these leaf-level reductions in stomatal conductance and transpira-
tion will not consistently result in less canopy water use overall
and greater soil moisture availability.

In addition to atmospheric CO2, trees also respond physiolo-
gically to warmer temperatures (Cannell et al., 1998). Temperate
and boreal forests tend to increase their net carbon uptake and
growth in years where warmer temperatures extend the length of
the growing season (e.g., White et al., 1999). Direct warming
experiments with trees have also shown that rates of photosynth-
esis increase for many forest species (e.g., Kellomäki and Wang,
1996). Unlike increases in CO2, however, warming has the
potential to reduce photosynthesis and growth if temperature
stress occurs. In the colder part of a tree’s range, a tree may benefit
from modest increases in temperature; in the warmer part of its
range, it may be harmed (e.g., Hyvönen et al., 2007).

While warmer temperatures tend to increase carbon fluxes into
forests, they also typically increase carbon fluxes back out. Rates of
soil respiration at 32 research sites increased 20% on average for
manipulative experiments that increased temperatures from 1 to
3.5 8C (Rustad et al., 2001). Furthermore, rates of plant respiration
typically doubled with a 10 8C increase in temperature, often
referred to as a Q10 response (e.g., Atkin and Tjoelker, 2003). A
major scientific uncertainty is the extent to which warming will
increase respiration, particularly of soil organic matter, and offset
the potential increases in carbon uptake observed for photosynth-
esis (e.g., Melillo et al., 2002). This uncertainty could amount to
hundreds of gigatonnes (1015 g) of carbon globally in the 21st
century (e.g., Jackson and Schlesinger, 2004; Field et al., 2007).

Forest response to increased CO2 and temperature are affected by
many additional factors. For example, a recent meta-analysis of
insect herbivory in 75 elevated CO2 experiments (550–
1000 mmol mol�1 CO2) concluded that herbivore abundance
decreased by about one-fifth at high CO2 levels but that each insect
ate �17% more (Stiling and Cornelissen, 2007). While there is no
consensus that increased atmospheric CO2 will lead to more insect
herbivory on trees, results do suggest that herbivore abundance will
be greater as temperatures warm and insects are able to complete
their lifecycles more quickly and overwinter more readily; this
phenomenon has been observed in the paleo record during periods
of warmer temperatures (Currano et al., 2008).

The few studies that have examined the interaction between
increased atmospheric CO2 and disturbance have yielded disparate
results. McCarthy et al. (2006) found that�20-year-old loblolly pine
trees growing in elevated (ambient + 200 mmol mol�1) CO2 were
slightly more resistant to ice damage and recovered more quickly
than trees in ambient CO2. In contrast, Li et al. (2007) found that wind
damage from Hurricane Frances was just as great on 8-year-old oak
trees growing in elevated (ambient + 350 mmol mol�1) CO2 as in
ambient CO2. Uncertainties in how disturbance and physiology
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interact reduce the confidence investigators might have for
predictions of forest productivity based solely on the physiology
of trees and other co-occurring species.

4. Forest management in a changing climate

Forest management usually has multiple objectives. Tradi-
tionally, these objectives include timber output and generation of
non-timber goods and services (e.g., Jackson et al., 2005). Apart
from the influences of disturbance, climate, and atmosphere,
forest management also plays a key role in determining both
potential for carbon sequestration and susceptibility to reversal.
The importance of disturbance in forest management is well
known (e.g., Routledge, 1980; Bodin and Wiman, 2007). The
impact of climate change on forest ecosystems and markets has
likewise been discussed in the literature (e.g., Dale et al., 2001;
Irland et al., 2001), as has the role of forest management in
mitigation and adaptation (e.g., Helms, 1996; Millar et al., 2007).
With notable exceptions (Seidl et al., 2008), the collective impact
of specific management strategies on simultaneously achieving
risk reduction and carbon storage objectives under a changing
climate has received considerably less attention.

4.1. Management techniques to minimize disturbance

Forest management has the potential to significantly influence
the risk of damage from disturbance, especially at sites subject to
moderate risk (Gardiner and Quine, 2000). Forest structure, age,
and composition can all be manipulated to reduce exposure to or
damage from disturbances. Relevant tools or techniques available
to forest managers include the timing and intensity of thinning,
stand spacing, rotation length, and site preparation.

Trees are generally more vulnerable to wind and ice dis-
turbances immediately after thinnings until they can adjust to new
stand conditions (Bragg et al., 2003; Irland, 2000). This vulner-
ability implies that treatments should be targeted to less-
vulnerable areas or reduced in intensity and increased in frequency
(Achim et al., 2005). Greater wind loading of dominant trees
throughout the course of development may lend to greater
stability, but thinning in older stands may decrease overall stand
stability by exposing remaining trees to increased turbulence and
wind loads (Cameron, 2002; Mason, 2002). Earlier and heavier
removal of suppressed trees may also help to optimize the
management of stands faced with increasing risk of fire (González
et al., 2005). When wood quality is not a primary concern, no-thin
regimes emerge as another potential strategy to minimize wind
risks (Moore and Quine, 2000).

Wider spacing can also reduce susceptibility to wind damage
(Moore and Quine, 2000) and minimize impacts of drought
(Hanson and Weltzin, 2000). Stand density is directly correlated
with susceptibility to southern pine beetle infestation as well
(Fettig et al., 2007). Bragg et al. (2003), however, find inconsistent
agreement between stand density and ice storm damage. Apart
from stand density, the spatial arrangement of the stand is itself
important, as is the structure of surrounding forest landscape
(Meilby et al., 2001).

Research indicates that a higher risk of damage generally leads
to shortened rotation times (e.g., Brumelle et al., 1990). In
particular, short rotations may be particularly preferred in stands
exposed to fire (Caulfield, 1988; González et al., 2005) and large ice
storms (Irland, 2000). Older stands can also be disproportionately
affected by wind and are sometimes more susceptible to drought,
but complex interactions exist between various site-specific
factors (Evans et al., 2007; Richardson et al., 2000).

Site preparation, including the use of container-grown seed-
lings, plowing to allow for deeper rooting, and draining to reduce
soil saturation, can be used to minimize vulnerability to wind
(Peterson, 2000). In some situations, combining fertilization with
other management techniques like thinning can enhance stand
development and reduce fire hazard (Zhang et al., 2005).
Fertilization may also lead to increased flows of protective resins,
thus decreasing susceptibility to beetle attack, especially when
growth response is constrained by water stress or other factors
(Knebel et al., 2008). Alternatively, fertilization can increase
susceptibility to wind and snow damage by inducing upper crown
growth (Mitchell, 2000).

Management for mixed forest communities is another potential
strategy to maintain resilient systems and minimize impacts of
disturbance. For example, stands with increased age or species
heterogeneity may be more resistant to large outbreaks of insects
or pathogens (Bodin and Wiman, 2007). Simply managing for
diversity may not in itself guarantee resistance or resilience to
disturbance. Species differ in their response to drought (Hanson
and Weltzin, 2000), wind (Foster and Boose, 1992), ice storms
(Lafon, 2006), hurricane, fire, and insect infestation (McNulty,
2002); the most diverse stand may not necessarily be the most
resistant to disturbance (see e.g., Tanner and Bellingham, 2006).

These individual tools and techniques can all affect a stand’s
susceptibility to or recovery from disturbance. However, individual
management tools or techniques can exacerbate or mitigate
multiple threats. Managers must therefore assess the full suite of
risks facing a stand so as not to mitigate one threat at the expense
of others (Gardiner and Quine, 2000).

4.2. Management techniques to maximize carbon storage

As with management for risk, a variety of treatment options
exist to maximize forest carbon storage. To some extent, however,
the specific management tools available to landowners wishing to
participate in an offsets market will be influenced by the rules and
regulations established by the offset program (i.e., whether
harvested wood products are included). Owing to the sensitivity
of carbon management to the structure of the offset program,
generalizing an optimal management strategy for all carbon
sequestration is difficult. The literature on management for carbon
is also not as developed as that for disturbance risk or for timber
management. However, several basic management strategies and
trends to maximize the sequestration of forest carbon do emerge.

In even-aged management systems, longer rotations generally
lead to greater amounts of carbon sequestration in aboveground
biomass. The optimal rotation length for a particular stand,
however, depends on discount rate, timber price, carbon price, and
treatment of wood products under an offset program. With full
credit given for harvested wood products, rotation ages increase
with increasing carbon prices and alternative rates of return (ARR)
(Huang and Kronrad, 2006). van Kooten et al. (1995) show that, at
timber prices of $15 per cubic meter, carbon prices of $20 per
metric ton carbon, and allowing for 50% of harvested wood to be
credited, boreal forest rotation age is extended by over 26%
compared to a timber-only management regime. At higher carbon
prices ($200 per metric ton carbon), low wood prices (<$25 m�3),
and less than 100% credit given for harvested wood, rotation ages
become indefinite as any harvest is uneconomical (van Kooten
et al., 1995). At low ARRs (2.5–5.0%), however, rotation length may
actually decrease to avoid the repayment of carbon lost in older,
higher-mortality stands (Huang and Kronrad, 2006). In forests
subject to fire, the consequences of losing carbon stored in sawlogs
can lead to earlier planned harvest ages as carbon prices increase
(Spring et al., 2005).

The choice of thinning regime also influences carbon seques-
tration. Altering thinning regimes to allow for higher stocking can
result in increased levels of carbon sequestration in a stand,
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achieving a maximum under no-thin management (Garcia-
Gonzalo et al., 2007). In an even-aged stand, thinning to a specified
relative density from below can result in greater sequestration
than thinning from above, even when accounting for wood
products, dead wood, and debris (Hoover and Stout, 2007).

By minimizing the amount of time that a site is not forested,
rapid replanting after harvest may be one potential site prepara-
tion strategy to maximize carbon sequestration (Malmsheimer
et al., 2008). Fertilization can also play a role in the management of
forests for carbon sequestration, especially under changing
atmospheric conditions. Research shows that fertilization may
improve tree biomass accumulation under elevated CO2 levels
(Oren et al., 2001; Maroco et al., 2002). Under some trading
programs, however, the emissions tied to the use of synthetic
fertilizer are also factored into some projects, potentially lowering
the net GHG benefit of an offsets project (Voluntary Carbon
Standard, 2007).

In addition to the management techniques outlined above, the
choice of species will influence the rate and amount of carbon
sequestered on a site. Liski et al. (2004) find that the maximum
combined carbon sequestration of Scots pine and Norway spruce
soil, vegetation, and forest product pools are generated under
different rotation lengths; of 60, 90, or 120 year rotations, Scots
pine is found to sequester the greatest amounts in 120 year
rotations and Norway spruce in 60 year rotations. Regardless of the
rotation length, total per-hectare carbon stocks were also
considerably greater in Norway spruce stands than in Scots pine.
Gutrich and Howarth (2007) likewise calculate widely ranging
shifts in optimal rotation age across five different forest types at
carbon prices of $25–$75 per metric ton carbon, finding that
rotations are extended in white-red-jack-pine forests by 16 years
while spruce-fir forest rotations are extended 133 years. The
management strategy with the largest impact on carbon seques-
tration (e.g., modifying thinning regime versus lengthening
rotation age) may also vary by species (Pohjola and Valsta, 2007).

Finally, the use of mixed species or mixed age stands has the
potential to increase rates of sequestration. Kelty (2006) docu-
ments that stand productivity can be increased through the use of
species mixes that either more fully utilize limited site resources
(complementary) or that physically benefit the growth of another
(facilitative). For instance, management for stratified, multistoried
canopies may achieve greater sequestration through maximization
of leaf area (Helms, 1996; Malmsheimer et al., 2008). Total growth
of Eucalyptus stands may be increased with the addition of N-fixing
species (Binkley and Luis Stape, 2004).

5. Disturbance, physiology, and management interactions

The management of forests, regardless of the objective, will be
further complicated by a changing climate. Increased tempera-
tures and concentrations of atmospheric CO2 may influence the
rates of carbon sequestration, soil respiration, and water use
efficiency, and will likely bring increases in productivity to some
forest systems. Absolute gains in sequestration may be limited,
however, by increases in disturbance frequency and intensity.
Further uncertainty arises from the influence of increased atmo-
spheric concentrations of CO2 on tree responses to disturbance, a
topic about which little is known. In light of these potential
changes and uncertainties, an obvious question is how best to
simultaneously manage for risk, carbon, and any other product or
amenity that a forest may produce.

Stand composition, especially the management for mixed species
or mixed age classes, and the choice of species may help to
simultaneously address multiple objectives, including the max-
imization of carbon sequestration and minimization of reversal risk.
Other management treatments can improve forest resistance to or
resilience from numerous types of disturbance. In particular, shorter
rotations and increased spacing are potential management options
to address disturbance risk. In contrast, longer rotations and
increased stocking levels can help optimize carbon sequestration.
While the exact impact of any management treatment on risk or
carbon objectives will obviously depend on individual stand
conditions, such as pre-existing health and stocking levels, these
generalized examples do point to an important issue—strategies
maximizing carbon storage may at times be directly at odds with
strategies that minimize disturbance risk.

Given the potential conflicts between risk and carbon manage-
ment, policymakers should ensure that forest offset protocols do
not provide singular incentives to maximize stocking levels at the
expense of risk management. Instead of providing credit only for
the amount of carbon stored on-site, an alternative approach could
also award credits for activities that reduce reversal risk, such as
fuel reduction activities to address wildfire risk in fire prone areas
(Hurteau et al., 2008). Even if credits are not directly awarded for
risk reduction activities, policymakers should strive to provide
incentives that promote the integration of risk management and
carbon management objectives.

6. Role of risk management mechanisms and strategies

Mitigation or management of reversal risk need not be limited
to silvicultural practices and other aspects of forest management
(Table 2). Other tools exist and vary in scope and objective. Some
are targeted to the individual project, whereas others operate at
the regional or full trading program level. Some serve to minimize
the exposure to disturbance while others compensate for lost
carbon should a disturbance occur (Ellis, 2001).

At the individual project level, maintaining the integrity of
carbon markets requires that carbon sold to the market but
subsequently lost to reversal be bought back from the market or
replaced with in-kind sequestration. Assuming that liability rests
with the seller of the forest offset, there is an incentive at the
project level to minimize exposure to reversal risk (see Murray and
Olander, 2008 for an expanded discussion of assignment of
liability). As explored above, one potential mechanism to minimize
exposure at the project level is appropriate forest management.

Other mechanisms or strategies, such as third-party insurance
or the inclusion of harvested wood products and down, dead wood,
can reduce the impact of disturbance should it occur. While
presently rare, insurance products targeted specifically to carbon
offset investments have been considered (e.g., AIG Inc., 2007).
Alternatively, including wood products in a carbon offsets program
allows for some of the carbon contained in downed or damaged
trees to be recaptured through salvage operations. If dead wood is
included in the program, some percentage of carbon may simply be
transferred from live tree to dead wood pools. Even though carbon
in these pools will be reemitted back to the atmosphere over time,
the amount of carbon deemed to be ‘‘lost’’ immediately following
the disturbance event (and therefore required to be replaced) will
be lessened considerably.

Another mechanism to assist in the replacement of carbon lost
to disturbance is the use of a buffer or reserve pool. Buffers can
range in scale from project-specific to trading program-wide
(Murray and Olander, 2008). Under some existing programs, such
as the Voluntary Carbon Standard, the amount of buffer withheld is
tied to the risk rating of the project, providing a direct link between
risk management activities and the amount of carbon a landowner
can claim and sell to market. Other programs (Chicago Climate
Exchange) require a flat contribution to a pooled buffer regardless
of project-specific risk.

Beyond the individual project level, diversification can be an
effective strategy for reducing risk (Laurikka and Springer, 2003).



Table 2
Mechanisms and strategies to address reversal risk in forest offset projects. The scope at which a mechanism addresses risk is indicated, and ranges from the individual project

to a collection of projects across an individual region to the entire registry or trading program. Examples of existing offset trading programs that utilize or consider a particular

approach are noted, as are relevant readings.

Mechanism/strategy Overview Scope of

coverage

Implementation examples

Forest Management Management of forests to promote resistance to or resilience from disturbance. Project California Climate Action Registry (2007)

and Voluntary Carbon Standard (2007)

Inclusion of Salvage/

Wood Products

Minimizes impact of disturbance on project by providing credit for carbon

in dead/downed wood or storage in wood products.

Project California Climate Action Registry (2007),

Chicago Climate Exchange (2007),

Voluntary Carbon Standard (2007) and

recommendation to Regional Greenhouse

Gas Initiative (Maine Forest Service, 2008)

Assignment of liability Influence of behavior by identifying the party responsible for repaying lost

carbon storage.

Project California Climate Action Registry (2007),

Chicago Climate Exchange (2007) and

Voluntary Carbon Standard (2007)

Insurance Allows for the replacement of lost carbon in the event of reversal. Project AIG Inc. (2007); Recommendation to

Regional Greenhouse Gas Initiative (Maine

Forest Service, 2008)

Buffer Requires set-aside of some portion of storage in project-specific or

program-wide pool.

Project to

Program

Chicago Climate Exchange (2007) and

Voluntary Carbon Standard (2007)

Portfolio Diversification Minimizes impact of disturbances by pooling diverse project types or projects

in geographically diverse areas.

Region to

Program

Laurikka and Springer (2003) and Hultman

(2006)

Program re-evaluation Periodic evaluation of expected sequestration versus realized, allowing for

additional credits to be released or withheld.

Program Murray and Olander (2008)
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The role of diversification as an effective risk reduction strategy
may be limited by risks that are systemic or that are of low
probability but high impact (Brumelle et al., 1990). Program re-
evaluation could also be used to ensure that levels of expected
sequestration and actual realized carbon storage match. If
discrepancies arise as a result of reversal or other reasons, future
buffer withholding rates can be adjusted or additional credits can
be obtained from elsewhere under the cap (Murray and Olander,
2008). Despite the numerous forest management techniques and
risk management mechanisms available at the project level, such
high-level, integrated approaches may ultimately be necessary to
successfully address forest offset project reversal risk in a changing
climate.

7. Conclusion

The addition of carbon sequestration to the list of potential
forest management objectives will place additional demands on
forests and provide additional opportunities for landowners.
Furthermore, increases in atmospheric CO2 and to a lesser extent
warming will likely bring benefits to some forest ecosystems, with
temperature stress resulting in others. Optimism based on
experimental results of physiology and growth must be tempered
with the knowledge that future large-scale disturbances and
extreme weather events are likely to increase. Importantly, climate
change may also create novel disturbances or interactions between
disturbance events for which current understanding and manage-
ment strategies may not apply (Dale et al., 2001; Millar et al.,
2007).

Uncertainties over the response of forest systems to changing
temperature and precipitation regimes, increased atmospheric CO2

concentrations, and the magnitude of shifts in disturbance
frequency and intensity will likely require integrated approaches
to address forest offset project reversal risk for forest offset
projects to be included in comprehensive climate policy. At the
scale of the individual project, the literature suggests that stand
composition, especially the choice of species and management for
mixed stands, can simultaneously address carbon sequestration
and reversal risk management objectives. Other management
strategies, such as contraction or extension of rotation ages in
even-aged stands, may singularly maximize risk or carbon
objectives at the expense of the other. Accordingly, policymakers
should ensure that forest offset policies and programs do not
provide an incentive to maximize carbon storage at the expense of
risk management.

Given the potential scale and magnitude of natural disturbance
events, management decisions at the individual project level will
likely be insufficient to adequately address reversal risk. Other,
non-silvicultural strategies and mechanisms may be necessary.
Existing carbon markets and trading programs already make use of
a number of these strategies and mechanisms. For a majority of
these mechanisms to function correctly, however, a firm under-
standing of the magnitude of reversal risk is needed. If risk is
underestimated, the scale of reversal is likely to outweigh a
particular mechanism’s ability to mitigate it. If risk is over-
estimated, participating landowners may be penalized with
excessive premiums or set-asides. Projected changes in distur-
bance regimes, climate, atmospheric concentrations of CO2, and
likely shifts in landowner management to maximize carbon
sequestration necessitate further work to better understand the
full implications of pursuing specific risk management strategies
and policies.
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Jackson, R.B., Jobbágy, E.G., Avissar, R., Baidya Roy, S., Barrett, D., Cook, C.W., Farley,
K.S., le Maitre, D.C., McCarl, B.A., Murray, B., 2005. Trading water for carbon with
biological carbon sequestration. Science 310, 1944–1947.

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