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Abstract

California operates a large forest carbon offsets program that credits carbon stored in forests
across the continental United States and parts of coastal Alaska. These credits can be sold to
buyers who wish to justify ongoing emissions, including in California’s cap-and-trade program.
Although fossil CO₂ emissions have effectively permanent atmospheric consequences, carbon
stored in forests is inherently less durable because forests are subject to significant
socioeconomic and physical risks that can cause temporarily stored carbon to be re-released
into the atmosphere. To address these risks, California’s program is nominally designed to
provide a 100-year guarantee on forest carbon claims based on a self-insurance program
known as a buffer pool. Projects contribute credits to the buffer pool based on a suite of
project-specific risk factors, with buffer pool credits retired as needed to cover carbon losses
from events such as wildfire or drought. So long as the buffer pool remains solvent, the
program’s permanence claim remains intact. Here, we perform an actuarial analysis of the
performance of California’s buffer pool. We document how wildfires have depleted nearly
one-fifth of the total buffer pool in less than a decade, equivalent to at least 95 percent of the
program-wide contribution intended to manage all fire risks for 100 years. We also show that
potential carbon losses from a single forest disease, sudden oak death, could fully encumber
all credits set aside for disease and insect risks. These findings indicate that California’s buffer
pool is severely undercapitalized and therefore unlikely to be able to guarantee the
environmental integrity of California’s forest offsets program for 100 years.
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Introduction

Carbon offset programs have gained widespread adoption globally and have steadily increased
in both size and scope. Over 2 billion credits were issued in the Clean Development and Joint
Implementation carbon offset programs under the United Nations’ Kyoto Protocol, with more
than one billion of these credits used in the European Union’s cap-and-trade program for
greenhouse gasses — the largest single carbon market in the world (Ellerman et al., 2016).

Carbon offset quality concerns are central to climate policy accounting because offset credits
increase the quantity of greenhouse gas emissions allowed within a legally binding policy
system, in exchange for climate benefits claimed somewhere else (Cullenward & Victor, 2020;
Erickson et al., 2014). We focus on California’s cap-and-trade program, which applies to about
75 percent of statewide emission sources. Polluters subject to the program must acquire and
surrender pollution allowances issued under the cap-and-trade program. They can also use a
limited number of carbon offsets that claim climate benefits in sectors outside of the carbon
market.

After Europe decided to restrict the use of offsets in response to quality concerns, California’s
cap-and-trade program emerged as one of the largest public markets for carbon offset credits
(Haya et al., 2020). By the end of 2021, the California Air Resources Board had issued over 231
million offset credits, each worth 1 tCO₂e (California Air Resources Board, 2022c), while
regulated polluters in the linked cap-and-trade programs in California and Québec had
surrendered just under 159 million offset credits to comply with program rules (Burtraw et al.,
2022). Based on average fourth-quarter 2021 prices of about $16 per credit (California Air
Resources Board, 2022d), California’s offset market capitalization was about $3.7 billion. Apart
from its scale, California’s offsets program is relevant to study because forests across the
United States are eligible to receive credits and because other jurisdictions, including the state
of Washington, have proposed to adopt it in full in their own domestic climate policies.

The premise of carbon offsets is that they credit climate benefits that are equivalent to the
emissions they justify (Carton et al., 2021; Gifford, 2020). This equivalency claim has been
criticized on several dimensions, including: whether or not the offset projects credit
non-additional, business-as-usual activities (Calel et al., 2021; Cames et al., 2016; Haya et al.,
2020; Schneider, 2009); whether they cause emissions to shift or “leak” to other jurisdictions,
rather than decrease net emissions on a global basis (Aukland et al., 2003; Schwartzman et al.,
2021); and whether the baseline scenarios against which credits are issued represent realistic
and credible counterfactuals (Badgley et al., 2022; Schneider, 2011; Schneider & Kollmuss,
2015; West et al., 2020).

Our study contributes to the carbon offsets literature by examining a separate issue known as
permanence. We focus on California’s multi-billion dollar forest offsets program, which
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accounts for about 80 percent of total offset credits in the linked California-Québec
cap-and-trade program (Burtraw et al., 2022). While California’s emissions limits only apply to
polluters at the state level, forests throughout the continental United States and parts of coastal
Alaska are eligible to receive offset credits, making the geographic footprint of the program
much larger than California itself. Those forests, in turn, receive credits for implementing
changes in forest management that promote carbon stocks in excess of regional common
practice (California Air Resources Board, 2011, 2014, 2015). After verification, which includes
on-the-ground field surveys, the state regulator issues offset credits that can then be used in
California’s cap-and-trade program or sold on voluntary markets to justify CO₂ emissions.

Permanence

The permanence or durability of carbon stored in temporary carbon pools, such as the carbon
stored in forests and soil, is an important dimension to consider when evaluating the efficacy of
climate mitigation strategies (Kirschbaum, 2006; Matthews et al., 2022). Carbon dioxide
emissions from fossil fuels have significant atmospheric impacts that last for hundreds to
thousands of years (Archer et al., 2009; Joos et al., 2013) as well as effects that extend to
geologic timescales (Pierrehumbert, 2014). In contrast, carbon stored in biological sinks is
inherently more temporary and faces significant risks to permanence that are expected to
increase in a changing climate (Anderegg et al., 2020).

The inherent impermanence of forest carbon introduces a fundamental asymmetry when used
to offset effectively permanent fossil carbon emissions. The tension arises from the fiction that
the physical climate benefits claimed by temporary carbon offsets are equivalent to the harms
caused by ongoing pollution. In fact, the expected lifetime of biological carbon in temporary
sinks like forests is necessarily shorter than the lifetime of fossil carbon in the atmosphere.

There is no easy way to resolve the tension between the distinct lifetimes of forest carbon and
atmospheric CO₂. California law requires that all carbon offsets be “permanent,” but does not
define this term.1 The California Air Resources Board, which implements the state’s primary
climate law, has interpreted “permanent” to require a minimum storage duration of 100 years.2

In turn, California’s forest offsets program explicitly accounts for the possibility that carbon
temporarily stored by forests could be released back to the atmosphere — prior to the
100-year permanence period required by regulation — as a result of natural and non-natural
risks (such as wildfire and bankruptcy, respectively). To achieve this goal, the California Air
Resources Board developed a self-insurance mechanism called a buffer pool.

2 California Code of Regulations, Title 17, § 95802 (defining “permanent” offsets as those that are
either “irreversible” or have “mechanisms … to ensure that all credited reductions endure for at least
100 years”).

1 California Health and Safety Code § 36562(d)(1) (added by Assembly Bill 32 in 2006).
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Buffer pool

The purpose of California’s forest carbon buffer pool is to insure the permanence of the
broader forest carbon offsets program. Whenever forest offset projects lose carbon due to
factors that are outside of the landowner’s control — resulting in what are known as
unintentional reversals — projects must conduct ground surveys to measure and report CO₂
losses to the California Air Resources Board.3 Verified losses then trigger retirements from the
buffer pool, such that one buffer pool credit is retired for every tCO₂ lost, up to the total amount
of project credits. Critically, credits in the buffer pool are cross-fungible: although contribution
levels are based on a project’s individual risk factors, credits can be retired to account for any
unintentional reversal. So long as the buffer pool remains solvent, the permanence claims of all
credits in circulation remain intact.

California’s forest carbon buffer pool is capitalized by a share of offset credits issued by the
California Air Resources Board. The number of credits contributed to the buffer pool is based
on a series of project-specific risk factors. For example, in the currently applicable protocol,
projects must contribute between 2 and 4 percent of their credits to account for wildfire risks,
with lower levels allowed for projects that employ active wildfire management practices
(California Air Resources Board, 2015). Projects must also contribute a fixed 3 percent of gross
credits to account for disease- and insect-related mortality risks, along with another 3 percent
for other catastrophic natural risks, such as wind, ice, and flood events. Finally, projects must
also contribute between 1 and 9 percent of gross credits to account for various financial and
management risks, such as the risk of bankruptcy, land use conversion, and excess timber
harvesting.

We calculated contributions to the buffer pool through January 5, 2022 based on the program’s
issuance table (California Air Resources Board, 2022a). To quantify projects’ variable
contributions to the buffer pool to address wildfire risks, we used official project documentation
to assemble the reported fire reversal factors for all 148 forest projects that had been issued
credits prior to our study cutoff date, partially drawing on a previous data collection effort
(Badgley et al., 2021). Because the disease and insect and other catastrophic natural risk
components have fixed contribution rates, we inferred the non-natural component of the buffer
pool as the difference between the total size of the buffer pool and the sum of wildfire, disease
and insect, and other natural risk components. This approach allows us to calculate gross
buffer pool contributions made prior to buffer pool retirements that have been verified in the
past, thus avoiding double-counting of past reversals; alternative data sources only permit a
current accounting net of past reversals (California Air Resources Board, 2022c).

Figure 1 reports buffer pool contributions through January 5, 2022. About 31.0 million credits
were contributed in total, with about 56 percent from natural risks and 44 percent from

3 California Code of Regulations, Title 17, § 95983.
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non-natural risks. Contributions for natural risks from wildfire, disease and insects, and other
catastrophic natural risks comprised about 19, 18, and 18 percent of the total, respectively. We
use the composition of the buffer pool in Figure 1 as the basis for an actuarial analysis of the
program’s performance in the face of forest carbon permanence risks to determine whether the
buffer pool is adequately capitalized to insure against unintentional reversals over 100 years.

Figure 1: California forest buffer pool composition. Projects contribute a fraction of credited carbon to
a communal buffer pool intended to insure against unintentional reversals. Under the 2015 forest carbon
offsets protocol, projects contribute between 8.7 and 19.2 percent of credited carbon to the buffer pool.
Each risk category is assigned a reversal risk rating. Wildfire risk (red) ranges between 2 and 4 percent of
credited carbon, depending on if the project has an active management plan to mitigate wildfire risks.
Disease and insect risk (blue) is fixed at 3 percent. Other catastrophic risks (orange) like wind, ice, and
flood events are also fixed at 3 percent. Financial and management risks (purple) vary by landowner
type, such as private, public, or tribal lands, and conservation easement status. Percentage totals in the
figure do not sum to 100 due to rounding.

Although these risk contributions are required by the protocol and, in practice, serve as the
mechanism for ensuring the environmental integrity of California’s forest offsets program, we
are unaware of any explicit analysis that justifies these numbers or the scientific basis of any of
the buffer pool risk reversal ratings. Indeed, journalists interviewing the experts and
policymakers who designed the buffer pool suggest that the risk ratings underpinning the
buffer pool may have been the product of educated guesswork (Pontecorvo & Osaka, 2021).
We set out to evaluate how well this design appears to be working in light of recent
unintentional carbon reversals in the program.

Methods

We perform an actuarial analysis to evaluate the design and performance of California’s forest
buffer pool mechanism. We focus on two specific risk categories covered by the buffer pool: (1)
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risks from wildfire and (2) risks from disease and insects. As described below, we estimate
carbon losses directly from recent wildfire events and use scenario analysis to quantify
potential future losses from a forest disease called sudden oak death. Together, these methods
assess whether the buffer pool is large enough to provide 100 years of protection against these
known risks.

Credits in the buffer pool are cross-fungible, meaning that any credit in the buffer pool can be
retired to mitigate any unintentional reversal, no matter its cause. As a result, a risk-specific
analysis can help identify whether a particular risk factor is undercapitalized or overcapitalized
in the current buffer pool — that is, whether the number of credits set aside to protect against
each risk factor is smaller or larger, respectively, than the expected loss from each risk factor.
To the extent one or more components of the buffer is undercapitalized, the long-term solvency
of the buffer pool as a whole depends on the remaining components being overcapitalized.

Static portfolio analysis

We analyze a static portfolio of carbon offsets projects and a static view of the buffer pool,
both of which are fixed in time as of the first week of January 2022 (California Air Resources
Board, 2022a, 2022c). For the purposes of analysis, we hold constant the offset project
portfolio as of this date and assume that the buffer pool is adequate to insure that fixed
portfolio for the full crediting period plus 100 years.

Our analytical assumption that no new projects are added to the program past this point has
two countervailing effects. First, we assume that no new contributions are made to the buffer
pool from new projects. Second, we assume that no new liabilities are added to the program in
the form of carbon credited in new projects. In reality, California’s forest offset program
continues to add new projects, each of which contributes a share of the total credited carbon
to the buffer pool (thereby increasing the size of the buffer pool). However, these new projects
bring the possibility of future unintentional reversals (thereby increasing the liability exposure of
the buffer pool). In the Discussion, we ask whether and how a dynamic portfolio analysis might
affect the conclusions of our static analysis.

Wildfires

Our wildfire analysis is designed to estimate the carbon losses associated with fires that have
burned through offset projects to date, including the record-breaking 2020 and 2021 U.S.
wildfire seasons. California’s offsets program gives projects affected by unintentional reversals
up to 23 months to conduct field surveys and report total carbon losses.4 Thus, although
unintentional reversals from the 2020 and 2021 wildfire seasons have already occurred, official

4 California Code of Regulations, Title 17, § 95983(b)(1).
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estimates of the magnitude of these reversals are not yet available and the associated buffer
pool credit retirements have not yet been made.

We estimate wildfire carbon losses by first identifying projects affected by wildfire and then
quantifying the carbon reversals caused by those wildfires. We identify projects impacted by
wildfire based on project perimeters downloaded from the California climate regulator
(California Air Resources Board, 2022b). We then intersect the project perimeters with fire
perimeters from the Monitoring Trends in Burn Severity (MTBS) database for fires through 2019
(MTBS Project, 2022) and the Wildland Fire Interagency Geospatial Services (WFIGS) Group for
wildfires in 2020 and 2021 (National Interagency Fire Center, 2022). We identified six projects
affected by wildfire, including two that have already reported verified reversals that have led to
buffer pool credit retirements (CAR1046 and CAR1174) and four reversals that have not yet
been verified by the regulator (ACR260, ACR273, CAR1102, and ACR255) (see Table 1).

Once we have a list of offset projects and associated wildfires, we quantify expected carbon
reversals based on the accounting rules used in the California forest offsets program. Verified
carbon reversals for CAR1046 and CAR1174 are taken from official public reporting. Projected
carbon reverals for the other four projects are based on a three-step process.

First, for each project we estimate on-site carbon stocks in the year prior to a wildfire impact.
We begin with the most recently reported standing live trees (IFM-1) and standing dead trees
(IFM-3). If there is a gap between project reporting dates and fire occurrences, we estimate
changes to IFM-1 and IFM-3 using historical average growth rates from each project. In the
case of ACR255, which has only filed two annual reports with CARB, we conservatively elect to
base biomass losses on values of IFM-1 and IFM-3 reported in that project’s first crediting
period, without accounting for forest growth that might contribute to higher fire losses. This
step provides a conservative estimate of total living and dead carbon stocks at the time of fire,
and thus the potential carbon losses from wildfire.

Second, we estimate wildfire mortality based on the U.S. Forest Service Rapid Assessment of
Vegetation Condition 7-class percent change in basal area (RAVG BA7) data (Miller & Quayle,
2015; Miller & Thode, 2007). The RAVG BA7 data provide gridded estimates of the percent of
basal area killed by fire, separated into seven classes of severity. Each severity class includes a
minimum and maximum mortality estimate by percent basal area. For conservativeness, we
assume the minimum mortality rates for the least severe classes (1 through 5) and vary the
mortality rates for the most severe class (6 and 7) as discussed below. We use these data in
two related methods to estimate changes in onsite carbon from wildfire for both standing live
trees (IFM-1) and standing dead trees (IFM-3).

For two projects (ACR260 and ACR273), the U.S. Forest Service has published RAVG BA7
data. We intersect these mortality estimates with the project boundaries of each offset project
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and directly calculate area-weighted mortality and associated carbon losses under California’s
accounting rules (see Figure 2). We call this the RAVG BA7 method.

Figure 2: Estimated fire mortality in ACR260 and ACR273. Panel (A) shows the overlay between the
Klamath East project (ACR273) in gray and the 2021 Bootleg fire, with a summary of the US Forest
Service’s 7-class percent change in basal area data within the project area tabulated and shown in the
same color shading in panel (B). Panels (C) and (D) show the same information for the Warm Springs
project (ACR260) and the 2020 Lionshead fire.

For the other two projects (CAR1102 and ACR255), the U.S. Forest Service has not published
RAVG BA7 data. We instead use proxy fires that have published RAVG BA7 data. In the case of
CAR1102, we use proxy data from the Ranch fire, which burned CAR1174 in 2018 and resulted
in a verified unintentional reversal that was covered by the buffer pool. This proxy is justified
because CAR1102 and CAR1174 share similar forest types and climatic conditions, as reported
in the projects’ official documentation. In the case of ACR255, we use proxy data from the
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2015 North Star fire that burned through timberlands on the Colville Reservation that were
originally eligible for inclusion in the ACR255 offsets project, but were burned while the project
was still in development. Thus, the North Star fire burned through forests with a similar climate
and species composition. Furthermore, we used climate anomaly data from the Oregon State
University PRISM climate group to confirm that regional climatic conditions for eastern
Washington were both drier and hotter in 2021, as compared to 2015, thus making the North
Star fire a reasonable proxy for the 2021 fires that burned through ACR255. In both cases, we
calculate the average mortality for the proxy fire (expressed as a percentage of basal area killed
by wildfire) and apply that mortality factor to the observed burned area for each project during
the 2020 and 2021 fire seasons. We call this the Proxy method.

Third, we estimate the amount of carbon transferred to wood products due to post-fire salvage
harvest operations. California’s forest offsets program allows landowners to conduct post-fire
salvage operations and deduct carbon stored in long-term wood products when calculating the
size of unintentional reversals. This final step takes into account what fraction of fire-killed
biomass is salvaged (which we call a “salvage fraction” in Table 2), the merchantable fraction of
that salvaged biomass, and the fraction of merchantable biomass that is ultimately transferred
to long-term wood products. The carbon stored in long-term wood products produced from
salvaged biomass is then deducted from our estimates of biomass mortality, and thus reduces
the magnitude of the unintentional reversal.

Table 1: List of forest offset projects affected by wildfires

Project ID Project name Wildfire name Year Credits retired Method

CAR1046
Trinity
Timberlands

Route Complex 2015 847,895 Observed

CAR1174 Eddie Ranch Ranch Fire 2018 276,867 Observed

ACR260 Warm Springs Lionshead 2020 Not yet reported RAVG BA7

ACR273 Klamath East Bootleg 2021 Not yet reported RAVG BA7

CAR1102 Montesol
Glass;
Hennessey

2020 Not yet reported Proxy

ACR255 Colville
Chuweah Creek;
Summit Trail;
Whitmore

2021 Not yet reported Proxy
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To report results across these six projects and their different conditions, we construct two
representative scenarios to generate lower and upper bound estimates of wildfire reversals
(Table 2).

For the lower bound scenario, we use minimum mortality rates as reported by the RAVG BA7
data (severity class 6: 75 percent of basal area killed, severity class 7: 90 percent of basal area
killed); that post-fire salvage operations are extensive and therefore reported carbon reversals
are lower (with a 30 percent salvage fraction); and we further exclude the loss of standing dead
trees (IFM-3) despite carbon stored in standing dead trees being considered part of carbon
reversals under the California program rules. Each of these assumptions produces a
conservative bias to our estimates of wildfire reversals.

For the upper bound scenario, we assume maximum projected mortality rates in the RAVG BA7
data (severity class 6: 90 percent mortality, severity class 7: 100 percent mortality); that
post-fire salvage operations are modest (with a 10 percent salvage fraction); and count the loss
of both living and dead standing carbon as a reversal (consistent with the California program
rules). Each of these assumptions is less conservative than in the lower bound scenario,
though collectively they remain reasonable.

Table 2: Wildfire emission estimate methods

Scenario Percent Mortality Salvage Fraction Standing dead (IFM-3)

Lower bound
Severity class 6: 75%
Severity class 7: 90%

30% No IFM-3 losses

Upper bound
Severity class 6: 90%
Severity class 7: 100%

10% IFM-3 losses included

Disease and insects

Our disease and insect analysis focuses on the California program’s exposure to unintentional
reversals from a single pathogen and its anticipated effects on a single tree species that is
prominent across California’s forest offsets project portfolio. Specifically, we analyze the
expected impact of Phytophthora ramorum, an invasive pathogen that causes a forest disease
called sudden oak death that disproportionately kills tanoak (Notholithocarpus densiflorus), a
tree species endemic to the California and Oregon coast (Cobb et al., 2012, 2020).

In contrast to the wildfire analysis, which quantifies expected unintentional carbon reversals
based on wildfires that have already occurred, our analysis here estimates the potential
magnitude of future carbon losses. That is, our sudden oak death analysis considers possible
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losses that have not yet occurred, but which are liabilities that can be reasonably anticipated to
encumber the buffer pool today.

The epidemiology of sudden oak death among tanoak is related to several environmental
factors. Our analysis focuses on two of these factors. First, P. ramorum thrives and spreads
most easily under cool, moist conditions (Cobb et al., 2012, 2020; Meentemeyer et al., 2011).
Second, tanoak mortality risks are higher in the presence of California bay laurel (Umbellularia
californica) because P. ramorum infects bay laurel trees but does not significantly harm them
(Cobb et al., 2012; Kozanitas et al., 2022). Thus, the presence of bay laurel accelerates the
spread of P. ramorum and significantly increases the odds of tanoak infection.

To assess potential future carbon losses from sudden oak death, we use an existing dataset of
the species composition of individual California forest offset projects to identify projects that
have credited carbon stored in tanoak trees (Badgley et al., 2021). For completeness, we
updated these data to include five additional projects (CAR1313, CAR1329, CAR1330,
CAR1339, CAR1368) that contain tanoak and were issued credits prior to our study cut-off
date. For these 20 tanoak projects, we examined their filed paperwork to determine if California
bay laurel was present, in any quantity, within their project boundaries. Furthermore, we
conservatively exclude projects that initially enrolled in California’s forest offsets as Early Action
projects. Our analysis also relies on estimates of the distribution of tanoak in California and
Oregon provided by the LEMMA GNN dataset (Bell et al., 2018). We combine these data with
gridded temperature data from PRISM to characterize population-level climatic conditions
across the full geographic range of tanoak forests (PRISM Climate Group, 2016). Using these
datasets and documented risk factors of tanoak mortality from sudden oak death, we develop
three scenarios to explore potential future carbon losses.

Scenario A is a conservative scenario that explores possible tanoak mortality in relatively cooler
climates. Using LEMMA, we identify the median mean annual temperature across all forests
that contain tanoak throughout California and Oregon. We select only those forest offset
projects that (1) contain tanoak and (2) have a mean annual average temperature, based on the
centroid of project geometries and gridded PRISM data, that is less than the median of mean
annual temperature across the full geographic range of tanoak. This method returns a list of 10
projects. We then assume that 50 percent of tanoak biomass will be lost to sudden oak death
in these projects, and that no other tanoak mortality will occur elsewhere in the program.

Scenario B examines the impacts of sudden oak death, mediated by the presence of California
bay laurel. Using official project documentation, we identify 17 projects in California’s forest
offsets program that contain both tanoak and California bay laurel. We assume that 50 percent
of tanoak biomass will be lost to sudden oak death in these projects, and that no other tanoak
mortality will occur elsewhere in the program.
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Scenario C attempts to characterize a more widespread mass mortality event. It assumes, for
simplicity, that 80 percent of credited tanoak biomass will be lost to sudden oak death across
the 20 projects in California’s program that contain this species. Although this scenario might
appear aggressive, several ecologists warn of outcomes that are commensurate with this high
degree of mortality (Cobb et al., 2012, 2020; Garbelotto, 2021).

Results

Our analysis indicates that California’s forest offset buffer pool is severely undercapitalized.
Estimated carbon losses from wildfires within the offset program’s first 10 years have depleted
at least 95 percent of the contributions set aside to protect against all fire risks over 100 years.
Even if we make the implausible assumption that no additional wildfires will impact forest
offsets projects in California’s program, we nevertheless forecast that carbon reverals from
historical fires will nearly drain and likely deplete the wildfire component of the buffer pool.
Similarly, although the California program has not verified any carbon reversals associated with
forest disease, the potential carbon losses associated with a single disease (sudden oak death)
and its impacts on a single species (tanoak) is large enough to fully encumber the total credits
set aside for all disease- and insect-related mortality over 100 years. Here again, even if we
make the implausible assumption that no additional diseases or insects will cause forest
carbon losses, sudden oak death alone has the potential to fully deplete the disease and insect
component of the buffer pool.

Wildfire

We identified six projects that have experienced significant wildfire events (Table 1). Two
wildfire-induced reversals, which occurred in 2015 and 2018, have already been verified by
CARB, resulting in the retirement of over 1.1 million offset credits from the buffer pool. After
deducting these already retired credits, the net wildfire contribution to the buffer pool stands at
4.9 million credits. At least four additional projects have experienced significant wildfire events
in subsequent years, with one project (ACR255) experiencing several large fires in 2021.

Using high-resolution, satellite-derived maps of wildfire-induced tree mortality generated by the
U.S. Forest Service, we estimate committed carbon losses between 4.6 and 5.7 million credits
resulting from the devastating 2020 and 2021 fire seasons. When combined with verified
wildfire losses, we estimate wildfire has caused the reversal of between 5.7 and 6.8 million
credits, representing between 95 percent and 114 percent of the credits earmarked to account
for 100 years of portfolio-wide wildfire risks (Figure 3). In other words, we find that at least 95
percent of the wildfire component of the buffer pool that was intended to secure against the
collective risk of fire reversals through the end of the 21st century has been depleted in less
than a decade.
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Disease and insects

Our scenario analysis of potential tanoak mortality due to sudden oak death indicates that the
disease and insect component of the buffer pool is likely undercapitalized. We identify 20
projects that collectively store nearly 14.2 million tCO₂ in living tanoak stems, all of which are at
risk to the pathogen P. ramorum. Our most conservative scenario (Scenario A) limits tanoak
mortality to projects with relatively cool mean annual temperatures. It results in the expected
loss of 4.7 million credits, or 82 percent of the disease and insect component of the buffer
pool. Our moderate scenario (Scenario B) limits sudden oak death mortality to projects that
also have a component of California bay laurel. It results in an expected loss of 6.3 million
credits, or 110 percent of the disease and insect component of the buffer pool. Finally, the
most aggressive scenario (Scenario C) assumes a loss of 80 percent of all tanoak biomass
credited under California’s forest offsets program. It results in the expected loss of 9.1 million
credits, or 159 percent of the disease and insect component of the buffer pool.

Figure 3: Carbon losses from wildfire. Estimated carbon losses from historical wildfires are large
enough to deplete the entire buffer pool contribution set aside for all wildfire impacts over 100 years. We
combine verified reversals reported by two projects with our estimates of carbon loss for four projects
affected by wildfire. The Lower Bound scenario makes maximally conservative assumptions for wildfire
mortality, post-fire salvage logging, and accounting treatment of standing dead carbon. The Upper
Bound scenario relaxes the conservative assumptions for these variables.
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Figure 4: Carbon liabilities from sudden oak death. The potential liability from tanoak mortality caused
by sudden oak death is large enough to encumber the entire buffer pool contribution set aside for all
disease and insect risks over 100 years. Scenario A shows illustrative losses assuming 50 percent
tanoak mortality, but only in relatively cool tanoak forests; Scenario B shows illustrative losses assuming
50 percent tanoak mortality, but only in forests that contain both tanoak and California bay laurel, a
notable vector species of the pathogen P. ramorum; and Scenario C shows illustrative losses assuming
80 percent mortality of all credited tanoak in California’s forest carbon offsets program.

Discussion

Assertions about the climate-equivalence of fossil CO₂ emissions and forest carbon offsets
depend on the permanence of the carbon stored in forests (Joppa et al., 2021). In turn, pricing
these risks requires reasonable estimates of expected losses from disturbance. To be
actuarially sound, a risk management approach needs to ensure that, on average, project-level
risks match project-level insurance contributions.

Ensuring actuarial soundness is challenging enough when it comes to broad, regional
estimates of risk factors. It may well be the case that reasonable estimates cannot be
constructed to describe 100-year risks to forest carbon permanence in a changing climate
(Williams & Jackson, 2007). Managing permanence risks is even more difficult because the
composition of participating projects can be substantially different from regional averages due
to selection effects (Badgley et al., 2022; Millard-Ball, 2013; Montero, 1999). For example,
California assumes that, on average, no more than 3 percent of credited carbon will be lost to
disease and insects; in the case of sudden oak death, however, the near-total loss of tanoak
carbon is all but inevitable. The significant and preferential inclusion of tanoak projects in
California’s program therefore acts as a net liability on the buffer pool. Accurately pricing
permanence risks requires an evidence-based management approach that makes explicit
assumptions about portfolio risks that are then evaluated against the actual composition of
portfolio projects and updated over time with new information (Haya et al., 2020).
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Uncertainty and scenario analysis

Our wildfire analysis and disease and insect analysis require caveats with respect to how both
analyses treat uncertainty and critical differences in the assumptions underlying each
approach. We specifically developed our methods around a series of straightforward and
conservative choices, with the overarching goal of facilitating expert interpretation of critical
risks to the solvency of California’s forest offsets buffer pool.

The wildfire analysis represents an empirically grounded attempt to estimate carbon reversals
from wildfires that have already occurred, but have not yet been validated by on-the-ground
measurements pursuant to the offsets program’s rules. Because the analysis is underpinned by
direct observations, we can attempt to account for uncertainty in the magnitude of estimated
losses. RAVG BA7 data include a minimum and maximum mortality rate for each of seven
basal area mortality classifications, but do not provide an explicit estimate of classification
errors. Because the statistical ability to distinguish between severity classifications is greatest
for the most severe classifications (e.g., 6 vs. 7), but relatively weaker for the least severe
classifications (e.g., 1 vs. 2) (Miller & Quayle, 2015), we conservatively assumed that severity
classifications 1 through 5 would cause the minimum mortality associated with their
classification. We then explicitly varied assumed mortality for severity classification 6 (75 to 90
percent) and 7 (90 to 100 percent) to reflect uncertainty in mortality rates across severity
classifications in which we had greater confidence. In addition, the two calculations we make
for wildfire impacts based on proxy RAVG BA7 burn severity data depend on the
reasonableness of the proxy fire we selected.

We elected to represent the limited explicit uncertainty contained in these methods, rather than
ignore uncertainty altogether or introduce additional ad-hoc sources of uncertainty that lack
any empirical basis. As a result, our lower and upper bound scenarios do not represent a
statistically precise range of uncertainty, and instead are meant to communicate a plausible
range of outcomes based on explicitly conservative methodological choices. For comparison,
The Climate Trust (2021) estimates a total reversal of 6.8 million tCO₂ across the Lionshead fire
(ACR260), Bootleg fire (ACR273), and multiple fires that burned through ACR255 in 2021. We
bound the losses from these same three events between 4.3 and 5.5 million tCO₂, which
indicates our approach — including the use of imperfect proxy methods — is conservative in
relation to The Climate Trust’s calculations.

Our tanoak analysis is notably distinct from our wildfire estimates in that we are not estimating
carbon losses that have already occurred, but rather projecting losses that might occur in the
future. This evaluation is based entirely on constructing plausible future scenarios, which is
inherently more speculative than an ex-post empirical calculation. Accordingly, we developed
three scenarios based on simple, conservative assumptions. In the case of Scenario A, we
modeled tanoak mortality only for projects that are in relatively cool climates and assume no

MAY 25 2022 (16/28)

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2022. ; https://doi.org/10.1101/2022.04.27.488938doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.27.488938
http://creativecommons.org/licenses/by/4.0/


CALIFORNIA BUFFER POOL G. BADGLEY ET AL.

sudden oak death mortality anywhere else. Similarly, in Scenario B we modeled tanoak
mortality only in projects that also affirmatively report the presence of California bay laurel and
assume no sudden oak death anywhere else. In practice, some projects may have even a
handful of California bay laurel trees but not report them; and others will be located within a
few hundred meters of California bay laurel trees that are outside of the project boundary. In
both cases, our scenario construction excludes these likely sources of mortality. Finally,
Scenario C represents a more catastrophic future that reflects concerns that sudden oak death
could cause “devastating landscape-level mortality” (Cobb et al., 2020) and result in the
complete extinction of tanoak populations at the local scale (Garbelotto, 2021).

Buffer pool components

The undercapitalization of any one component of the buffer pool can in theory be compensated
by overcapitalization in others. In our judgment, however, this outcome is implausible for
California’s program on the basis of observable evidence. As discussed further below, the
buffer pool design does not mention drought as a potential cause for forest death and carbon
loss, with only a modest share of buffer pool credits (18 percent) set aside for all non-fire,
non-insect, and non-disease carbon losses. The remaining component (44 percent) was
designed to address financial and management risks associated with 100-year agreements that
can be discharged in bankruptcy. We see no basis to believe that either the remaining natural
risks or the financial and management risks are overcapitalized, and identify several reasons
why these components are likely undercapitalized as well. Even if they were overcapitalized,
the prospect of continuing wildfire impacts is potentially large enough to deplete the entire
buffer pool in the decades to come (Herbert et al., 2020). We review carbon loss from wildfire,
disease and insects, drought, and financial and management risks below.

Wildfire

Historical carbon losses from wildfires are chiefly the result of the record-breaking 2020 and
2021 western U.S. fire seasons, which are unfortunately representative of the kinds of
accelerating climate risks expected across the American West in a changing climate
(Abatzoglou & Williams, 2016; Anderegg et al., 2022). Looking forward, wildfires are expected
to grow in both size, intensity, and frequency as a result of anthropogenic climate change
(Barbero et al., 2015). The increase in fire risk is dominated by rising global temperatures and,
to date, there is little evidence that fuel-limitation will forestall the upward trend in annual burn
area and increased fire intensity (Abatzoglou et al., 2021). Amidst this backdrop of increasing
fire risk, it is critical to point out that California’s buffer pool makes no effort to account for the
all-but-inevitable increase in fire risks as the Earth continues to warm. Nor does the program
account for geographic variation in fire risks — forests in upstate New York are evaluated using
the same risk reversal ratings that apply to forests in the arid American West (Anderegg et al.,
2020; Pontecorvo & Osaka, 2021). Failure to acknowledge the increasing risk of wildfire means

MAY 25 2022 (17/28)

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2022. ; https://doi.org/10.1101/2022.04.27.488938doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.27.488938
http://creativecommons.org/licenses/by/4.0/


CALIFORNIA BUFFER POOL G. BADGLEY ET AL.

that California’s forest buffer pool is likely to experience mounting losses that far exceed its
design criteria in the years and decades to come.

Disease and insects

The continued spread of sudden oak death throughout California and southern Oregon
indicates the need to seriously consider the potential effects of large-scale tanoak mortality
events on the buffer pool. Using the sudden oak death (SOD) Blitz database (Garbelotto et al.,
2014; Meentemeyer et al., 2015), a citizen science research project that tracks cases of P.
ramorum, we calculated the distance between positive P. ramorum detections and forest offset
projects. Of the 20 projects that report at least 5 percent tanoak basal area, the SOD Blitz
database reports that one project (CAR1180) already has a positive P. ramorum sample within
its boundaries. Another three projects are within 1 km of a positive detection (CAR1102,
CAR1190, CAR1330); another two are within 5 km (CAR1313, CAR1339); another two are
within 10 km (ACR182, ACR262); and all 20 of the tanoak projects we identified are within 50
km of a positive P. ramorum detection in the SOD Blitz database. The proximity of existing
positive detections is a major concern for the long-term durability of carbon stored in tanoak
biomass, as some researchers believe the P. ramorum is so widespread that it can no longer be
eradicated and that active management is required to forestall widespread tanoak mortality
(Cunniffe et al., 2016).

Critically, our analysis of the disease and insect component of the buffer pool only considers a
single pathogen (P. ramorum) and the potential biomass losses of a single species (tanoak).
There is growing evidence, however, that U.S. forests are likely to experience increased
mortality pressure due to continuing globalization which brings with it more frequent
opportunities for the introduction and spread of invasive pathogens. One recent analysis of
Forest Inventory and Analysis data estimates that upwards of 40 percent of biomass stored in
U.S. forests is subject to invasion by pathogens that are already established in North America,
with the possibility of carbon loses to these pests and pathogens possibly exceeding 20.3
million tCO₂ per year (Fei et al., 2019). In the same way that California’s buffer pool fails to
account for changes in wildfire risks in the 21st century, it appears the buffer pool is likely
unprepared to address these broader risks.

Drought

The program’s buffer contribution for “other” natural risks is likely severely undercapitalized in
the face of tree mortality risks from droughts that were not explicitly factored into its design.
Current trends in the severity and frequency of drought-induced tree mortality have been
characterized as both unexpected and truly without precedent (Hartmann et al., 2022).
Because these risks were not fully known when California designed its forest offsets program
(Allen et al., 2010; Anderegg et al., 2013), it is likely the buffer pool is ill-suited to deal with this
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unique form of forest carbon disturbance. While uncertainties remain about the precise
physiological causes of drought-induced mortality (Trugman et al., 2021), there is growing
evidence that the effect of rising temperatures, superimposed on drought conditions,
represents a novel threat to forests of all types, across all forested continents (Allen et al., 2015;
Hammond et al., 2022). The connection between drought mortality and hotter climatic
conditions is especially worrying given the current trajectory of global temperatures. From the
standpoint of the forest carbon cycle, global-change-fueled droughts have the capacity to kill
tens of millions of trees and profoundly alter the carbon balance of forested ecosystems
(Sleeter et al., 2019; Stephens et al., 2018). Given that forest ecologists are still coming to
terms with the unprecedented nature of global-change-fueled droughts as a unique
disturbance agent in the 21st century, and had not fully grappled with the risks when
California’s program was designed a decade ago, it is all but certain that the buffer pool does
not adequately anticipate carbon losses due to drought.

Financial and management risks

The buffer pool also includes a significant share of credits set aside to manage non-natural
financial and management risks. One principal concern with these risks is that projects operate
via long-term agreements that require landowners to comply with program rules and take
actions to protect credited carbon. A handful of projects have elected to record these
restrictions via easements that encumber their lands, and thus bind any future owners to those
terms; however, the majority of forest offset projects operate via agreements between
landowners and the California Air Resources Board. The liability for failing to perform can be
discharged in bankruptcy, a risk that the California’s forest offsets protocol explicitly recognizes
(California Air Resources Board, 2015, p. 133) and that was recently observed when a polluter
in the cap-and-trade program successfully discharged its emissions liability in a bankruptcy
proceeding.5 Thus, 100-year commitments made by individual or corporate landowners face
significant risks. Together, the protocol sets aside a maximum of 9 percent of credits to cover
nonperformance and bankruptcy risks for 100 years, although projects with conservation
easements or those located on public or Tribal lands contribute only 1 percent.

These risk factors do not appear to be based on an explicit analysis of the probability of default
or bankruptcy. It is worth noting, however, that California’s forest offsets protocol does not
consider the creditworthiness of individual project proponents, which can be special-purpose
limited liability companies. A probabilistic analysis of historical default risks based on credit
ratings for companies tracked in the S&P 500 index suggests that AAA-rated firms have a
100-year default probability closer to 20 percent; BBB-rated firms, about 60 percent; and
CCC-rated firms, nearly 100 percent (Mizdraković et al., 2015). These findings suggest that a

5 California Air Resources Board v. La Paloma Generating Company, LLC, No. 1:17-CV-1698
(D. Del. Jul. 31, 2018).

MAY 25 2022 (19/28)

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2022. ; https://doi.org/10.1101/2022.04.27.488938doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.27.488938
http://creativecommons.org/licenses/by/4.0/


CALIFORNIA BUFFER POOL G. BADGLEY ET AL.

contribution of 9 percent is unlikely to be adequate to protect against default risks over 100
years for all but the most financially sound entities.

Static vs. dynamic portfolio analysis

Our results are based on a static portfolio analysis that freezes the carbon offsets projects
enrolled in California’s program and the composition of its buffer pool at a fixed point in time,
with the goal of asking whether the capitalization of the buffer pool is adequate to insure those
assets (credits) in the face of their respective liabilities (observed or potential future carbon
reversals). From this static point of view, our results indicate that the buffer pool is severely
undercapitalized. Another approach would be to attempt to model a dynamic view of the buffer
pool. Others have suggested that, if individual buffer pool components are undercapitalized,
the addition of new projects with lower risks could help recapitalize the buffer pool by
effectively cross-subsidizing older, riskier projects. For example, The Climate Trust (2021)
argues that while the 2020 and 2021 wildfire seasons have led to significant reversals, the
ongoing addition of new projects in relatively less fire-prone areas such as coastal Alaska could
reduce the buffer pool’s undercapitalization. Although we recognize that the addition of new
projects and new crediting periods will add new credits to the buffer pool, the extent to which
every component of the buffer pool might be undercapitalized in its current design raises
questions about the extent to which marginal additions of new projects — which ultimately
include their own new liabilities — can mitigate an undercapitalized buffer pool. At a minimum,
we suggest that claims about the ability of a dynamic portfolio to mitigate initial
undercapitalization conditions should include a comprehensive analysis that looks at whether
new projects are likely to outperform each risk factor, not just qualitative assertions that future
projects might be less risky along one particular dimension.

Credited vs. onsite carbon

The apparent disconnect between buffer pool capitalization and forest carbon permanence
risks is amplified by an important but subtle asymmetry in the program’s carbon accounting
rules. By design, California’s forest offset program awards a large initial tranche of credits to
projects whose forests store more carbon than calculated regional averages (Badgley et al.,
2022). Critically, most projects receive credit only for forest carbon storage in excess of
projected 100-year average baseline levels, which must be equal to or higher than these
regional averages (see Equation 5.1 in California Air Resources Board, 2015). In contrast, all
standing trees contain carbon that is subject to reversal liability (see Equation 3.1 in California
Air Resources Board, 2015). Thus, the potential carbon reversal liability insured by the buffer
pool is substantially larger than the credited forest carbon that contributes to the buffer pool.

To give quantitative context for this dynamic, we examined a subset of 74 forest offset projects
from a dataset assembled by Badgley et al. (2021). These projects collectively earned 121.2
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million credits in their initial crediting periods, of which 20.3 million credits were contributed to
the buffer pool. Although this implies a capitalization rate of 16.76 percent when compared
against credited carbon, the onsite carbon stocks across these projects totaled 447.5 million
tCO₂. From the standpoint of onsite carbon liabilities, buffer pool contributions constitute only
4.54 percent of onsite carbon that is subject to reversal risks — less than a third of the
capitalization implied by the nominal buffer pool contribution levels for these projects.

Asymmetry between the program’s calculation of assets and liabilities causes the buffer pool to
be more highly leveraged and less resilient to reversals than it might at first appear. Seemingly
modest reversals can trigger outsized buffer pool retirements, simply because the carbon
liabilities (onsite carbon) strictly exceed carbon assets (credited carbon). This same asymmetry
likely also affects buffer pools used by voluntary offset protocols, such as the Climate Action
Reserve’s forest offsets protocol. Addressing the problem requires that permanence risks be
properly calculated not on the basis of credited carbon, as is the case in California’s program,
but on the basis of carbon subject to reversal liability — which we estimate is a factor of three
larger. One solution would be to increase the share of credits projects must contribute to the
buffer pool.

Conclusion

We performed an actuarial analysis of California’s forest carbon offset buffer pool, a
self-insurance program designed to ensure that credited forest carbon remains out of the
atmosphere for at least 100 years. Whenever forest carbon offsets experience unintentional
carbon reversals, such as losses from wildfire, credits are retired from the buffer pool to
preserve the environmental integrity of all other forest carbon offset credits in the program. So
long as the buffer pool is solvent, the program’s claim to keep credited forest carbon out of the
atmosphere for at least 100 years remains intact.

From the program’s inception through our study cut-off date of January 5, 2022, a total of 31.0
million credits (13.4 percent) had been contributed to the buffer pool out of a total 231.5 million
issued credits, such that the 31.0 million buffer pool credits insure a portfolio of 200.5 million
credits against permanence risks. We reviewed how the buffer pool was constructed, but were
unable to identify any explicit analysis that justifies the contribution levels required to address
three categories of natural risks (wildfire, disease and insects, and other catastrophic risks) as
well as a suite of financial and management risks.

To evaluate whether the buffer pool is adequately capitalized to address 100 years of risks to
forest carbon permanence, we evaluated two specific permanence risks. First, we estimated
total carbon losses from six historical wildfire events, based on verified reversals from two fires
and our own estimates of four recent events. Second, we used scenario analysis to evaluate
potential future carbon losses from sudden oak death. Our wildfire results show that at least 95
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percent of the buffer pool contributions set aside to manage 100 years of wildfire risks had
been depleted by the end of the 2021 wildfire season. Our sudden oak death scenarios
indicate that carbon losses from this single disease could also fully encumber the credits set
aside to protect against 100 years of risks from all disease- and insect-related mortality. These
findings indicate that both the wildfire and the disease and insect buffer pool components are
severely undercapitalized.

We explored whether there is reason to believe that any of the other components of the buffer
pool are overcapitalized, such that the problems we identified with estimated actual losses
from wildfire and potential future losses from sudden oak death might be mitigated by other,
more conservative design choices. We did not find evidence that any buffer pool components
are likely to be overcapitalized, and identified at least two mechanisms that suggest
undercapitalization. First, the “other” catastrophic natural risks category likely underestimates
the risk of drought-induced forest mortality, largely because the scope and scale of those risks
are only now being fully realized. The evidence needed to accurately price drought risk simply
was not available at the time when California’s forest offsets buffer pool was developed.
Second, we showed how the total carbon stock exposed to reversal liability is about three
times greater than the total carbon credited at projects enrolled in California’s program,
illustrating how the buffer pool is significantly more leveraged as a result of broader exposure to
permanence risks than is commonly understood.

Our analysis indicates that the wildfire and disease and insect components of the buffer pool
are severely undercapitalized. None of the other buffer pool components shows any sign of
being comparably overcapitalized, and indeed several well-documented factors suggest that
forest mortality from wildfire, diseases and insects, and drought are likely to get significantly
worse in the 21st century, not better. As a result, we conclude that California’s forest carbon
buffer pool is severely undercapitalized and therefore unable to ensure that credited forest
carbon remains out of the atmosphere for at least 100 years.
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