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Summary and Implications for Decision Makers

Forests as a Natural Climate Solution

Climate change presents a global challenge to society and the ecosystems we rely on. In turn, forests
have become increasingly important in international climate change dialogue, as seen in the Paris
Agreement, the COP26 Glasgow Leaders’ Declaration on Forests and Land, and the Intergovernmental
Panel on Climate Change (IPCC) Sixth Assessment Report (COP26 2021; Popkin 2019; Calvin et al.
2023). There is also increasing scholarly recognition of forests’ importance as a nature-based solution
to climate change, or natural climate solution (NCS; Drever et al. 2021; Griscom et al. 2017; Fargione
et al. 2018; Ellis et al. 2024;; Buma et al. 2024).

US forests and the forest products sector already play an important role in mitigating climate change,
a benefit which can be significantly impacted by forest management decisions and policies as well as
future climate conditions (EPA 2024; Fargione et al. 2018; Wear and Coulston 2015; Oswalt et al. 2019;
Anderegg et al. 2020). The overall climate mitigation benefit of the forestry sector is determined not
only by the trees growing in a forest, but also by what they are used to produce (i.e., harvested wood
products, HWP) and how HWP are used and ultimately retired. The largest NCS opportunities for
forests typically come through reforestation, forest conservation, or forest management pathways
(Griscom et al. 2017; Fargione et al. 2018; Drever et al. 2021; Buma et al. 2024), which can include
long-term carbon storage in HWP such as mass timber (Xie, Kurz, and McFarlane 2021). However,
these benefits can be constrained or even negated in fire-prone ecosystems if wildfire hazard and impact
on forests is not adequately addressed (Jerrett, Jina, and Marlier 2022).

Future management and policy decisions that mesh mitigation goals with adaptation to future climate
conditions can maintain and strengthen the NCS capacity of forests. This dynamic is central to the
concept of climate-smart forestry (CSF), a sustainable forest management approach that seeks to
balance the ability of forests to adapt to and mitigate climate change while continuing to provide
fundamental wood products and ecosystem services (Nabuurs et al. 2018; Bowditch et al. 2020;
Verkerk et al. 2020). This approach acknowledges the importance of maintaining or increasing carbon
storage in forests and forest products as a climate solution, but also emphasizes the need for robust
carbon sequestration rates to continue to draw carbon out of the atmosphere as part of a global effort
to mitigate climate change, seeking to balance carbon sequestration and storage rates throughout the
forest. CSF techniques focus on long-term forest health and resilience in the face of climate change as
part of sustainability in forest management, and they aim to accomplish all these goals while supporting
a strong wood products sector. According to the IPCC, meeting our global climate goals is not possible
without forests (Calvin et al. 2023), and forests need the health and resilience benefits provided by CSF
to play their part. Therefore, the most promising NCS practices for forests follow a CSF approach.

The state of California has set ambitious greenhouse gas (GHG) emissions reduction goals through
Assembly Bill 32 California Global Warming Solutions Act (2006) and subsequent legislation (e.g.,
Senate Bill 32 (2016); Executive Order B-55-18 (2018)), requiring the state to reduce emissions to 40%
below 1990 levels by 2030 and achieve net zero emissions by 204:5. In 2021, California’s forest sector
sequestered and stored 22 million metric tons of carbon dioxide equivalent (MtCO.e; USDA Forest
Service 2024b), equivalent to 6% of the total GHG emissions reported in the state for that same year
(CARB 2023). However, recent modeling from the California Air Resources Board (CARB) indicates
that California’s forests will be a net source of carbon emissions under future climate conditions, even
with substantial levels of management (CARB 2022a). The state seeks to leverage the climate benefits
from its 31.5 million acres of forest (USDA Forest Service 2021a) where possible, and minimize carbon
losses from future climate impacts, through its influence on forest management, implementing climate-
smart practices on public lands and providing technical and financial support for forest landowners.


https://www.ca.gov/archive/gov39/wp-content/uploads/2018/09/9.10.18-Executive-Order.pdf

This report is designed to guide California toward identifying promising CSF practices and to encourage
the inclusion of forests and the forest products sector in state-level climate action planning. We present
comprehensive forest sector carbon modeling results for a broad range of forward-looking forest
management and innovative wood utilization scenarios and assess the carbon sequestered in forests
and stored in HWP for each one, along with an analysis of potential leakage impacts and substitution
benefits from using wood in place of other emissions-intensive materials. We also estimate expected
treatment costs, potential wood product revenue, and wood processing capacity constraints for each
scenario. These results provide information about forest climate mitigation and adaptation
opportunities that can integrate with and inform frequently updated statewide efforts, including the
California Wildfire and Forest Resilience Task Force (Task Force) Action Plan, CARB’s 2022 Scoping
Plan, and the California Natural Resources Agency’s (CNRA) Nature-Based Solutions Climate Targets
(California Wildfire and Forest Resilience Task Force 2021; CARB 2022a; CNRA 2024.).

Modeling Forest Management and Wood Utilization in California

Following previous work (Dugan et al. 2018; 2019; 2021; DeLyser et al. 2022a; 2022b; Papa et al.
2023), we assess carbon trends and management scenarios in the forest ecosystem and forest products
sector for California utilizing a systems-based approach. This systems approach accounts for the
influence of forest management activities beyond the forest itself and allows us to examine potential
trade-offs or synergies between management strategies that enhance forest ecosystem carbon stocks,
HWP volumes, or other important forest ecosystem services (Dugan et al. 2018). Our scenario
development and modeling process includes:

1) Consultation with state natural resource agency staff and forestry experts to understand
forest management priorities, concerns, and goals in California, based on current conditions
and a landscape resilience needs assessment;

2) Development of business-as-usual (BAU) and alternative forest scenarios - including forest
management, natural disturbance, and land-use change - to project future forest carbon
trends under various management practices and future climate conditions;

3) Scenario modeling with i) a growth and yield-based forest ecosystem model - the Carbon
Budget Model of the Canadian Forest Sector (CBM-CFS3; Kurz et al. 2009) - parameterized
for conditions in California, ii) a customized lifecycle harvested wood products model (CBM-
HWP-CA) built using the Abstract Network Simulation Engine framework (ANSE; CFS
2024), iii) potential leakage factors applied to changing harvest rates, iv) displacement
factors to evaluate substitution benefits from using wood products and bioenergy in place of
more emissions-intensive materials, and v) economic analysis; and

4) Engagement and discussion with state agency staff to explore modeling results and consider
implications for California.

Through a series of meetings with California Department of Forestry and Fire Protection (CAL FIRE)
and USDA Forest Service (USFS) staff, academics, and forestry practitioners in the state, we identified
several management priorities and concerns for forests in California: understanding impacts of
climate change, forest health and resilience, wildfire, forest regeneration and reforestation, wood
utilization, land use and land cover, and harvesting practices and rotations. From these stated
priorities and policy targets, we developed 19 modeling scenarios to forecast potential CSF pathways
represented by a broad range of forest management and wood utilization practices (Table E1). We
constructed a business-as-usual scenario (BAU) and a climate-adjusted version (CBAU) to illustrate
the influence of future climate on forests if future management practices did not change from current
trends. All additional scenarios were built upon the CBAU scenario to illustrate the potential impact of
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Table E1 Names, descriptions, and forest management activity acres (not including land -use change or natural
disturbance) for our 19 modeled scenarios. 2022-t KA k  E O OE Aha&d O A Andbét Anbddled treatments are
implemented, representing the highest level of annual activity .

Average annual management
activity , 2022-2031 (ac yr)
Scenario name and description
Current activity New scenario
(CBAU) activity

Businessas-usual (BAU
Continuation of average historical rates of management, land -use change, and 280,368 -
natural disturbance

Climate-adjusted business-as-usual (CBAU
Continuation of average historical rates of management and land -use change.
Inclusion of projected future climate change impacts including more frequent 280,368 -
and severe natural disturbance, productivity declines, and post -fire regeneration
failure

Landscape restoration
Post-fire salvage/site prep and reforestation, addressing both current backlog 280,368 247,025
and projected future need

=)
g Fire resilience
) Fire resilience treatments (a combination of thinning and/or prescribed fire) to 280,368 789,462
5 reduce future wildfire severity
5 Expand fire resilience treatments to mature and old-growth forest (MOG resilience)
‘u-" Expand eligibility for fire resilience treatments (a combination of thinning and/or 280,368 789.462
o prescribed fire) to reduce future wildfire severity in mature and old -growth ' ’
s forests following US Forest Service definitions
c
Q .
o Forest conservation
(7]
2 Reduce the rate of permanent forest loss from land-use change 280,368 13,186
)
g Silvopasture
=) Integration of low-density native tree cover in active pastureland without 280,368 9,512
g removing the land from pasture use
E Extended rotations
Q Increase minimum evenaged harvest age from 50 to 80 years on all forestlands 165,504 114,864
S
o
LL Altered rotations
Increase minimum evenaged harvest age from 50 to 80 years on public 165,504 114,864

forestlands, decrease minimum even-aged harvest age from 50 to 40 years on
private and Native American forestlands

Fire resilience +Biochar, MOG resilience + Biochar
Use additional biomass (non-merchantable) material cut during fire resilience 280,368 789,462
treatments to create biochar

Fire resilience + Transportation fuels MOG resilience +Transportation fuels
Use additional biomass (non-merchantable) material cut during fire resilience 280,368 789,462
treatments to create transportation fuels

Fire resilience + Mass timber MOG resilience + Mass timber
Use additional biomass (non-merchantable) material cut during fire resilience 280,368 789,462
treatments to create biochar

Innovative wood
utilization scenarios

Ramp up implementation (Ramp up)

Landscape restoration + MOG resilience scenarios 280,368 1036,487

Ramp up +Innovative wood utilization
Landscape restoration + MOG resilience scenarios with innovative wood 280,368 1036,487
utilization (biochar + transportation fuels + mass timber)

Maximum natural climate solutions by 2045 (Max NCS)
Landscape restoration + MOG resilience + Forest conservation + Silvopasture + 165,504 114,049
Extended rotations scenarios

Portfolios
(combined scenarios)

Max NCS + Innovative wood utilization
Landscape restoration + MOG resilience + Forest conservation + Silvopasture +
Extended rotations scenarios with innovative wood utilization (biochar +
transportation fuels + mass timber)

165,504 114,049



each alternative management and wood utilization approach in the context of our projected future
climate. As much as possible, we also integrated and aligned with priorities highlighted in other
statewide efforts, including the Task Force Action Plan, CARB’s 2022 Scoping Plan, and CNRA’s
Nature-Based Solutions Climate Targets (California Wildfire and Forest Resilience Task Force 2021;
CARB 2022a; CNRA 2024). We collected historical data from 2000-2021 for model validation and
used this as the basis for our forward-looking scenario projections over a 50-year period from 2022-
2071. See Report Tables 2 and 4 for full scenario descriptions and parameters.

Climate -Smart Forestry in California

Results of this study show that California forests have been a net source of carbon emissions since 2015
and will continue to be a net carbon source through 2071. Though the forest products sector is a growing
carbon storage pool for the state, its contributions are not enough to counteract trends in emissions
from California’s forest ecosystems. These trends are partially driven by climate change and its
projected effects creating larger and more severe natural disturbances and declines in forest
productivity. As the area of high-severity wildfire increases, large swaths of forest are likely to
experience regeneration failure and possible conversion to non-forest ecosystems, driving substantial
decreases in forest area and carbon stocks and increases in projected carbon emissions from forests over
the next 50 years.

Despite this trajectory, the scenarios modeled in this analysis demonstrate various climate-smart
practices that provide opportunities to minimize losses of forest area and stabilize the forest carbon sink
in California (Box 1). Our scenarios also illustrate the potential to deploy innovative wood utilization to
further improve future carbon trends. In combination, concurrent management actions and wood
utilization practices offer substantial progress toward CSF objectives — balancing carbon sequestration
and storage while improving the stability and resilience of forests in the state.

A key factor for success will be addressing wildfire impacts, which we model in two ways. Post-fire
reforestation and restoration is critical both for addressing the current reforestation need across the
state (estimated at 1.5 million acres; (USDA Forest Service 2024a) and for combatting future
regeneration failure as high-severity wildfires expand under future climate conditions (creating
reforestation need on 8.6 million additional acres from 2022-2071 as modeled in this study). This work
includes salvage of commercially viable timber, site preparation techniques to prepare the landscape
for safe planting efforts and reduce future fuel hazards in post-burn areas, and subsequent reforestation
at low stand densities. Though not specifically modeled here, climate-informed reforestation
techniques like planting climate-adapted species in variable stand structures will also be important for
fostering future forests more resilient to wildfire and a changing climate (Meyer et al. 2021; North et
al. 2019).

Fire resilience treatments, a combination of thinning and prescribed fire to reduce stand densities to
lower than under current management and fuel loads (North et al. 2022), provide a second climate-
smart approach to addressing wildfire impacts. Based on our landscape resilience needs assessment,
more than 11.2 million acres of forest are currently in need of treatment to reduce future wildfire risk
and severity. Conducting initial treatments in these acres quickly (such as over the 10-year period we
modeled) can help restore critical resilience to the landscape before wildfires are projected to intensify
in the 204.0s, creating conditions where any future wildfires will likely burn at a lower severity in treated
areas (Davis et al. 2024). This reduces emissions and mortality from high-severity wildfires and eases
the future demand for post-fire reforestation, as fire resilience treatments help reduce the occurrence
of high-severity wildfire and its associated regeneration failure across the landscape. Additionally, fire
resilience treatments facilitate the reintroduction of beneficial fire to many fire-adapted ecosystems.



|
BOX1 CLIMATESMART FORESTRY PRACTICES IN CALIFORNIA

V Address post-fire regeneration failure through landscape restoration activities
such as salvage of commercially viable timber, site preparation techniques to
prepare the landscape for safe planting efforts and reduce future fuel hazards in
post-burn areas, and subsequent reforestation.

V  Reduce the impact and severity of future wildfires through resilience treatments,
including thinning and prescribed fire, at a landscape scale to reduce stand densities
and reintroduce beneficial fire in fire-adapted ecosystems.

V Use additional woody material removed from landscape restoration and
resilience treatments in innovative wood products to reduce decomposition and pile
burn emissions from leaving the material on site and gain substitution benefits from
using the wood in place of more emissions-intensive materials.

V Reduce the rate of permanent forest loss through landscape restoration and
forest conservation paired with landscape scale resilience treatments to reduce
disturbance-related carbon losses from these areas.

V Increase forest extent where ecologically appropriate through silvopasture, the
low-density integration of trees into active pastureland without removing the land
from productive pasture use.

V Increase carbon stocks while sustaining timber supply by extending rotations to
optimize tree growth, paired with landscape scale resilience treatments to reduce
the risk of disturbance-related carbon losses.

V Prepare for increasing negative impacts of climate change and use climate-
adapted species and stand structures to promote forest health and resilience and
restore key ecological processes.

Both of these management approaches, modeled across millions of acres, include the cutting of large
amounts of additional wood from thinning and salvage activities. Following current wood utilization
trends, merchantable softwood material is likely to be removed and used in commercial wood products.
However, California’s forest products industry has limited commercial uses for pulpwood and small
diameter material aside from bioenergy, so a large portion of tops, limbs, and non-merchantable
biomass is usually piled on site after harvest, with the intention of a subsequent pile burn (Eric Huff,
personal communication). This piled material does not always get burned in follow-up as intended and
is often left to decompose on site instead. Hardwood removals during salvage operations are typically
used for residential fuelwood and do not contribute to industrial roundwood products. In all these cases,
the carbon in this wood is emitted relatively quickly to the atmosphere, contributing to the net carbon
source status of the forest. With nearly 3 times the CBAU carbon removals projected to occur from our
modeled resilience and restoration treatments on 7.4 million acres from 2022-2031, current wood
utilization strategies will not be enough to reduce additional emissions from this activity.

We identified opportunities to reduce these additional emissions through our Innovative Wood
Utilization scenarios, which call for removing the cut material from resilience and restoration
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treatments and using it to produce biochar, transportation fuels, and mass timber rather than leaving
it to decompose or burning it on site. These wood utilization strategies help reduce emissions from
additional cut material, especially when biomass that would otherwise burn or decompose is used in
longer-lived products like biochar or mass timber, which lock carbon away for decades. These products
also provide substitution benefits from using wood in place of more emissions-intensive materials: mass
timber can substitute for concrete and steel in construction, and transportation fuels like diesel made
from woody biomass can substitute for their fossil fuel-based counterparts. In both cases, using wood-
based products helps avoid (or displace) emissions from the production or use of the substituted
products, reducing overall carbon emissions to the atmosphere.

Beyond minimizing forest loss from wildfire, strategies like forest conservation (which we modeled as
a decrease in the rate of permanent forest loss from land-use change) can also maintain forest carbon
in California. So long as the conserved forest lands are not impacted by wildfire, this approach
accumulates additional carbon in the landscape and helps reduce the rate of forest loss. With more
forestland available, however, our results show that without also undertaking resilience treatments on
the conserved acres, emissions from wildfire and post-fire regeneration failure increase relative to
CBAU - highlighting the importance of addressing wildfire impacts in addition to other climate-smart
strategies. Not doing so leaves forests vulnerable to future climate and wildfire impacts and destabilizes
the future climate mitigation potential of forests in the state.

This same principle holds true for practices that increase forest carbon stocks on the landscape, such as
extending rotations and silvopasture. Extended rotations can optimize tree growth and accumulate
more carbon in the forest ecosystem between harvest cycles, which can then transfer to the HWP sector
as trees are harvested. However, longer harvest cycles can introduce tradeoffs with decreasing current
timber supply and incurring potential leakage of harvest activities and emissions to forests elsewhere.
Extended rotations can also increase exposure to the risk of disturbance-driven losses (e.g., from
wildfire), so this practice needs to be paired with landscape scale resilience treatments to minimize this
risk. By contrast, silvopasture focuses on the low-density integration of trees into active pastureland
(where ecologically appropriate) without removing the land from active pasture use. This practice
provides initially slow rates of carbon sequestration as trees grow from seedlings, but can help
accumulate more carbon on the landscape as trees mature. The low-density arrangement of trees (and
assumed control of understory vegetation by grazing livestock) also facilitates improved fire resilience.

Influence of future climate

Without the quick application of large-scale climate-smart forestry practices, it will be challenging to
minimize future carbon losses as California’s forests are severely impacted by future climate conditions.
Our results show that forests in the state have been a net carbon source since 2015, driven by large-scale
insect mortality events in 2015 and 2016, enabled by preceding drought, which decreased live tree
sequestration rates, increased emissions from deadwood decomposition, and contributed to increased
emissions from wildfires in subsequent years (Office of Environmental Health Hazard Assessment
2022). Under a projected future climate and business-as-usual management as represented by the
CBAU scenario, forests will become even more of a net source of carbon emissions as natural
disturbances, declining productivity, and post-fire regeneration failure intensify across the landscape.
This drives substantial decreases in forest area (-48%, aloss of 15 million acres) and carbon stocks
(-50%, a loss of 4.7 billion metric tons of carbon dioxide equivalent, or GtCO.e) while roughly
doubling carbon emissions from forests from 2022-2071 (Table E2).

These losses are largely due to the combination of more frequent high-severity wildfire and regeneration
failure following roughly 82% of those high-severity events (based on our analysis of data from Davis et
al. 2023a). Together, these dynamics mean that more acres of forest are exposed to a double whammy
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of wildfire and natural regeneration failure, while also
emitting carbon from snags and other dead organic
matter (DOM) on site after the fire. Insect
disturbances and mortality events are projected to
ramp up during the 2030s, followed by greater
wildfire acres in the 2040s and beyond - an echo of
the trends observed in 2015 and 2016 (Office of
Environmental Health Hazard Assessment 2022). By
2060, decomposition emissions from lands in a state
of post-fire regeneration failure outpace emissions
from wildfires, highlighting the growing influence of
these areas on net forest carbon trends. Any surviving
forest in the CBAU simulation experiences declining
productivity due to climate adaptation mismatch,
which occurs because climate conditions are changing
more rapidly than trees can adapt. This mismatch
causes forests to grow more slowly or experience
higher rates of mortality because they are now poorly
adapted to their current climate (Stewart and Wright
2023). This decreasing productivity, down roughly
28% from 2022-2071 according to our analysis of data
from Stewart and Wright (2023), further depresses
carbon accumulation and contributes to the forest’s
carbon source status in the future.

USFS lands - those within the National Forest System
- along with Native American and privately owned
forests bear the brunt of future climate impacts in our
results. USFS lands are projected to lose 69% of their
forest area from 2022-2071 (decreasing from 14.8 to
4.5 million acres) and 74% of their carbon stocks
(decreasing from 4.5 to 1.2 GtCO.e) over the same
period. USFS lands are also projected to accumulate
9 million acres of failed post-fire regeneration by
2071, which is twice the area of surviving forest on
USFS lands in the same year. This drives net
ecosystem carbon emissions on USFS lands to be 63%
higher than under BAU in 2071. Overall, USFS lands
make up roughly 70% of the total forest area and
carbon stocks lost under the CBAU scenario and
about 51% of the change in net ecosystem carbon flux
(Box 2).

Private and Native American lands also experience
substantial impacts under the CBAU scenario: -29%
forest area (decreasing from 12.5 to 8.8 million acres)

|
BOX2. CARBON METRICS

Net ecosystem carbon flux refers
to the net yearly sequestration of
carbon by forests across all
ecosystem carbon pools, after
accounting for decomposition,
natural disturbance emissions, and
wood product transfers. Net
ecosystem carbon flux is presented
from the atmospheric perspective,
where negative numbers represent
anet carbon sink (less carbon in the
atmosphere and a carbon gain to
the ecosystem) and positive
numbers represent a net carbon
source (more carbon in the
atmosphere and a carbon loss or
emission from the ecosystem).

Net carbon balance includes net
ecosystem flux in the forest,
transfers to HWP, emissions from
HWP in use and in landfills,
substitution benefits (which can be
positive or negative) in years where
harvest is different than CBAU, and
leakage in years where harvest is
less than CBAU. Net -carbon
balance is presented from the
atmospheric perspective, where
negative values indicate CO,
sequestered from the atmosphere
and captured as carbon in forests
and wood products (a net carbon
sink or gain to the forest sector) and
positive values indicate CO.
emitted to the atmosphere from
forests and wood products (a net
carbon source or emissions from
the forest sector).

and -27% carbon stocks (decreasing from 3.6 to 2.7 GtCO.e) from 2022-2071, with 2.8 million acres of
post-fire regeneration failure and 192% higher net ecosystem carbon emissions in 2071. Though this
change is seemingly high percentage wise, emissions from private and Native American forests are still
less than half of those from USFS lands in 2071. Declines in productivity and consistently higher
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emissions from natural disturbances relative to BAU drive this trend. Private and Native American
lands account for 23% of overall CBAU losses of forest area and carbon stocks, and 37% of increased
net ecosystem carbon flux from the scenario.

Forests in the Sierra/Cascades and Klamath/Interior Coast Ranges ecoregions will also be heavily
impacted by projected future climate conditions. These two ecoregions experienced the highest
amounts of high-severity wildfire during our historical period (2000-2021), so our model assumes they
will continue experiencing higher rates of wildfire and associated post-fire regeneration failure, driving
changes in forest area and carbon. The Sierra/Cascades ecoregion loses 56% of its forest area
(decreasing from 14.8 to 6.5 million acres) and 64% of its carbon stocks (decreasing from 4 to 1.5
GtCO.e) from 2022-2071 under CBAU, accumulating 7.5 million acres of land that have failed to
regenerate post-fire and leading to 84% higher net ecosystem carbon emissions at the end of the
scenario. In addition to the wildfire and regeneration failure impacts, the forest types in this ecoregion
are largely projected to experience higher than average productivity declines (28.7% for the
Sierra/Cascades vs 27.7% on average), further contributing to these climate change impacts. Overall,
the Sierra/Cascades ecoregion accounts for roughly 55% of the total forest area and carbon stocks lost
under the CBAU scenario, and about 62% of the change in net ecosystem carbon flux.

The Klamath/Interior Coast Ranges ecoregion also experiences strong climate change impacts under
the CBAU scenario, losing 68% of forest area (decreasing from 8 to 2.6 million acres) and 66% of carbon
stocks (decreasing from 2.7 to 0.9 GtCO.e) from 2022-2071, with 4.2 million acres of post-fire
regeneration failure and 54% higher net ecosystem emissions by 2071. Forest types in the
Klamath/Interior Coast Ranges experience slightly lower than average productivity declines under
future climate conditions (26.9% vs 27.7%), minorly tempering these projected climate change impacts.
This ecoregion makes up 36% of overall CBAU losses of forest area, 38% of losses in carbon stocks, and
18% of increased net ecosystem carbon emissions from the scenario.

The benefits of expanding climate-smart forestry in California

When implemented concurrently across the landscape, the CSF practices in Box 1 can accomplish up to
a 14% decrease in average annual emissions from California’s forests relative to CBAU over the next
50 years (Table E2). Represented by the Max NCS + Innovative Wood Utilization portfolio (which
includes the Expand Fire Resilience to Mature and Old-Growth Forests (MOG Resilience), Landscape
Restoration, Extended Rotations, Forest Conservation, and Silvopasture scenarios; Table E1), climate-
smart forestry can help make significant progress towards the state’s forest restoration goals (California
Wildfire and Forest Resilience Task Force 2021) and natural climate solutions targets (CNRA 2024).
Though forests will not be able to act as a carbon sink to offset emissions from other sectors, CSF
practices can reduce net forest carbon emissions and confer other important landscape benefits.

Though forests in all scenarios remain a net carbon source from 2022-2071, the relative magnitude of
California’s annual net carbon balance (Box 2) is fairly consistent across scenarios after the pulse of
resilience and restoration treatment removals modeled from 2022-2031 (Table E2). This means that
even with large-scale restoration treatments, associated removals, and wood product dynamics,
carbon trajectories are not made worse by this activity so long as biomass cut during these
treatments is utilized in some way (as demonstrated by the Max NCS + Innovative Wood Utilization
portfolio). Landscape conditions will stabilize following these treatments, based on reductions in forest
loss and carbon stock loss achieved by this portfolio: forest area declines just 8% (2.5 million acres)
rather than 48% (15 million acres) under CBAU, and forest carbon stocks decrease by 20% (1.9 GtCO.e)
instead of 50% (4.7 GtCO.e) from 2022-2071. Though net ecosystem carbon flux (Box 2) is higher than
CBAU during resilience and restoration treatments (an average of 47.1 MtCO.e yr vs 23 MtCO.e yr!
under CBAU), this is an expected behavior given the additional thinning and prescribed fire activities.
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Once the 10-year treatment pulse has passed, net ecosystem carbon flux drops below CBAU levels and
stays there (averaging 23.7 MtCO.e yr' from 2046-2071 vs 27.9 MtCO.e yr'! under CBAU). This
stabilized carbon flux in our results suggests that the landscape restoration and fire resilience
treatments included as CSF practices in Box 1 can effectively reduce the risks and impacts of high-
severity wildfire and other natural disturbances. Post-fire regeneration failure may still occur but at a
much lower rate thanks to decreased high-severity wildfire and increased reforestation activities,
adding up to 2.3 million acres by 2071 for the Max NCS + Innovative Wood Utilization portfolio instead
of 12.7 million acres under CBAU.

Table E2. Comparison of forest area (million acres), ecosystem carbon stocks (MtCO:2€), net carbon balance (MtCO e yr-,
and cumulative net carbon balance ( MtCO2€) in 2022 vs 2071 for our 19 modeled scenarios. Bt carbon balance includes
net ecosystem flux in the forest, transfers to HWP, emissions from wood products in use and in landfills, substitution benefits
in years where harvest is different than CBAU, and leakage in years where harvest is less than CBAUNegative humbers for
net carbon balance represent a net carbon sink and positive numbers represent a net carbon source. Negative numbers for
% change from CBAU indicate lower emissions than CBAU, while positive numbers represent higher emissions than CBAU.

Average net carbon Cumulative net carbon

'(:r%ﬁi?)tnaarl?:? Ecosystze'\rllnt ggr?g)n stocks balance balance
Scenario (MtCOz€ yr?) (MtCO2€)
0,
2022 2071 2022 2071 2022-2031 2046-2071 2022-2071 0 change
from CBAU
BAU 315 28.9 9,455.5 8,391.8 10.5 10.1 501.2 -61%
CBAU 31.3 16.3 9,364.4 4,693.2 20.7 27.7 1,299.6 -
. Landscape 31.3 24.5 9,387.3  6,454.6 23.4 28.6 1,360.2 5%
2 restoration
c
g 8 Fire resilience 31.4 23.5 9,392.4 6,318.0 32.9 27.7 1,435.5 10%
=
% g MOG resilience 31.4 23.5 9,389.2 6,281.5 33.5 27.7 1,444.6 11%
£ 3
g = Forest conservation 31.3 175 9,368.1 4,973.0 20.2 26.7 1,244.3 -4%
(73]
= O .
3 IS Silvopasture 31.3 16.5 9,377.7 4,728.5 20.9 27.3 1,288.8 -1%
ISl =
La Extended rotations 313 16.3 9,377.2 4,713.8 20.7 27.4 1,284.8 -1%
)
Altered rotations 31.3 16.3 9,370.4 4,688.6 20.7 27.7 1,299.1 0%
Fire resilience + 31.4 235 9,3924  6,318.0 30.5 27.7 1,411.9 9%
Biochar
[ Freresiience +
5 T"e resiience 31.4 235 9,3924  6,318.0 31.4 27.7 1,420.3 9%
g ransportation fuels
% 7] Fire resilience +
o : 31.4 235 9,392.4 6,318.0 28.1 27.6 1,382.4 6%
'§ 5 Mass timber
o 8 | MOG Resilience + 314 235 9,380.2 62815 30.8 27.7 1,418.1 9%
>0 Biochar
)
3 MOG Resilience +
(=] 0,
E Transportation fuels 31.4 23.5 9,389.2 6,281.5 31.8 27.7 1,427.5 10%
MOG Resilience + 314 235 9,389.2  6,2815 283 276 1,387.7 7%
Mass timber
5 Ramp up 31.4 26.8 9,394.9 6,963.6 33.5 27.0 1,425.7 10%
o
E Ramp up +
”n 5 Innovative wood 31.4 26.8 9,394.9 6,963.6 25.6 26.4 1,324.5 2%
% 3 utilization
°]
E 8 Max NCS 31.4 28.9 9,401.0 7,485.3 32.2 24.1 1,302.3 0%
£
[S Max NCS+
8 Innovative wood 31.4 28.9 9,401.0 7,485.3 25.2 23.9 1,223.7 -6%
=~  utilization
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Innovative wood utilization further improves this carbon trajectory, as wood cut during resilience and
restoration treatments is used to create a mix of biochar, transportation fuels, and mass timber rather
than emitting carbon from burning and decomposition. In the case of the Max NCS portfolio, the
creation of innovative wood products helps reduce net forest and HWP carbon emissions by 22% during
the resilience treatment period from 2022-2031, avoiding the emission of 70.2 MtCO.e, nearly 3 years’
worth of net emissions from California’s forest sector over this period.

Our results demonstrate that these CSF practices, including fire resilience treatments, can help protect
valuable mature and old-growth (MOG) forests in California and return beneficial fire to many fire-
adapted ecosystems. Under the CBAU scenario, MOG forest area is projected to increase by 0.2 million
acres from 2022-2071, while the Max NCS + Innovative Wood Utilization portfolio allows MOG forest
area to grow by 1.6 million acres. Average stand age increases from 134 years to 149 years from 2022-
2071 under the Max NCS + Innovative Wood Utilization portfolio, a reversal of the trend observed
under CBAU (with an average stand age of 133 years in 2022 vs 104 years in 2071). This increase in
average stand age and MOG area shows that the fire resilience and restoration treatments included in
this portfolio—which we model as a light (non-commercial) thinning followed by prescribed fire in old-
growth forests—are effective at reducing future losses from wildfire, including in critical MOG forests
which are increasingly vulnerable to wildfire and climate change impacts (Anderson et al. 2024; Shive
et al. 2021; Potter 2023). These practices create a more balanced distribution of age classes, which,
along with a diversity of species and heterogenous forest structure, is a key factor in fostering ecosystem
resilience and providing essential forest co-benefits such as wildlife habitat, carbon sequestration and
storage, and wood products (Ferrare, Sargis, and Janowiak 2019; Seidl et al. 2016; Vangi et al. 2024;
Shifley and Thompson 2011; USDA Forest Service 2023b).

The Max NCS + Innovative Wood Utilization portfolio also illustrates the compounding benefits of
concurrent action on the landscape. The individual components of this portfolio sum to smaller climate
mitigation benefits than the portfolio itself, adding up to a higher cumulative net carbon balance
(meaning higher emissions) of 124.6 MtCO.e above CBAU levels from 2022-2071 from the sum of all
individual components versus 2.7 MtCO,e above CBAU for the Max NCS portfolio, and this without
including the emissions reductions achieved from innovative wood products. When innovative wood
utilization is included, the Max NCS + Innovative Wood Utilization portfolio has an even lower
cumulative net carbon balance, meaning lower emissions, of -76 MtCO.e relative to CBAU from 2022-
2071 (Table E2). This points to interactions between these component scenarios that amplify their
positive benefits. For example, the resilience treatments implemented in the MOG Resilience scenario
(one component of the Max NCS portfolio) help to reduce wildfire severity, moving from 349,373 acres
per year (ac yr?) of high-severity wildfire under CBAU to 143,220 ac yr' in the MOG Resilience
scenario. This management-driven decrease in high-severity wildfire essentially cancels out the
climate-driven increase in high-severity wildfire used to create the CBAU scenario (216,010 ac yr™?).
Post-fire regeneration failure is driven by high-severity wildfire, so fewer acres of high-severity fire lead
to fewer acres of regeneration failure and fewer acres needing the salvage and reforestation treatments
of the Landscape Resilience scenario (another component of the Max NCS portfolio). Though not
directly modeled here, these reforestation treatments can also be designed with climate-adapted species
in variable and low-density stand structures (Meyer et al. 2021; North et al. 2019) to help make future
forests more resilient to wildfire, reducing the need for the resilience treatments in the MOG Resilience
scenario. Modeled together, as in the Max NCS portfolio, this creates a powerful positive feedback loop
that strengthens the restoration and resilience benefits of each scenario beyond what can be
accomplished by individual activities alone. Though scenarios such as Forest Conservation and
Extended Rotations result in a lower cumulative net carbon balance (meaning lower emissions) than
CBAU, they do not provide the restoration and resilience benefits that are so needed across the state.
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The Max NCS + Innovative Wood Utilization portfolio provides the only comprehensive modeled
pathway to achieve lower emissions than CBAU over the next 50 years (Table E2).

Other Considerations

The difference in impact between our scenarios comes in part from the relative scale of activity (Table
El). Resilience and restoration treatments on millions of acres have a larger influence on carbon
trajectories and stability than practices affecting only thousands of acres. The timing of these
treatments in also important: the sooner these practices are implemented, the more impactful
investments in CSF will be, especially when considering the global need for immediate climate action
(IPCC 2022) and the potential to avoid the worst of future damages (e.g., permanent loss of forests to
wildfire) and climate impacts. If wildfires and other natural disturbances ramp up in intensity following
our CBAU scenario projections, insect mortality events will increase in the 2030s, followed by greater
wildfire acres from the 2040s onwards. Increasing the pace and scale of restoration and resilience
treatments before this intensification is in full swing is critical to reducing future natural
disturbance impacts and fostering more carbon stability on the landscape. This requires both a
ramp up in the number of acres treated and an acceleration of the timeline over which these treatments
are carried out - for example, treating all lands that currently need fire resilience or reforestation (an
operational total of 9.2 million acres, filtered down from 12.7 million acres total) over a 10-year period
as in our Max NCS + Innovative Wood Utilization portfolio. This aligns well with the timelines of
California’s restoration and net-zero goals aiming to reach full implementation by 2045 (California
Wildfire and Forest Resilience Task Force 2021; CARB 2022a; CNRA 2024.).

However, this pace and scale of action requires forest management capacity that is still developing
within California. In 2021, for example, resilience treatments (fuel reductions, prescribed fire, and
prescribed grazing) were implemented on 402 thousand acres of forest within the state and
reforestation (site preparation and tree planting or seeding) occurred on 76 thousand forest acres
(Emily Brodie, personal communication). Notably, this rate is higher than we modeled in our CBAU
scenario based on historic treatment levels, indicating that capacity is already ramping up. In 2023, this
rate increased to 487 thousand acres of resilience treatments and 78 thousand acres of reforestation -
an improvement in accomplishments but still shy of the treatment levels included in our Max NCS +
Innovative Wood Utilization portfolio (a peak of 818 thousand ac yr™ for resilience treatments during
the treatment phase and up to 172 thousand ac yr? of reforestation). Building this capacity is critical
not only for addressing current treatment needs, but also for having the ability to respond to future
needs and especially surge years like the 2020 wildfire season. As restoration and reforestation needs
are projected to grow across the landscape into the future, more investment will be needed in building
capacity to close the gap (Dobrowski et al. 2024,).

The resilience and restoration treatments central to California’s climate-smart strategies may be costly,
requiring up to $1.8 billion annually as these treatments are implemented as determined in this
analysis. Depending on timber market conditions, wood product revenues could offset 31% to 94% of
these costs; however, a significant portion of these forest resilience activities will likely require
alternative funding sources. Additionally, processing capacity for industrial roundwood and utilized
biomass would need to expand significantly, with sawmill capacity nearly doubling and biomass
utilization capacity more than doubling to manage the increased harvest volume.

The assumptions made in constructing each scenario represent one of many possible ways to implement
each forest management and wood utilization practice. Where these assumptions are inaccurate for
local conditions, actual climate mitigation results will vary. Our scenarios represent simplified versions
of likely future dynamics intended to support forest management and policy decision makers in
understanding the climate mitigation potential of forests in California. In some cases, we make
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assumptions that can influence our overall results - for example, we assume based on existing science
that fire resilience treatments effectively reduce future fire severity on 90% of treated acres, which in
turn drives model dynamics of high-severity wildfire and post-fire regeneration failure. We do not make
assumptions based on the feasibility of implementing each modeled management practice; rather, we
focus on our state partners’ objectives for forest management and land use and offer our assessment of
the climate benefits of certain implementation levels. Each practice should be further examined for
biophysical, political, and economic feasibility by land managers and decision makers in planning and
policymaking processes. This is especially important for the innovative wood utilization pathways
modeled, where we project a 10-year period of resilience treatments to meet ecological needs and
assume additional material can be utilized by industries that do not yet exist in California. Though we
acknowledge that a 10-year procurement timeline may be too short for certain new products and
facilities, our results demonstrate that investing in new industries for products like mass timber,
transportation fuels, and biochar to utilize additional harvested wood is key to minimizing carbon losses
in the state.

The practices listed in Box 1 are considered climate-smart because they balance both carbon storage
and sequestration rates with forest health and resilience. California may work to achieve these outcomes
by adjusting management priorities and interventions on public lands and through education,
incentives, and engagement with consulting forestry professionals to reach private actors. Given the
strong impacts of climate change projected in our CBAU scenario on USFS, other public, private, and
Native American lands, coordinating resilience and restoration treatments across both public and
private forests with these land managers will be key. Enabling Indigenous land stewardship, integrating
Indigenous Knowledge, and developing a robust research, monitoring and adaptive management
process can improve our ability to foster forest resilience under future uncertainty. The cost of inaction
is significant, leaving forests vulnerable to future climate and wildfire impacts and destabilizing the
future climate mitigation potential of forests in the state - so the question of restoring forest resilience
in California is not a matter of if, but how soon.
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Introduction

Forests as a Natural Climate Solution

Climate change presents a global challenge to society and the ecosystems we rely on. In turn, forests
have become increasingly important in international climate change dialogue, as seen in the Paris
Agreement, the COP26 Glasgow Leaders’ Declaration on Forests and Land, and the Intergovernmental
Panel on Climate Change (IPCC) Sixth Assessment Report (COP26 2021; Popkin 2019; Calvin et al.
2023). There is also increasing scholarly recognition of forests’ importance as a nature-based solution
to climate change, or natural climate solution (NCS; Drever et al. 2021; Griscom et al. 2017; Fargione
et al. 2018; Ellis et al. 2024;; Buma et al. 2024).

High-level NCS assessments have considered various potential nature-based climate solutions both in
terms of opportunity scale (e.g., metric tons of carbon dioxide equivalent, or tCO.e) and cost of
implementation. Results of these assessments at the international (Griscom et al. 2017; Buma et al.
2024) and US national levels (Fargione et al. 2018) point to forested land as the dominant opportunity
for nature-based climate change mitigation by reducing emissions and increasing carbon sequestration
from the atmosphere. The overall climate mitigation benefit of the forestry sector is determined not
only by the trees growing in a forest, but also by what they are used to produce (i.e., harvested wood
products, HWP) and how HWP are used and ultimately retired. The largest NCS opportunities for
forests typically come through reforestation, forest conservation, or forest management pathways
(Griscom et al. 2017; Fargione et al. 2018; Drever et al. 2021; Buma et al. 2024), which can include
long-term carbon storage in HWP such as mass timber (Xie, Kurz, and McFarlane 2021). However,
these benefits can be constrained or even negated in fire-prone ecosystems if wildfire hazard and impact
on forests is not adequately addressed (Jerrett, Jina, and Marlier 2022).

US forests and the forest products sector already play an important role in mitigating climate change,
a benefit which can be significantly impacted by forest management decisions and policies. In 2022,
US forests captured and stored nearly 793 million metric tons of carbon dioxide (MtCO.e), enough to
offset 17% of carbon emissions from fossil fuels in that same year (EPA 2024). Almost 90% of this
climate benefit was provided by existing forests and forest products, and assessments of NCS potential
indicate that we could nearly double the carbon-capturing power of forests with the right set of actions
(Fargione et al. 2018). However, this carbon savings potential is expected to decrease in the future due
to forest loss and forest health declines fueled by the effects of climate change, like increasing drought
severity and tree mortality (Wear and Coulston 2015; Oswalt et al. 2019).

To maintain and strengthen the NCS capacity of forests, future management and policy decisions will
need to mesh mitigation goals with adaptation to future climate conditions. This dynamic is central to
the concept of climate-smart forestry (CSF), a sustainable forest management approach that seeks to
balance the ability of forests to adapt to and mitigate climate change while continuing to provide
fundamental wood products and ecosystem services (Nabuurs et al. 2018; Bowditch et al. 2020;
Verkerk et al. 2020). This approach acknowledges the importance of maintaining or increasing carbon
storage in forests and forest products as a climate solution, but also emphasizes the need for robust
carbon sequestration rates to continue to draw carbon out of the atmosphere as part of a global effort
to mitigate climate change, seeking to balance carbon sequestration and storage rates throughout the
forest. CSF techniques focus on long-term forest health and resilience in the face of climate change as
part of sustainability in forest management, and they aim to accomplish all these goals while supporting
a strong wood products sector. According to the IPCC, meeting our global climate goals is not possible
without forests (Calvin et al. 2023), and forests need the health and resilience benefits provided by CSF
to play their part. Therefore, the most promising future NCS practices for forests will need to follow a
CSF approach.
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Assessing Forest Climate Benefits in California

The state of California has set ambitious greenhouse gas (GHG) emissions reduction goals through the
Assembly Bill 32 California Global Warming Solutions Act (2006) and subsequent legislation (e.g.,
Senate Bill 32 (2016); Executive Order B-55-18 (2018)), requiring the state to reduce emissions to 40%
below 1990 levels by 2030 and achieve net zero emissions by 2045. In 2021, California’s forest sector
sequestered and stored 22 MtCO.e (USDA Forest Service 2024b), equivalent to 6% of the total GHG
emissions reported in the state for that same year (CARB 2023). However, recent modeling from the
California Air Resources Board (CARB) indicates that California’s forests will be a net source of carbon
emissions under future climate conditions, even with substantial levels of management (CARB 2022a).
The state seeks to leverage the climate benefits from its 31.5 million acres of forest (USDA Forest Service
2021a) where possible, and minimize carbon losses from future climate impacts, through its influence
on forest management, implementing climate-smart practices on public lands and providing technical
and financial support for other forest landowners.

Spurred by the urgent threat of climate change, California and other US states are striving to develop
policies and programs that lower greenhouse gas emissions, maintain current carbon storage, increase
stored carbon pools, and enhance sequestration rates. As part of this push, more states are supporting
lateral efforts (e.g., participating in the US Climate Alliance) and undertaking assessment, planning,
and monitoring within their jurisdictions to support climate policies and targets like those mentioned
above. Given the NCS power and potential of forests, states like California are exploring measures to
demonstrate, promote, and support an active sustainable forest industry and are considering options
for increasing the role of forests and HWP in state climate mitigation plans.

This report is designed to guide California toward identifying promising CSF practices and to encourage
the inclusion of forests and the forest products sector in state-level climate action planning. Here, we
present comprehensive forest sector carbon modeling results for a broad range of forward-looking
forest management and innovative wood utilization scenarios and assess the carbon sequestered in
forests and stored in HWP for each one, along with an analysis of potential leakage impacts and the
substitution benefits from using wood in place of other emissions-intensive materials. We also estimate
expected treatment costs, potential wood product revenue, and wood processing capacity constraints
for each scenario. These results will provide information about forest climate mitigation and adaptation
opportunities that can integrate with and inform statewide efforts, including the California Wildfire
and Forest Resilience Task Force (Task Force) Action Plan, CARB’s 2022 Scoping Plan, and the

Research and Modeling Process

-based approach
trade- enhance forest ecosystem carbon stocks,

(Dugan et al. 2018). scenario
development and
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