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Restoring a resilient forest structure in California’s American River watershed in the Sierra Nevada mountains can generate up to $6,100 per acre in carbon revenue from increased forest carbon and market-ready biomass utilization pathways, potentially fully funding forest management. Employing a dynamic performance benchmark (DPB) framework, this study models the impacts of restoring resilience to high-risk forests via forest thinning followed by prescribed fire. These practices show an initial carbon cost, but ultimately reduce carbon emissions from wildfire and increase carbon storage compared to a no-treatment counterfactual scenario by 35 tCO2e per acre on average, with market-ready biomass utilization pathways adding another 6–23 tCO2e average benefit per acre. Treatments enhance carbon stability by shifting carbon storage from dense, overcrowded small trees to more dispersed, fire-resilient large trees and reduces fire severity (flame length) by 78% five years post-treatment. Compared to pretreatment levels, treatment decreases the number of trees on the landscape by 74% while increasing carbon storage by 6% at the end of the 25-year simulation. To reduce investor risk into nature-based solutions focused on increasing carbon stability in fire adapted forests and generate carbon revenue from fuel treatments, accurate predictive tools are needed. To maximize certainty of carbon benefits, landscape level treatments, DPBs, and ex-post carbon crediting will be critical. This study shows that carbon revenue from traditional markets or novel carbon contribution programs can help close the funding gap for forest restoration in California while underscoring the need for innovative conservation finance mechanisms to support ecosystem resilience and climate mitigation goals.
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1 Introduction

Forests are vital for carbon storage (Pan et al., 2011; Harris et al., 2021), yet disturbances from fire, drought, climate change, and human activities such as logging and deforestation lead to fluxes in carbon levels and complicate measurements and predictions of carbon stocks (Duffy et al., 2021; Hurteau et al., 2008). In California, continued forest carbon storage plays a critical role in the development of pathways to achieve the state’s goal of Carbon Neutrality by 2045 (2024). However, California’s forests are overstocked due to past logging practices and fire suppression policies which have significantly decreased average tree size while increasing fuel load and continuity, stand density, and canopy cover (Scholl and Taylor, 2010; Collins et al., 2011; Knapp et al., 2013). These trends are exacerbated by global warming and increased aridity which have led to an eightfold increase in summer fire extent since 1972 (Williams et al., 2019). These fires pose a significant threat to the durability of forest carbon storage (Tyukavina et al., 2022) and have led to average emissions of 19 million tCO2e annually between 2000 and 2020 (California Air Resources Board, 2021).

California’s forest ecosystems co-evolved with periodic fires, which helped to maintain ecosystem integrity (DellaSala et al., 2017; Perry et al., 2011; Hessburg et al., 2016). Currently these fire adapted forests are out of equilibrium with climate and are experiencing high mortality from severe drought and wildfire (Hill et al., 2023) which threatens the forest’s carbon carrying capacity (Goodwin et al., 2020; Hurteau et al., 2019). Accomplishing the State’s goal of treating one million acres a year via forest thinning and prescribed burning can mitigate the risk of severe wildfires (Foster et al., 2020) and increase the resiliency of forests to wildfire and other disturbance (Kennedy and Johnson, 2014; Stephens et al., 2020). Nonetheless, forest management aimed at enhancing carbon stability initially lowers carbon stocks via biomass removal, which presents a challenge to achieve near-term objectives (North et al., 2012; Liang et al., 2018).

Historically, low and mixed-severity fires have played a crucial role in stabilizing carbon stocks in forests by maintaining carbon in fewer, larger trees, which accumulate carbon at higher rates (Hurteau et al., 2016; Stephenson et al., 2014). North et al. (2022) provides a historical benchmark for a resilient forest structure – those able to withstand disturbances such as fire while maintaining their core functions and structure. However, forest management involves balancing multiple objectives, including carbon storage, timber production, watershed protection, recreation, wildlife habitat, and cultural values alongside resilience (Clawson, 1977). Navigating these goals, particularly when wildfire resilience and carbon benefits may not immediately align, presents a complex challenge characterized by social, political, financial, and logistical dynamics (Bowes and Krutilla, 1985).

Forest management in the U.S. has traditionally been funded by federal appropriations and timber sales revenue (Quesnel Seipp et al., 2023). To successfully treat one million acres a year in California, over two billion dollars would be needed annually, assuming per acre costs between $2000–2,500 per acre once preparation and planning, thinning, and pile burning is accounted for (Chang, 2021; Hartsough et al., 2008). At these rates, California alone would exceed the total, non-recurring allocations for national forest treatments in under three years (Visualizing Federal Funding for Wildfire Management and Response, 2023), highlighting the need for novel sources of revenue. Conservation finance leveraging voluntary or compliance carbon markets offer a potential additional funding source. But nature based carbon market credibility has increasingly come under scrutiny due to lack of transparency (Delacote, 2024), critiques of over crediting due to scientifically inaccurate protocols (Badgley et al., 2022), unfounded assumptions for leakage rates (Haya et al., 2020), challenges of permanence (Kaarakka et al., 2023), and over-simplified carbon accounting practices (Haya et al., 2023).

These critiques of carbon markets often focus on issues associated with baseline scenarios - the theoretical “business as usual” or counterfactual conditions needed to measure the impact of carbon finance projects on carbon removal or emission reductions, which then determine the generation of carbon credits. The critiques of forestry offsets in California’s Cap and Trade system highlight both inaccurate fixed assumptions and static baselines (Badgley et al., 2022) as well as fundamental issues with design of the policy. The majority of California’s Cap and Trade offsets are traditional Improved Forest Management (IFM) projects (So et al., 2023) which incentivize lengthened harvest rotations to increase forest biomass and carbon levels relative to a standard harvest rotation baseline. These projects largely increase competition stress among trees and elevate fire risks in already overstocked forests, putting California’s compliance carbon markets in direct conflict with state wildfire prevention goals (Herbert et al., 2022). These critiques of carbon market forestry projects in California and elsewhere have highlighted that (1) accurate baselines are critical for effective forest carbon offsets (2) traditional static baseline assumptions about ecological and economic factors used to construct counterfactual scenarios tend to be inaccurate and overly simplistic, leading to overgeneration of carbon credits and (3) extended rotation age IFM protocols in California may increase the risk of high-severity fires.

The movement of carbon accounting protocols toward Dynamic Performance Benchmarks (DPB) (e.g., Verra’s IFM methodology VM0045 and ARR methodology VM0047) offer a potential way to enhance the accuracy of counterfactual estimates of carbon stocks, increase carbon credit quality, and adapt to fire-prone ecosystems (Haya et al., 2023; Fick et al., 2021), although there is risk and uncertainty with all forms of MRV. DPBs are generated for counterfactual scenarios by comparing observed changes in a project area to changes in a similar reference region over time, allowing for the generation of carbon credits ex-post, based on actual observed outcomes. In contrast, traditional static baselines for counterfactual scenarios are typically established using fixed assumptions about ecological and economic factors, sometimes leading to the generation of carbon credits ex-ante, based on predicted outcomes and assumptions about the counterfactual scenario (Michaelowa et al., 2021). This mismatch between assumed and observed carbon levels in the counterfactual scenario is at the heart of current market criticisms. Although DPBs show promise to increase the quality of carbon markets, projects will only be viable with accurate predictions of the timing and quantity of carbon benefits. Funders and investors need assurance that the risk associated with the future carbon credit repayment is manageable. This paper uses methods grounded in DPB principles to predict the timing and quantity of carbon benefits from forest treatment in fire-prone forests. Predictive analyses will be critical to the development of ex-post and DPB methodologies and crediting.

While DPBs improve the certainty and accuracy of carbon benefits and boost buyer confidence, they create significant financing challenges and uncertainty for project developers. DPBs enhance the precision of carbon benefit measurement but reduce certainty around the timing and amount of carbon revenue. Forest restoration projects require substantial upfront capital for management costs, including thinning, prescribed fire, project setup, and administrative oversight. Currently, static baselines help secure early funding by providing estimated credits for validation and registration. These assumed counterfactuals simplify credit prediction, reduce investor risk, and support financial mechanisms like advanced market commitments that provide upfront funding for project implementation.

In contrast, DPBs complicate prediction of carbon benefit and revenue generation because the counterfactual scenario is based on a reference region which is constantly observed in real time and used to measure the carbon impact at the treatment site. This methodological shift is more accurate but introduces greater uncertainty in both the timing and quantity of carbon revenue, due to factors outside of a project developers’ control, such as wildfire, climate change, and drought which are captured by a DPB. Financial tools like Environmental Impact Bonds, designed to generate social and environmental outcomes along with financial returns, can help attract funding in earlier stages and address funding challenges (Brand et al., 2021). However, attracting impact-oriented finance for projects using ex-post DPBs will require highly accurate projections of the timing and quantity of ex-post carbon credits to ensure uptake by the market, which is made challenging by the inherently shifting nature of DPBs. Projections can also enable planning for repeated treatments and recurring management to enhance the permanence and durability of carbon benefits – key challenges that DPBs do not inherently solve.

This analysis couples forest growth models with the cumulative probability of fire to explore the carbon impacts of thinning and prescribed fire treatments aimed at restoring a fire-resilient forest structure. We use predictive tools aligned with the framework of a DPB protocol (Duffy, 2023) and current methods (Yackulic et al., 2024) to explore the timing and quantity of future carbon credits that could be generated. We examine the potential and temporal dynamics of stacking carbon income from ex-post increased forest carbon and biomass utilization pathways to increase funding for forest resilience treatments. Although there have been initial grey literature assessments of dynamic basely protocols (BeZero Carbon, 2023) and explorations of the potential of DPBs to increase certainty and quality of carbon credits, this is the first analysis to model carbon benefits in fire prone forests through a carbon finance lens. The American River watershed (see Figure 1) is at high risk for wildfire and critical for municipal and irrigation water, hydropower production, carbon storage, wildlife, recreation and thus proves as a useful case study. Ultimately, we assess whether integrating carbon finance with other novel funding sources leveraging the multiple benefits of forest restoration (Quesnel Seipp et al., 2023) such as water security (Guo et al., 2023) could contribute to closing the multi-billion-dollar funding gap for forest restoration in California.
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FIGURE 1
 Map of the study area and reference region. The 287,021-acre study area includes all forested, high fire risk, and treatable areas within the American River watershed. A 2,860,418-acre reference region, based on ecoregions within the study area, was established to gather accurate fire extent and severity data for the model.


In this manuscript we aim to answer the following key questions:

1. What are the carbon dynamics associated with restoring resilience to the American River watershed?

2. What is the economic value and certainty of different sources of carbon benefits?



2 Materials and methods


2.1 Methodological overview

This study aims to determine whether restoring forest resilience can enhance carbon storage and generate carbon revenue by comparing the outcomes of two distinct scenarios: one where forests are treated to reduce fire risk and a counterfactual where no action is taken. The assumption in traditional forest management is that removing biomass leads to decreased carbon stocking levels, but this overlooks the long-term benefits of reducing fire severity and protecting carbon stocks over the long term. Our analysis interrogates this assumption by quantifying the carbon implications of forest management in high fire-risk landscapes over a 25-year period, focusing on the American River watershed in California’s central Sierra Nevada mountains.

We simulate two scenarios—treatment and no-treatment—using the Forest Vegetation Simulator (FVS), statistical modeling, and the cumulative probability of fire to model the carbon dynamics associated with forest treatment (see Figure 2). FVS, developed by the U.S. Forest Service, is used to model forest stand dynamics and treatment outcomes using inventory data. Calibrated for U.S. regions, it is widely applied to simulate fire behavior and management impacts (FVS, 2024). Grounding our analysis in real-world data, we apply remote sensing techniques to determine historical fire extent and severity, using publicly accessible Google Earth Engine code (Parks et al., 2014), and simulate future fire scenarios using FVS. A range of future fire extent scenarios are explored using Monte Carlo simulations, allowing us to estimate aboveground live carbon fluxes in the treatment and no treatment scenarios given a range of fire extents and to model the potential carbon revenue generated from (1) monetizing the increased forest carbon stock created from reduced wildfire emissions (2) biomass utilization.

[image: Figure 2]

FIGURE 2
 Workflow illustrating the study’s methods for analyzing treatment and no-treatment forest scenarios. The process starts by identifying treatable landscapes, followed by forest modeling using fire statistics from the reference region to simulate seven potential fire years. Carbon impacts from biomass utilization pathways and timber products are assessed through a life cycle assessment (LCA), while fire impacts are weighted by cumulative fire extent. The results are then used to inform carbon finance calculations.




2.2 Developing the counterfactual: treatment vs. no treatment

To assess the carbon benefits of treatment, we compare two scenarios: a treatment scenario that represents active forest management and a no-treatment scenario that reflects the status quo of unmanaged forests. This counterfactual is necessary for measuring the impact of interventions over time, as it provides a baseline against which to evaluate carbon outcomes.

In the treatment scenario, we model forest thinning and prescribed fire over a 25-year period using data from Treemap (Riley et al., 2021) and the Forest Vegetation Simulator (FVS), targeting a Stand Density Index (SDI) of 175 through forest thinning, which is approximately 30% of the maximum SDI for the region and represents an empirically resilient forest structure (North et al., 2022). Thinning is limited to high fire risk areas (Dillon and Gilbertson-Day, 2020) which are treatable (Kelsey et al., 2017; North et al., 2015) and to trees with a diameter at breast height (DBH) of less than 30 inches, which is aligned with current forest practices. After thinning, prescribed fires are applied to reduce surface fuels, covering 70% of each stand.

In the no-treatment scenario, no active management is applied. These unmanaged forests, characterized by high tree density and fuel loads, are more vulnerable to severe wildfires.



2.3 Modeling fire dynamics and cumulative carbon impact

To ensure our simulations accurately reflect fire dynamics, we base our analysis on historical data from a reference region ecologically similar to the treatment area. Between 2010 and 2020, this region experienced 174 fires, with an annual mean of 5.12% of the landscape burning, ranging from 0.05 to 14.86%. Of the burned acres, 32% were classified as high-severity, with a Composite Burn Index (CBI) above 2.25 (Miller et al., 2009). This high-severity proportion is used to parametrize the no-treatment fire scenarios in FVS, with fire data sourced through Google Earth Engine and following the methods of Parks et al. (2014).

To simulate the impacts of treatment versus no-treatment scenarios, we model seven fire years for each scenario: no fire and fires occurring in years 1, 5, 10, 15, 20, and 25. These simulations provide outputs which can then be weighted by the assumed cumulative extent of fire to create an integrated prediction of carbon levels over time.

To model the long-term carbon implications of wildfire by weighting the model outputs, we calculate the running annual, cumulative extent of fire across the landscape over the 25-year simulation period. Using historical fire data, we develop a cumulative probability density function to represent the average cumulative fire extent for any given year. For each year in the simulation, the cumulative extent of fire is calculated by multiplying the observed annual fire extent (5.12% on average) by a factor representing that simulation year. This value indicates the proportion of the landscape expected to have burned by that point in time. The cumulative extent is then used to weight and integrate the modeled fire and no-fire scenarios for both treatment and no-treatment conditions. For instance, if the cumulative extent after five years is 25% (5 years * 5% annual extent), the final carbon outputs are adjusted so that 25% of the final outputs reflect the results from the model run with wildfire, while 75% reflects the model run without wildfire.

Cumulative Wildfire Extent

[image: image]

Where:

AE = observed annual extent of fire.

n = number of years.

Net Carbon (tCO2e per acre)

[image: image]

Where:

[image: image]represents carbon under fire scenario j at time t.

[image: image]represents carbon under no fire scenario at time t.

j represents fire occurrence timestep 1, 5, 10, 15, 20, 25.

CWE represents the cumulative probability that wildfire has occurred.

This cumulative extent approach allows us to model the progression of fire risk over time, illustrating how different fire extents can influence carbon storage across the landscape. It is a key tool for understanding the long-term impact of wildfire on carbon stocks under different forest management and fire scenarios.

To account for the inherent variability in wildfire extent, we use a Monte Carlo simulation. For each iteration, we randomly sample the annual fire extent from a normal distribution based on observed data, which ranges from 0.05 to 14.86%, with a mean value of 5.12%. This random sampling introduces variability into the fire modeling for both the treatment and no-treatment scenarios. By running 100 iterations, we generate a wide range of possible fire and carbon outcomes, allowing us to evaluate the variability in carbon dynamics driven by differences in fire extents and inherently performing a sensitivity analysis on assumptions of annual fire extent.



2.4 Carbon dynamics of biomass utilization

We evaluate the potential carbon benefits of utilizing the biomass removed during forest thinning, dividing biomass into two categories: merchantable timber and low-value biomass. Merchantable timber consists of species like Douglas fir and ponderosa pine, while low-value biomass includes small trees, bushes, and logging slash. Low-value biomass typically has no market value, represents a large disposal cost to land managers, and release stored carbon into the atmosphere when it disposed of via pile burning.

To assess the carbon benefits of different low-value biomass utilization options, we model five pathways: biopower production, where biomass is converted into electricity through combustion; biochar production, where biomass is pyrolyzed into stable carbon for soil or other applications; fuels, which convert biomass into biofuels; biomass burial, where biomass is stored in underground conditions to prevent decomposition; and fuels with Carbon Capture and Sequestration (CCS), which captures and stores carbon emissions from biofuels production. Each biomass utilization pathway offers distinct carbon benefits, depending on the durability of the carbon sequestered in wood products, the potential for carbon storage with CCS, and the emission reductions achieved by replacing high-carbon fossil fuel feedstocks with lower-carbon biomass feedstocks.

To quantify the carbon benefits, we calculate the amount of low-value biomass removed per acre (average 14.3 bone dry tonnes (BDT) per acre) and apply carbon benefit multipliers for each utilization pathway based on existing life cycle analyses (Elias et al., 2023; Cabiyo et al., 2021; Github, 2022). These carbon benefits are expressed in terms of tCO2e per acre to harmonize the different pools of carbon benefits. Full cost modeling is beyond the scope of this paper, which focuses explicitly on revenue estimates rather than a complete cost–benefit analysis. Fuels with CCS generate the highest carbon benefits, followed by biomass burial, while biochar and biopower provide pathways with lower but immediate carbon sequestration potential.



2.5 Economic valuation of carbon benefits

The final step in our analysis is to evaluate the economic viability of carbon finance to support large-scale forest restoration efforts by monetizing the carbon benefits associated with both increased forest carbon and biomass utilization pathways. The goal is to quantify how revenue from carbon credits can offset the costs of forest treatments over the 25-year period.

To estimate potential carbon revenue from increased forest carbon, we compare the aboveground live carbon stocks in the treatment and no-treatment scenarios. The increase in carbon stock represents the emissions avoided due to reduced fire severity in the treatment scenario. By utilizing current carbon market prices for similar types of carbon credits such as reforestation and other nature-based carbon removal credits (ranging from $35 to $75 per tCO2e), we estimate the revenue generated from avoiding carbon emissions under different fire scenarios.

Biomass utilization offers a second source of carbon revenue by diverting low-value biomass from pile burning or decomposition, which would otherwise release all its carbon into the atmosphere. By converting this biomass into biochar, fuels, or burying it, carbon can be sequestered, generating revenue through carbon-beneficial pathways. Revenue sources for these products include the Voluntary Carbon Market (VCM), the Low Carbon Fuel Standard (LCFS), the Renewable Fuel Standard (RFS), and 45Q tax incentives, with prices ranging from $50 to $150 per tCO2e depending on the specific market.

We combine the revenue from increased forest carbon with the revenue from biomass utilization to estimate the total financial benefit of forest restoration under the treatment scenario and ultimately, demonstrate the potential of carbon finance to contribute to forest restoration.




3 Results


3.1 Forest modeling: sawtimber, biomass, and carbon removed in the treatment scenario

Forest thinning in year five and prescribed fire in year nine result in a significant reduction of aboveground live carbon in the treatment scenario, covering 287,021 modeled acres in the American River watershed. However, thinning fails to restore 15% of stands to a resilient Stand Density Index (SDI) of 175, as the treatment is restricted to trees with a diameter at breast height (DBH) of less than 30 inches, which is common practice. Many trees in these stands exceed this threshold, underscoring the challenge of achieving forest resilience under current management limitations. On average, the thinning removes 10.2 thousand board feet (MBF) per acre of merchantable timber – containing 2.2 tCO2e – and 14.3 bone dry tonnes (BDT) per acre of low-value biomass, containing 26.4 tCO2e (see Table 1).



TABLE 1 Summary of statistics for low-value biomass removed, including bone dry tonnes (BDT), thousand board feet (MBF) of merchantable timber, and carbon content (tCO2e) for each biomass category.
[image: Table1]



3.2 Carbon dynamics in the treatment vs. no treatment scenario

After completing the thinning and prescribed fire treatments, the treatment scenario begins to accumulate carbon and demonstrates greater resilience to wildfire than the no-treatment scenario, measured by the gradual increase in carbon stock in the presence of fire. Initially, the no-treatment scenario continues to accumulate carbon, but its average per-acre carbon stock starts to decrease significantly within 10 years of the simulation due to the increased cumulative probability of fire. Nine years after the treatments are complete, the carbon levels in the treatment scenario have rebounded and begin accumulating between 3 and 6 tCO2e per acre per year, totaling 35 tCO2e per acre on average by the end of the simulation, compared to the no-treatment scenario. In an increased forest carbon DPB crediting scenario, these carbon benefits could be monetized. Other greenhouse gasses could also be accounted for but are not considered in this study.

Notably, at the end of the simulation, mean aboveground live carbon levels per acre in the treatment scenario are 6% higher than levels at the beginning of the simulation, despite a decrease of 74% in the number of trees per acre. While treatment initially removes carbon from the landscape, the resilience provided by the new forest structure results in carbon benefits at the end of the simulation compared to the no-treatment counterfactual (see Figure 3).

[image: Figure 3]

FIGURE 3
 Panel (A) shows the cumulative probability of fire extent over time for treated and untreated scenarios, indicating the increasing likelihood of landscape burning as time progresses. The cumulative probability reflects the proportion of the landscape expected to burn by any given year, based on recent fire extents. Panel (B) illustrates changes in aboveground live carbon (tCO2e per acre) over 25 years for treated and untreated scenarios, with thinning and prescribed burning marked. Variability in carbon outcomes is based on Monte Carlo simulations using fire data from 2010 to 2020 across the 2,860,418-acre reference region, with fire extents ranging from 0.05 to 14.86% and an average of 5.12% annually. Lighter shaded regions represent one standard deviation from the mean (per-acre variability), while darker shaded regions represent the standard error around the mean (landscape-level variability). Panel (C) displays the carbon benefit (tCO2e in living biomass per acre) from treatment over time, showing the difference in carbon storage between treated and untreated scenarios. Lighter shading indicates variability in individual acre benefits, while darker shading represents the average landscape-scale benefit. After 25 years, the mean per-acre carbon storage in the treatment scenario is 35 tCO2e higher than in the no-treatment scenario.


While the carbon benefits of forest treatment vary on a per-acre basis, this variability decreases significantly at larger scales. As shown in Figure 3, the standard error and standard deviation around the mean for per-acre benefits of aboveground live carbon suggest that, while individual acre outcomes are uncertain, the carbon benefits of landscape-scale treatment are much more certain. This increased certainty at larger scales arises because landscape-scale projects average out variability in factors such as treatment effectiveness, site conditions, and fire behavior, reducing the influence of outliers and providing more reliable estimates of carbon.

Based on the Monte Carlo simulation, which assume future fire extents follow the pattern of observed data from 2010 to 2020 (with a minimum of 0.05%, a maximum of 14.86%, and a mean of 5.12%), the treatment scenario is expected to surpass the no-treatment scenario in terms of average per-acre aboveground live carbon approximately nine years after treatment completion. However, this assumes that fire extent and severity will remain constant over the 25-year modeling period, which is a conservative assumption and likely underestimates future fire risks. Given projections that fire activity in the Sierra Nevada could increase by over 50% by 2040, with fire extent expanding by more than 55% (Gutierrez et al., 2021), our conservative approach was chosen to avoid overestimating the potential carbon impacts of restoration projects that may generate carbon credits.

Altering the assumed annual fire extent significantly affects the timeline for predicted carbon benefits. In simulations, we assumed an annual fire extent of 5.12%. If the fire extent increases to 7%, carbon benefits emerge after seven years instead of nine (as shown in Figure 3). Conversely, a 3% annual fire extent delays carbon benefits to 14 years. This underscores the sensitivity of carbon outcomes to fire extent assumptions and the importance of accurate fire projections when modeling carbon benefits and the need for ex-post DPBs to accurately account for carbon benefits of forest treatment.



3.3 Timber, low-value biomass, and carbon benefits of biomass utilization

Biomass pile burning, which we assume releases all the carbon stored in the biomass to the atmosphere, produces the worst carbon outcomes in this analysis. When compared to pile burning, all other modeled biomass utilization pathways demonstrate clear carbon benefits (see Figure 4). Fuels with CCS provide the highest relative carbon benefits, primarily because they capture and permanently store emissions. Biomass burial ranks second in terms of carbon benefits, largely due to minimal process emissions associated with burying or storing biomass in conditions that prevent decomposition.

[image: Figure 4]

FIGURE 4
 Comparison of trees per acre and aboveground carbon stocks for treatment and no-treatment scenarios. The treatment scenario, which includes thinning in year 5 and prescribed fire in year 9, results in 35 tCO2e higher carbon storage by the end of the simulation. Carbon benefits from various biomass utilization pathways—including merchantable timber, pile burning, biopower, biochar, biomass burial, fuels, and fuels with CCS—are shown for an average acre, which yields 14.3 BDT of low-value biomass and 10.2 MBF of merchantable timber.


Biopower offers the lowest carbon benefits among the utilization pathways, primarily because the process involves converting biomass into electricity, which releases a significant portion of the carbon content during combustion. Meanwhile, traditional building materials sequester about 59% of their carbon content once deposited in landfills (Skog, 2008).

Biochar presents lower carbon benefits than fuels with CCS but provides immediate opportunities for monetization. The market readiness of biochar technology makes it an attractive option for project developers aiming to generate short-term revenue from biomass utilization or reduce disposal costs. Although its carbon benefits are not as substantial as other pathways, biochar’s practical and immediate application enhances its appeal for reducing emissions in the short term (Elias et al., 2024).



3.4 Economic valuation of carbon benefits

The potential revenue from carbon benefits associated with restoring forest resilience is substantial, particularly through voluntary and compliance carbon markets. Our analysis focuses on tCO2e, aligning with market standards, and assumes recent market prices. Over the first five years of the project, low-value biomass can generate between $2,900 and $4,300 per acre in the fuels with CCS scenario, providing 29 tCO2e benefit per acre. The fuels scenario offers between $800 and $1,600 per acre, while biochar generates between $600 and $900 per acre. Biomass burial shows significant potential, generating between $2,300 and $3,500 per acre with 23 tCO2e benefit per acre through the VCM. Although fuels with CCS offer the highest carbon benefits, this pathway is currently limited by a lack of biomass supply chains at scale and large capital expenditure needs. The 35 tCO2e benefit per acre from increased forest carbon and increased forest carbon in the treatment scenario could yield $1,200 to $2,600 per acre, assuming carbon prices ranging from $35 to $75 per tCO2e.

Notably, the most technologically mature options, biochar and biomass burial, provide significant revenue sources when combined with increased forest carbon. Pairing biochar with increased forest carbon could generate between $1,800 and $3,500 per acre, while the combination of low-value biomass burial and increased forest carbon could yield between $3,500 and $6,100 (see Table 2).



TABLE 2 Comparison of carbon benefits and potential revenue from different biomass utilization pathways and increased forest carbon from avoided wildfire emissions.
[image: Table2]




4 Discussion


4.1 Carbon finance and forest restoration benefits

Restoring resilience to fire-adapted forests in the central Sierra Nevada enhances carbon storage durability and provides monetizable carbon benefits over a 25-year project lifespan. Our analysis shows that carbon finance can generate up to $6,100 per acre—with $3,500 per acre from Carbon Dioxide Removal (CDR) credits via low-value biomass burial and up to $2,600 per acre from increased forest carbon via avoided wildfire emissions. Given current management costs of $2,000 to $2,500 per acre, federal and state governments need to secure $2 to $2.5 billion annually to treat one million acres per year, which represents up to half of current federal allocations (Visualizing Federal Funding for Wildfire Management and Response, 2023). Carbon revenues from $3,500 to $6,100 per acre may be able to offset biomass disposal costs while generating revenue from increased carbon stocks and biomass utilization, although disposal costs were not examined here.

Carbon finance for fire-adapted forest management can also support California’s Sustainable Insurance Strategy by funding costly hazardous fuel treatments that reduce wildfire risk in vulnerable communities. The Sustainable Insurance Strategy aims to address the growing challenge of insuring properties in high-risk wildfire areas by promoting proactive risk reduction measures and making insurance more accessible and affordable. From a climate governance perspective, this strategy aligns with broader efforts to integrate climate risk management into policy frameworks, incentivizing resilience-building activities that reduce long-term vulnerabilities to climate-related disasters. For many non-industrial private landowners who rely on the FAIR Plan – a last-resort insurance option that provides basic fire coverage for homeowners and businesses unable to obtain insurance through traditional markets – carbon finance offers a means to fund fuel reduction treatments that would otherwise be prohibitively expensive. By mitigating fire risk, carbon finance not only delivers climate benefits and protects ecosystems and local economies, but also helps stabilize insurance markets, improving access to affordable coverage in fire-prone areas.

This is one of the few studies to explore potential carbon revenue from fuel treatments in fire-prone ecosystems (Alcasena et al., 2021; Huang and Sorensen, 2011). To our knowledge, it is the first to simultaneously assess the carbon dynamics of restored forest resilience (North et al., 2022), the potential for carbon revenue from increased forest carbon associated with fuel treatments, and the carbon revenue from biomass utilization.



4.2 Carbon dynamics, treatment impacts, and fire severity

Restoring forest resilience is crucial for maintaining carbon storage and ensuring the long-term health and benefits of forests. Over a 25-year modeling period, restoration resulted in an average increase of 35 tCO₂e per acre in live biomass carbon compared to no treatment, with benefits accruing within 10 years after treatment completion. Yackulic et al. (2024) used recent remote sensing data and found that carbon benefits from recent fuel reduction projects in California can accrue in under five years. Our study intentionally incorporates management designed to restore resilience (North et al., 2022) and maximize carbon stability, which requires removing more biomass than typical fuel reduction practices and takes longer for benefits to accrue. This likely explains why recent fuel treatment projects have shown carbon benefits manifest more quickly than our simulations (Yackulic et al., 2024). Moreover, wildfire severity has generally increased since the 2010–2020 period used to parameterize this study and higher fire severity on average leads to faster carbon benefit accrual. Alongside the carbon benefits of treatment, we found that burying all low-value biomass or converting it into biochar—identified as the most market-ready products in our analysis—could yield an additional 23 tCO₂e and 6 tCO₂e per acre, respectively. Fuels with CCS provide the highest carbon benefits but have not yet been able to attract large-scale investment or established the long-term supply contracts necessary to support capital-intensive production.

Restoring resilience reduced fire severity by 78% five years post-treatment in this study, aligning with previous research showing that combining thinning with prescribed fire reduces flame length, overall fire intensity, and results in less severe fire behavior (Piqué and Domènech, 2018; Butler et al., 2012; Agee and Lolley, 2006; Agee and Skinner, 2005). These results are contingent on treatment frequency, intensity, and duration, which should be further refined to understand potential outcomes. Additionally, external factors such as climate variability, pest outbreaks, and land-use changes may influence the long-term effectiveness of these approaches and merit additional research. However, this is the first study to specifically explore treatments designed to restore empirically grounded forest resilience (North et al., 2022).

Interestingly, the treatment scenario exhibited a slight increase in carbon levels at the end of the simulation compared to the beginning. Treatment for a resilient forest structure, which led to an 78% reduction in trees per acre at year 25, not only enhanced fire resilience but also marginally increased carbon stores relative to levels at the beginning of the simulation. This increase primarily resulted from the redistribution of carbon from many densely packed, small trees to dispersed, large trees. Previous analyses have indicated that current carbon stocks are disproportionately concentrated in small trees within homogenous forests, elevating the risk of losses due to wildfire, drought, and other disturbances foster (Foster et al., 2020; Hurteau et al., 2011). These findings underscore the importance of aligning treatment prescriptions with resilience to maximize magnitude and durability of carbon storage.

This analysis deliberately employs historical observations of fire extent and severity from 2010 to 2020, thereby minimizing the potential impacts of climate change, the anticipated annual increase in fire extent, and the trend of escalating fire severity. These estimates are conservative when assessing the impacts of treatment relative to the no-treatment counterfactual scenario Gutierrez et al. (2021) forecasted an increase in the number of fires in the Sierra by over 50% and an increase in fire extent by over 55% by 2040 which is in line with both historical observations and other predictions of future fire extent and severity (Miller et al., 2009; Kane et al., 2015; Schwartz et al., 2015; Miller and Safford, 2012; Yue et al., 2013). However, the implications of utilizing historical estimates for predicting carbon stocking relative to contemporary levels remain uncertain, underscoring the significance of establishing accurate baselines. Put simply, conservative assumptions regarding the escalation of fire extent and severity likely understate the benefits of treatment compared to the no-treatment scenario. Conversely, maintaining constant the effects of climate change, such as drought and temperature rises, may lead to an overestimation of the treatment’s impact compared to current carbon levels. Nonetheless, the relative enhancement in carbon stability resulting from the restoration of resilience to forests is evident, as forest carbon shifts toward fewer, larger trees that are more capable of withstanding wildfires. The integration of forest carbon into policy decisions necessitates clear baseline assumptions for carbon stocks (be it current levels or future levels in the absence of management) and refined projections for forest carbon stocking amidst climate change.



4.3 Biomass utilization and carbon dioxide removal (CDR) strategies

Although the carbon benefits of increased forest carbon require nuanced assumptions about baselines, the carbon benefits of low-value biomass burial, biochar, and fuels are clear. While using biomass for fuels like hydrogen combined with carbon capture and sequestration offers significant carbon benefits, the required capital is enormous (Elias et al., 2024), and consistent, contracted feedstock supply is critical to attract investors (CLERE, 2020). Given the current ad-hoc nature of supply chains for low-value biomass from forest restoration projects, less capital-intensive strategies like biomass burial and biochar are more promising in the near term. Moreover, biomass burial offers higher carbon removal efficiency compared to fuels, transferring more of the embedded carbon to long term carbon storage.

However, concerns about the durability and permanence of these CDR strategies persist, raising important questions about the environmental safeguards needed to prevent replicating widespread credibility problems in the VCM. The long-term sustainability of these pathways depends on factors such as site conditions, transportation emissions, and lifecycle analyses of carbon outcomes. Further research should assess how these strategies perform under varying ecological conditions and management scenarios to better understand their implications for long-term carbon storage. Nevertheless, there are several options for managing carbon outcomes in overstocked forests, especially when restoration projects have flexibility in deciding where wood products and wood waste are directed. With growing interest in technologies like biochar, wood burial, and biofuels, forest restoration now provides more opportunities for achieving low-carbon outcomes.



4.4 Challenges in carbon finance for forest resilience and future directions

Carbon finance in forest ecosystems has been fraught with challenges due to inaccurate methodologies and baselines, leading to carbon credits that do not represent actual emission reductions. DPBs and ex-post revenue offer a potential solution by shifting carbon markets toward an observable, results-based approach using scalable methods based on remote sensing. However, this increased certainty does not inherently solve issues of permanence and durability and introduces funding challenges, as revenue becomes more uncertain and is generated in the future under current carbon market structure. In this analysis, approximately half of the carbon income would be generated more than ten years after project completion, assuming benefits are monetized after they are observed, not before.

Permanence and leakage are both critical principles in carbon finance, ensuring that credited carbon benefits endure over time and carbon emissions are not simply increased elsewhere (Yin, 2024). Achieving permanence is particularly challenging in fire-adapted forests, where dynamic disturbances such as wildfire, drought, and climate change can jeopardize long-term carbon storage. Regular repeated treatments, either thinning or prescribed fire, are needed to ensure long term carbon benefits. While ex-post, dynamic monitoring does not fully resolve these challenges, it provides high-certainty methods to track permanence over time and incentivize recurring treatments to maintain carbon levels and wildfire resilience. Leakage is not a significant concern for fire treatments, as these treatments create a shadow effect—where one acre treated reduces fire severity and emissions on surrounding untreated acres, amplifying the benefits beyond the treated area.

Scaling up to landscape or jurisdictional levels can address many of the challenges inherent in project-level carbon finance, such as accurately identifying baselines and determining additionality. Large-scale projects reduce variability and risk by averaging outcomes across broader spatial extents, providing greater confidence in carbon benefits while potentially lowering per-unit costs. Jurisdictional approaches, in particular, assess carbon outcomes across entire administrative regions, allowing for dynamic, system-wide changes to be accounted for in carbon accounting. This aggregate perspective improves the reliability of carbon assessments, enhances investor confidence, and better aligns with regional climate goals.

Corporate investors have increasingly been motivated by market competitiveness and company values have increasingly led to a willingness to invest in higher-cost carbon finance projects with higher certainty of benefits as well as significant local co-benefits (Lou et al., 2023). Ecosystem Marketplace research has found that projects offering “beyond carbon” environmental and social co-benefits – such as preserving biodiversity, ensuring water security, or supporting local economies – are more attractive to investors (Procton, 2024). DPBs and remote sensing measurement, reporting, and verification (MRV) approaches, such as those discussed here, may be able to provide a high-integrity product for companies interested in carbon finance while, hopefully, displace the supply of low-quality offsets that can undermine market integrity (Trencher et al., 2024). Importantly, predictions like those used in this paper should only be used for investor planning and to inform recurring treatments that enhance the permanence and durability of carbon benefits, rather than to generate credits.

Emerging finance structures such as milestone-based Advance Market Commitments (AMC) and Environmental Impact Bonds (EIB) could unlock significant funding by tying up-front financing to the success of carbon benefit generation. AMCs function by guaranteeing future purchases of carbon benefits at a pre-agreed price, providing investors with the certainty needed to de-risk initial capital expenditures. Similarly, EIBs offer a pay-for-success model, where investors provide upfront funding for restoration projects and receive returns based on verified environmental outcomes. This approach was recently illustrated by the World Bank’s Amazon Reforestation Outcome Bond, which linked up-front financing to project milestones and the value of the carbon credits generated.

By aligning financial incentives with measurable outcomes, these mechanisms not only reduce investor risk but also create accountability for project implementers. For example, tying funding to specific milestones, such as verified carbon sequestration or successful establishment of fire-resilient landscapes, ensures that resources are allocated efficiently and that projects deliver tangible results. Additionally, these structures encourage collaboration among stakeholders, including governments, private investors, and local communities, to achieve shared climate goals.

By reducing risk and offering financial incentives for achieving measurable outcomes, these mechanisms provide powerful tools for expanding carbon finance in fire-prone forests. In fire-adapted landscapes, where upfront costs for forest treatments are high and long-term carbon benefits are often uncertain, these innovative structures can help bridge the gap between project funding needs and investor requirements for returns, fostering greater scalability and impact.

Although this analysis primarily addresses traditional carbon markets, the methodologies employed are compatible with novel carbon contribution initiatives that do not necessarily aim to offset corporate emissions or generate carbon credit, per se. A carbon contribution model assigns carbon benefits to specific observed actions or projects and can be funded through voluntary contributions, corporate sponsorship, government grants and subsidies, impact investors, or public-private partnerships. This approach seeks to offer a more transparent and precise accounting of carbon benefits, concentrating on the tangible outcomes of conservation or restoration efforts rather than focusing on equivalence between carbon emissions and carbon offsets. Carbon contributions initiatives can encourage stringent monitoring and verification to ensure the authenticity and verifiability of the attributed carbon benefits. By focusing on the direct benefits of management, these programs potentially foster more effective and accountable climate action while avoiding the complexities of traditional carbon offset markets. This approach also reduces financial speculation, as fungible credits are generally not generated, thereby potentially increasing the portion of each ‘carbon dollar’ that reaches land managers (Blanchard et al., 2024). Carbon contribution initiatives may be particularly well-suited to DPBs methodologies, enabling accurate impact tracking of initial project contributions without the creation of conventional carbon credits.

Large, landscape-scale projects decrease risk by increasing certainty in benefits, supporting the rationale for novel financing. The uncertainty of carbon benefits and revenue tied to incremental increases in carbon benefits is high for any individual acre but decreases as projects scale. The carbon benefits in aboveground live biomass when treatment is done at scale are roughly 32 to 38 tCO2e per acre - but between −27 to 97 tCO2e per acre for treatment of a single acre. This highlights the importance of landscape level restoration to increase carbon benefit certainty. However, this analysis is temporally limited and further research is needed to determine the longevity of single, landscape scale treatments which restore resilience. To ensure the permanence of carbon benefits from restoring resilience, reintroducing regular, low-severity fire at scale will undoubtedly be necessary (Odland et al., 2021; Molina et al., 2018; Rabin et al., 2022). This analysis shows that extensive forest treatments to restore a resilient forest structure has more durable carbon benefits than less extensive treatment. Extensive treatments are more expensive, but the increased initial expense extends the longevity of treatment impacts on wildfire resilience and carbon stocks (Collins et al., 2014). Cheaper, less extensive forest management practices will require more regular reentry and likely increased management costs over time. In essence, restoring resilience has a higher return on investment even though upfront treatment costs may be higher. From a project finance standpoint, coupling carbon revenue from increased forest carbon with carbon revenue from biomass utilization revenue can alleviate up-front project costs by generating revenue in the project’s initial years and further enabling durable forest treatments.

To enable conservation finance through carbon benefits for fire adapted forests, several key areas require attention, underscoring the need to rethink the role of carbon markets. First, the DPB approach must be validated, refined, and incorporated into a methodology. This will help ensure carbon credits are based on high-quality, durable carbon benefits and that emerging carbon contribution programs use the highest quality MRV available to account for the carbon impacts of their investments. Second, durability of carbon benefits from fire resilience treatments needs to be ensured through recurring future treatments, which is the consensus in the literature (Aponte et al., 2014; Stephens et al., 2012), although this study only examines the effects of thinning followed by one prescribed fire. Third, CDR credits like those from biochar and biomass burial need coupling with rigorous environmental safeguards to prevent reversals. Fourth, predictive carbon and financial models, such as the one used in this paper, need refining alongside investors to ensure confidence and maintain academic rigor. In essence, the successful harnessing of carbon markets for the restoration and resilience of fire-prone forests hinges on creating accurate baselines and reimagining carbon project finance.
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