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Abstract
In the United States, voluntary carbon markets have gained significant traction in 
recent years. However, many offset standards, protocols, and credit ratings have 
come under scrutiny from the public and investors for failing to produce real or sus-
tainable carbon offsets. Additionally, communities often find themselves unprepared 
to advocate for forest-based carbon projects that align with their needs and interests, 
mainly due to a lack of information and a general distrust surrounding carbon pro-
jects. There is a pressing need to address the social, ecological, and technological 
barriers that hinder the development of higher-integrity carbon credits and limit cru-
cial financing for climate change mitigation activities. This paper is the culmination 
of findings from a series of discussions held in 2025 by leading academics, non-
profit organizations, and forestry professionals to identify key challenges, research 
priorities, and actionable steps to scaling voluntary forest carbon markets. The dis-
cussions focused on six priority areas including permanence; additionality; leakage; 
measurement, monitoring, reporting, and verification (MMRV); market investments; 
and the social and ecological implications of carbon markets. By reporting on 
these discussions, we aim to strengthen conversations across forest carbon topics to 
enhance market access while simultaneously identifying needs for developing high-
integrity forest carbon projects for climate change mitigation and rural communities.

Keywords  Voluntary carbon markets · Forest carbon offsets · High-integrity carbon 
credits · Natural climate solutions · Forest carbon

Growing Demand for High‑Integrity Carbon Credits

Scientific consensus from the Intergovernmental Panel on Climate Change (IPCC) 
has acknowledged that to achieve the international goal of maintaining less than 2 °C 
warming, current greenhouse gas (GHG) emissions must be reduced and removed 
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across all sectors (IPCC 2023). Protecting, restoring, and managing forests has long 
been acknowledged as a viable strategy for reducing and removing emissions, as 
forests already store and sequester substantial amounts of terrestrial carbon and play 
a pivotal role in regulating the Earth’s hydrologic and energy cycles (Bonan 2008; 
FAO 2025; Fargione et  al. 2018; Pan et  al. 2024). Evidence has shown that man-
aging forests and other ecosystems could provide 100 to 1000 Gt CO2 equivalent 
(CO2e) climate mitigation potential by the end of the century (Nolan et al. 2021).

Carbon markets are a growing market-based solution for addressing climate 
change, with over 9.3 million acres of US forests participating (Reis and Evans 
2025). Since 2005, the total value of carbon credits sold in the global voluntary mar-
ket has exceeded $11.3 billion, with the majority of demand coming from nature-
based emission-removal projects (Forest Trends’ Ecosystem Marketplace 2025). 
However, in 2024 the volume of credits traded dropped by 25% and the average price 
of carbon dropped 5.5% (Forest Trends’ Ecosystem Marketplace 2025). Declines in 
credit value have been partially attributed to concerns about over-crediting of car-
bon projects, with forest projects facing similar scrutiny (West et  al.  2020; Badg-
ley et al. 2022). Other analyses assert that existing protocols remain inadequate to 
ensure the long-term integrity of forest carbon credits (Sanders-DeMott et al. 2025), 
leading to a credibility issue and changes in demand (Balmford et  al.  2023). The 
lack of alignment with the objectives of international frameworks such as the Paris 
Agreement and Nationally Determined Contributions may also undermine the cred-
ibility of the credits generated in the US, increasing the risk of double-counting car-
bon credits (Kreibich and Hermwille 2021).

Changes in demand for carbon credits are projected to recover over the next few 
decades. One report found 42% of Fortune Global 500 companies plan to use some 
type of carbon offset to meet their emissions reduction goals in the next 30 years 
(Climate Impact Partners 2024). While there are some concerns that carbon offsets 
may distract from other decarbonization strategies, recent research found that car-
bon credit purchasing is unlikely to crowd out internal decarbonization measures 
for most companies (Stolz & Probst 2025). However, within certain sectors, such as 
airlines, corporations will continue to rely on offsets to meet targets (Stolz & Probst 
2025). Safeguarding the integrity of forest carbon credits used for offsetting, while 
also formulating net-zero solutions, will be critical to ensure real climate benefits 
today and into the future.

High-integrity credits represent a new phase of carbon offsets in which credits are 
graded and verified using requirements that promise long-term, real, durable, veri-
fied, and additional carbon storage. Recently, the Integrity Council for the Voluntary 
Carbon Market (ICVCM) identified ten core carbon principles (CCP) to categorize 
carbon projects as high-integrity. These ten core principles were designed to reduce 
confusion, overcome market fragmentation, and give buyers confidence that they 
are funding projects that make a genuine impact on emission reductions and remov-
als (ICVCM 2025). The ICVCM has approved the first forestry protocols as high-
integrity, including three Improved Forest Management (IFM), three afforestation 
and reforestation methodologies, and three biochar methodologies; however, as of 
mid-2025, only a small amount of credits have been pre-sold by a few carbon project 
developers under these methods (ICVCM 2025).
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This paper summarizes key findings, challenges, and opportunities for research 
and education to support the development of high-integrity carbon credits, aris-
ing from a series of discussions with academics, practitioners, and experts in the 
spring of 2025. Further insights from the authors are also presented to better align 
research priorities with the development of high-integrity carbon credits. The dis-
cussions focused on six topics, including additionality, permanence, leakage, meas-
uring, monitoring, reporting, and verification (MMRV), markets and the forest bio-
economy, and the social and ecological impacts of carbon markets and forest carbon 
credits. Our approach closely aligns with the Integrity Council for the Voluntary 
Carbon Market (ICVCM) principles, addressing the core technical, social, and gov-
ernance issues required for high‑integrity carbon markets. It is also conceptualized 
in Fig. 1, which illustrates how industry standards for nature-based carbon projects 
are embedded within broader markets and social and ecological spheres. Included 

Fig. 1   A conceptual model illustrating how industry standards (i.e., additionality, permanence, leakage 
and measuring, monitoring, reporting and verification (MMRV)) for nature-based carbon projects are 
embedded within broader markets and social/ecological spheres. These areas serve as the foundation for 
increasing the quality and integrity of carbon crediting schemes, and thus play a critical role in support-
ing climate mitigation goals and advancing the well-being of forest dependent communities
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are considerations for landowner decision-making, buyer motivations, and potential 
policy implications. The chosen topics were identified through expert insights, aca-
demic literature, and for their alignment with ICVCM core carbon principles and 
the ICVCM assessment framework both of which draw from available science and 
expert feedback. The six topics chosen are not exhaustive or representative of every 
facet of the voluntary carbon markets. However, they do cover important criteria to 
evaluate and identify challenges and opportunities for future research priorities to 
support the quality and integrity of carbon credits. Substantial linkages and overlap 
occur across each topic, but we found it beneficial to frame them as such to support 
dialogues between researchers, practitioners, and decision-makers.

Discussion panelists were selected for each session based on their subject mat-
ter knowledge (e.g., ecology, economics, policy, management) and their ability to 
speak to emerging debates using the Forest + Climate Learning Exchange Series 
(LES), an ongoing webinar series since 2017 that seeks to foster a more nuanced 
understanding about the relationships between forests, people, and the climate, as 
the venue to host the discussions (See Appendix A for list of panelists by topic). The 
panelists represented a wide range of institutions, including major research univer-
sities, non-profit environmental organizations, and private industry. Subject matter 
experts were either selected because of their knowledge of the field and previous 
publishing record, identified through peer-networks (e.g., perceived scientific con-
tributions from peers), or for their professional experience in practical applications. 
This allowed the discussions to extend beyond academic theory, incorporating the 
perspectives of practitioners, advocates, and land management professionals. The 
involvement of private-sector representatives brought practical considerations about 
implementation and market function into the conversation. Audience participation 
also played a central role in shaping the discussions with an average of 96 active 
public participants per webinar. Public participation was advertised through pro-
fessional list-servs, newsletters, extension networks, social media, and professional 
society memberships. Discussions also included moderated question-and-answer 
periods where public attendees were invited to share their own experiences, pose 
questions, and raise challenges from their work. These contributions broadened the 
dialogue to include forest landowners, extension professionals, policymakers, and 
community members, ensuring that the discussion encompassed not only expert 
viewpoints but also the lived experiences and concerns of those directly impacted by 
carbon market developments.

To summarize discussions, we employed two note takers in addition to the use 
of a third Artificial Intelligence (AI) notetaker. Each discussion was recorded and 
transcribed. We used a content analysis approach to identify and code themes and 
groupings of themes into broader categories. We employed a deductive approach 
drawing from our conceptual model to guide the creation of our research priorities 
and insights. Specifically, we (1) evaluate and summarize current discussions across 
the literature as they relate to the integrity of carbon credits; (2) identify current 
research priorities to support the quality and integrity of carbon credits; and (3) offer 
a summary of research, policy, and management implications to improve the accu-
racy and transparency and help overcome barriers to improve the functioning of vol-
untary carbon markets.
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Summary and Findings from the LES Discussions

Additionality

To ensure additionality is real, the management practices or actions that occur 
must be different from “business-as-usual” practices either in timing, intensity, 
or type of activity. Emission reductions achieved voluntarily in the past, outside 
a forest carbon project, cannot be counted toward future carbon credits. Only 
when a property is enrolled in a project can the additional benefit be assessed 
by measuring carbon gains and losses at set intervals and estimating the carbon 
difference between the baseline (“business-as-usual”) and the new management 
scenario (Richards & Huebner 2012). Previously, developers used regional aver-
ages in tree growth, harvesting, and biomass production to set baselines. Regions 
with a high standard deviation around estimated averages are more likely to have 
projects or parcels that fall significantly above or below the mean, which can 
result in the over or underestimation of carbon stocks on those properties over 
time (Badgley et al. 2021). While this miscalculation in emissions reductions may 
wash out in the “law of averages”, it can make participation by landowners ineq-
uitable in regard to fair compensation. However, estimation of baseline emissions 
requires an understanding of localized disturbance regimes and the likelihood of 
frequency changes, creating inherent uncertainties and the risk of reversals (Teo 
et al. 2023; Anderegg et al. 2025a).

While standardization of estimating baselines and in turn additionality has 
benefits, the need for place- and project-based information to be incorporated 
into baseline estimations requires some level of flexibility and nuance (Haya 
et al. 2023) which has already occurred with recent shifts toward dynamic base-
lines (Bento et al. 2016). In the US, most baselines are being set using national 
forest inventory (NFI) data such as the U.S.  Department of  Agriculture, Forest 
Service Forest Inventory and Analysis database (FIA) (Russell et al. 2025; John-
son et  al.  2025), other inventory datasets, or satellite remote-sensing models. 
While this information is invaluable, significant uncertainties and gaps in the data 
exist, especially in areas with high carbon densities and ecological heterogeneity 
(Randazzo et al. 2023; Badgley et al. 2022). For example, many baselines in the 
western United States might not accurately capture carbon storage in drier forest 
systems over time. Legacies of fire suppression have created overstocked forests, 
so comparing carbon projects to these stands might not give us a good representa-
tion of carbon storage balance with other forest health and resiliency goals. Fur-
thermore, baselines generally lack information on historical disturbance regimes 
which strongly influence current and future carbon stocks.

Disentangling the nuance between credits sold for emission reductions versus 
emission removals versus emission avoidance adds another level or complexity in 
determining the direct mitigation contribution of an individual credit. Emission 
reductions refer to activities that reduce GHG emissions that would have hap-
pened otherwise by changing management actions such as reducing high inten-
sity harvesting, avoiding soil disturbances during harvesting, or reducing forest 
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degradation. Whereas removals refer to activities that actively remove atmos-
pheric CO2 by increasing net carbon storage over time. Finally, avoided emissions 
refers to the hypothetical prevention of emissions such as preventing deforesta-
tion or land-use conversion. All three, while grounded in science, have varying 
degrees of uncertainty to their climate mitigation efficacy (Buma et al. 2024).

Priority Areas for Improvement to Ensure Additionality

Gaps in consistency surrounding baseline establishment and utilization of national 
datasets are two challenges to ensuring additionality. More specifically, research to 
support carbon additionality could prioritize:

•	 The development of more consistent baseline measurement systems that explic-
itly include natural disturbance regimes such as fire, wind, insect and disease out-
breaks, and drought-related mortality, consider future climate change impacts, 
and include mechanistic climate feedbacks, when necessary. The consistent and 
repeatable mapping and modeling of forest carbon quantities and distribution 
as well as the frequency, severity, and timing of disturbances, and the underly-
ing mechanisms driving change could provide improvements to baseline meas-
urements (Dye et al. 2024). Furthermore, integrating predictive models that no 
longer rely on historic trends as analogs for the future as changes are more likely 
to be pronounced and could reduce additionality estimations (Seidl et al. 2017).

•	 Improving quantitative evidence of management impacts on carbon storage and 
sequestration through empirical research, including understanding the long-term 
ecological effects on delaying harvest on forest growth, structure, and func-
tion, and their relationship to carbon storage and permanence as significant 
uncertainties remain on forest characteristics (Galik and Jackson 2009; Healey 
et al. 2025; Zeng et al. 2026). Remote sensing platforms and other data-driven 
methodologies provide certain strengths to evaluate the effectiveness of carbon 
projects through timely data collection and improved spatial resolution (Cof-
field et al. 2022; Dye et al. 2024; Teo et al. 2023). The development of spatially 
explicit maps for forest characteristics, carbon storage, and project activities 
blended with allometric equations (Quegan et al. 2019; Altman et al. 2024) could 
enable better near-real time monitoring (Novick et al. 2022).

•	 Continuing support, development, and leveraging of NFIs, other publicly avail-
able inventory data, remotely-sensed technologies, and machine learning tools 
to more accurately assess optimal carbon stocks using geographic and forest-
specific information. Integrating recent advances in data-driven tools, improv-
ing model-data integration, and establishing nationally consistent frameworks 
can further enhance forecasting capabilities to support baseline and additional-
ity estimation (Munro et al. 2025) especially when quantified at varying spatial 
scales.

•	 The ongoing development of flexible modeling approaches and workflows that 
allow for the continual incorporation and improvements as new data, both inven-
tory and remotely-sensed datasets, come online to improve baseline estimation 
throughout the project life cycle with explicit protocol guidance that allows for 
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incorporating innovative methods as they arise. For example, recent advance-
ments in synthetic control methods, statistical analysis, matching, and machine 
learning, paired with dynamic ex-post counterfactual methods show promise in 
correcting flawed ex-ante projections (Yu et al. 2026). Substantial opportunities 
also exist to leverage pre-existing data to provide more transparent, reproducible, 
and objective validation of additionality claims but require further operational-
izing of data fusion approaches (Novick et al. 2022).

A broader framework to estimate and monitor additionality that integrates con-
sistent baseline measurements with spatially explicit mapping fused with ground-
based measurements can provide substantial improvements to current additionality 
measurements. Further integrating climate-driven mechanistic feedbacks for distur-
bances and climate impacts from process-based methodologies potentially provides 
stronger predictive power (Novick et al. 2022; Dye et al. 2024; Munro et al. 2025). 
For example, drawing from methods employed in earth system models and other ter-
restrial biosphere models (Fisher et al. 2018), while not broadly tested yet (Novick 
et al. 2022), could reduce uncertainty in predicting carbon dynamics for carbon pro-
jects. Advances in remote-sensing platforms, including space-born platforms and 
machine-learning driven approaches, may also offer substantial gains in the accu-
racy and precision of additionality estimation, especially when coupled with rigor-
ous and nationally consistent forest inventory data developed under rigorous nation-
wide frameworks, which has yet to be done. This requires advancements in data 
fusion techniques, ideally available as open-source user-friendly platforms, to test 
counterfactual estimation.

Permanence

The concept of permanence holds that the additional emissions reductions should 
not be temporary but provide lasting benefits, akin to avoiding the use of fossil fuels 
in the first place. In forest ecosystems, the pursuit of permanence often involves 
managing non-atmospheric carbon stocks (e.g., biomass) so that storage remains 
relatively stable or increases on the landscape over the project’s duration (Honegger 
et al. 2021). To date, the economic viability of forests is largely dependent on timber 
harvesting. Compensation for delays in harvest to store more carbon would have to 
recover revenues forgone in order for forests to remain economically viable. While 
this may be achievable on industrial forest lands, which are often managed with per-
petuity in mind, it presents a unique challenge on nonindustrial forest lands where 
land tenure and planning timelines are much shorter.

Longer and larger projects are generally exposed to more risk and frequent rever-
sals which in turn determines the size of the buffer pool (Galik et al. 2016). It has 
been shown that the size of these pools is generally too small to cover the liabilities 
associated with a widespread catastrophic loss of forests (Badgley et al. 2022; Ande-
regg et al. 2025a, 2025b; Wu et al. 2026). The California Air Resources Board buffer 
pool has already experienced a significant decline in active credits due to wildfire, 
and this is expected to increase as risk of wildfire hazard in the western US remains 
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high into the foreseeable future and leads to a buffer pool that is approximately 
6-times too small currently (Carbon Plan 2024; Francis et al. 2023; Wu et al. 2026). 
Projects that have multiple smaller parcels distributed throughout a region could be 
less susceptible to large loss events. However, smaller parcels may also be at risk of 
inconsistent management due to distances between parcels, economies of scale, and 
frequent changes in private forestland ownership.

For projects to achieve permanence, and be economically viable, management 
strategies and buffer pool size must be balanced with expected risk and based on 
rigorous data (Wu et al. 2026). Future climate conditions may also bring more com-
plexity and can even serve as a multiplier of risk because a warmer and drier climate 
can increase the probability of individual disturbances and multiple simultaneous 
disturbances, in addition to driving potential decreases in the rate of primary pro-
duction and recovery (Hurteau et al. 2025). The potential for increasing rates of dis-
turbance means that ecosystem responses to historical disturbance regimes may no 
longer serve as a reliable analogue into the future (Seidl et al. 2017).

The current differences in monitoring periods and buffer pool requirements create 
inherent discrepancies in the value of each credit generated and is partially depend-
ent upon the specific protocol and methodology employed (Galik et al. 2022). Estab-
lishing a standardized time for monitoring, which could signal how long a credit 
is valid for, could help strengthen claims of permanence as there is wide variance 
in the different approaches and tools utilized by protocols to assess risk (Sanders-
DeMott et al. 2025). Estimates of effective buffer pool size also depend on the tim-
ing of emissions reductions, to limit peak temperatures in the atmosphere. Peak 
warming is expected in the 2070s-2090s, with more pessimistic projections pushing 
that date off until 2150 (Lenton et  al.  2023). Peak warming is based on the idea 
that some surfaces (e.g., oceans) release heat and/or CO2 slowly back to the atmos-
phere, contributing to a gradual increase in temperatures even if emissions slow 
down. This means prioritizing emissions reductions in the short term (e.g., sale of 
cheap low-integrity carbon credits that are expected to provide emission reductions 
for 20–30 years), may fall short in addressing broader climate impacts (Matthews 
et al. 2022). Instead, long-term investment in ecosystem health and resilience to sta-
bilize carbon stocks, along with durable additional carbon storage (Dye et al. 2024), 
may be a more appropriate strategy for adapting and mitigating climate change 
through periods of peak warming.

Priority Areas to Address Permanence Challenges

Threats to permanence for projects can be addressed in a multitude of ways. 
Improved data sources and clear guidance can lead to improved measurement and 
monitoring of carbon pools. Specific areas of research related to improving perma-
nence include:

•	 The development of more rigorous, consistent, and transparent risk assessments 
that leverage inventory data, advanced mapping techniques, and AI technologies 
(e.g. Wu et  al. 2026). Similar to additionality monitoring, fusing data streams 
and methodologies, with particular attention to developing spatially explicit 
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maps, can leverage next-generation platforms that allow for wider spatial extrap-
olation (Novick et  al. 2024a), moving towards wall-to-wall risk mapping that 
integrates estimation of carbon storage (Wu et al. 2026), vulnerability and risk 
assessments, and other forest characteristics.

•	 Incorporating geographic and place-based information in a standardized way 
about threats and climate-induced challenges facing specific forests (Lecina-Diaz 
et  al.  2021) such as spatially explicit wildfire risk assessments and insurance 
mechanisms. The use of vulnerability assessments paired with climate change 
predictions can better align project activities with the intersection of broader 
management goals (Roshani et  al. 2022). When possible, incorporate climate 
change projections when assessing the risk of reversals through more mechanis-
tic feedbacks to reduce forecasting uncertainty (Novick et al. 2022).

•	 Identification of appropriate thresholds for carbon storage by pool over a stand-
ardized period of time while considering the residence time, durability, and sta-
bility of specific forest carbon pools being measured that seeks to not conflate 
stocks versus fluxes, a persistent challenge in quantifying credits (Korner 2026).

•	 Establishing better criteria for what a carbon credit represents that does not con-
flate carbon emission types, ideally leveraging nationally or internationally rec-
ognized datasets. Recent debates that seek to rectify the temporary nature of bio-
genic carbon storage and better resolve the time value of carbon storage (Parisa 
et al. 2022; Matthews et al. 2023) across emission types could provide insights 
into trade-offs between biogenic carbon storage, fossil-fuel consumptions, and 
other forest benefits such as biodiversity.

•	 Identification of pathways for different industries to co-generate carbon credits by 
leveraging different mitigation strategies (e.g., combine engineered and nature-
based solutions that include wood products) (Hanssen et al. 2020; Lehmann et al. 
2021; Runkle 2022). Additionally, identifying policy opportunities for forest-
based supply chain insetting, a strategy to reduce or remove GHG emissions 
directly within the value chain, paired with wood substitution can contribute to 
increased resiliency across the value chain (Ludvig et  al. 2024). For example, 
pairing silvicultural techniques such as salvage harvesting for bioenergy creation 
have shown synergies between supply chain sustainability and climate mitigation 
potential (Mansuy et al. 2018)

•	 Informing the design of flexible standards and protocols that allow for buffer 
pool contributions to vary depending on project-specific risk assessments but are 
applied consistently across programs. Developing improved metrics to address 
future operational challenges such as contract lengths, the transfer or sale of 
properties, and forest management activities could reduce internal project risks. 
Furthermore, operationalizing socio-economic indicator monitoring designed to 
increase equitable participation could serve to improve future monitoring and 
decision-making, supporting project success (Chan et  al. 2012; Kowler et  al. 
2020).

•	 Improve understanding of how silviculture and other adaptive management 
approaches affect carbon permanence especially as it relates to forest ecosystem 
vulnerability and risk including the exposure, sensitivity, and adaptative capac-
ity of forests under a changing climate. Increasingly there are efforts to better 
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quantify the role of specific management techniques such as cuttings, thinnings, 
prescribed fire, and other climate adaptive treatments have on forest diversity, 
complexity, and other structural and functional outcomes in addition to climate 
change mitigation and adaptation (D’Amato et al. 2011; Palik et al. 2020; Nagel 
et al. 2026). However, explicitly relating these relationships between forest eco-
system characteristics back to management prescriptions and carbon permanence 
would better inform how forests respond, cope, or adapt to climate change stress-
ors potentially improving understanding and quantification of carbon perma-
nence under a changing climate.

Due to complexities in determining forest carbon permanence, future research 
could prioritize identifying, defining, and assessing risks across three primary cat-
egories including internal risks such as project management, financial viability, and 
opportunity costs, external risks including land tenure and stakeholder participation, 
and natural risks from disturbances and other climate-driven stressors (Dhond et al. 
2026; Wu et  al. 2026). Integrating multiple data streams, mapping, and machine 
learning techniques can improve assessing natural risk at increased spatial and tem-
poral scales. Pairing recent advancements in monitoring permanence with improved 
thresholds and definitions for determining the durability and stability of individual 
carbon pools within the ecosystem could further support credibility claims (Dye 
et  al. 2024). Identifying opportunities where nature-based projects can be paired 
with engineered solutions could provide additional credibility to permanence for 
example, pairing forest management activities that reduce risk to wildfire through 
thinnings or other fuel management activities with engineered forms of carbon cap-
ture such as bioenergy with carbon capture and storage, biochar, or other engineered 
forms of carbon storage (Birdsey et al. 2018; Xie et al. 2023).

Leakage

Leakage is assumed to vary both geographically and temporally, as it can span juris-
dictional boundaries, timber markets, and timescales, modifying the circumstances 
both inside and outside the intervention area. Factors driving variation in understood 
leakage include the offsetting protocols, spatial extent, temporal scale, size of the 
intervention area, forest characteristics, type of management treatments, history of 
previous management, and local policies (Kallio and Solberg 2018, Sohngen and 
Brown 2004, Gan and McCarl 2007, Sun and Sohngen 2009). Understanding the 
intensity of forest management within the project intervention area can help deter-
mine the potential risk of leakage. For example, deferring harvest in areas where 
intensive forest management is more common can lead to greater leakage due to 
others switching their harvesting activity in response to short-term changes in mar-
ket prices. More specifically, research shows that market leakage will be lower if 
demand for timber is elastic with respect to price or alternative products are not sub-
stitutable, and higher when supply is relatively more elastic with respect to price, 
substitutable goods that have a higher net carbon footprint, or supply (Filewod and 
McCarney 2023).
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Market behavior in 2024–2026 shows that stumpage prices in the eastern US have 
not been responding strongly to changes in lumber or housing demand, and in many 
regions, prices are flat or even declining, despite shifts in downstream markets (e.g., 
Lamichhane et al. 2025; Li 2026). If timber prices do improve, and/or carbon prices 
become more competitive with timber harvesting, then harvesting pressure may shift 
to landowners currently barred from carbon projects due to small property size or 
lack of proof of ownership (e.g., heirs’ properties), which may have implications for 
the use of sustainable harvesting practices.

While all standards require considerations for leakage which is assumed to be 
greatest in areas with more intensive timber management, some project designs 
may create the possibility of positive spillovers, such as incentivizing tree plant-
ing or other carbon-positive behaviors not directly attributable to the carbon pro-
ject (Daigneault et al. 2025). Establishing a set of criteria or pre-conditions such as 
geographical extents, species or forest type, local governance, or local timber mar-
kets could potentially aid in assessing and mitigating the risk of leakage as leak-
age is inherently a market-mediated phenomenon. These pre-conditions could also 
help to quantify more appropriate time horizons in determining project permanence, 
additionality, and feasibility. Furthermore, differentiating between shifts in non-
market motivated harvesting behavior, for the purposes of stand health (Richards 
and Andersson 2001) and market-mediated shifts for revenue-seeking purposes (Van 
Kooten and Johnston 2016) remains challenging, as any shifts in timber harvest can 
cause subsequent fluctuations in timber pricing. A more holistic understanding of 
leakage will also require measuring the full carbon life cycle of wood products and 
their substitutes.

Priority Areas to Address the Risk of Leakage

Addressing the concerns about leakage in forest carbon projects requires investment 
in technology and research that can increase the capacity to model and monitor the 
impacts of leakage on crediting in forest carbon projects. Specific research priorities 
include:

•	 Investigation of the potential for AI technologies, drones, and novel modeling 
approaches to reveal predictive patterns and better account for potential leakage 
at regional to global scales (Daigneault et al. 2025). This could also help support 
strategies that account for leakage over longer periods of time and inform leak-
age causality in a spatially explicit manner, an area of growing emphasis (Rana 
et al. 2026).

•	 Improving understanding of current stand density and management regimes 
and history of neighboring forests to select supply chain alternatives from 
either reducing harvesting or extending rotation lengths within the project area. 
For example, identifying areas of overstocked lands to replace potential delays 
in harvest elsewhere (i.e., how do we use overstocked lands and timber stand 
improvement treatments to mitigate the impacts of timber harvest from delayed 
harvest rotation to maximize benefits across the landscape?).
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•	 Identification and quantification of sources of leakage variation and the causal 
drivers across forest types and regions to better understand how leakage rates 
may differ across space and time (Pan et al. 2020; Rana et al. 2026). Determining 
if leakage rates should vary based on project location and forest characteristics 
to improve estimation could also help improve estimation of additionality and 
permanence. Further, improving the conceptual and practical distinction between 
timber leakage and carbon leakage could improve overall monitoring and estima-
tion of leakage (Daigneault et al. 2025).

•	 Informing the development of integrated land-use policies to prevent leakage 
‘leap-frogging’ across jurisdictional boundaries, a practice more common in 
urban sprawl and growth management. Integrating the use of spatial tools into 
land-use policies to better understand the context specific spatial trends of leak-
age could lead to more holistic policies that seek to limit potential negative 
downstream effects outside the normal bounds of monitoring and potential spill-
over to other jurisdictional boundaries.

•	 Develop tools to better measure carbon leakage rather than harvest or forest area 
leakage across the range methodologies now applied to assess leakage in the lit-
erature. Embedded in this is a better understanding of the temporal dimensions 
of any carbon leakage estimate, including assessment of whether discounting 
should be applied.

Together these actions would strengthen the credibility of estimating, tracking, 
and reporting leakage that arise from direct project activities and from non-target 
behavior shifts in response to changes to economic incentives. Pairing innovations 
in carbon accounting across scales with land-use policies can help developers, audi-
tors, and registry specialists identify areas of synergy between current stocking lev-
els of forests as compared to historic stocking. Doing so has the potential to prior-
itize areas where forest characteristics make sense for elongating rotation lengths 
along with pairing those actions with areas where reducing stocking provides addi-
tional ecological benefits, which can alleviate perturbations to forest supply chains. 
Lastly, improving the spatial and temporal scales at which leakage is tracked can 
help determine better leakage rates based on project location, forest characteristics, 
and potentially prevent the ‘leap-frogging’ across jurisdictional boundaries.

Measuring, Monitoring, Reporting, and Verification (MMRV)

A key inflection point when conducting MMRV is deciding which model or 
approach to use to measure carbon (Premer et  al. 2025, Anderson-Teixeria and 
Belair 2021, Bagstad et  al. 2013, Novick et  al. 2022, Cook-Patton et  al. 2021). 
Unless every tree in a forest is cut, dried, and weighed, tree carbon measurements 
are all based on estimates and vary from model to model. Different approaches pro-
vide varying benefits and drawbacks, therefore creating uncertainty in reporting 
data (Daigneault et al. 2022). Many allometric equations have not been updated in 
decades and aim to reflect merchantable timber alone, oftentimes under counting 
estimation of carbon estimation in the branches, tops, and roots of trees (Doraisami 
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et al. 2024, Lim et al.. 2024, Restrepo et al. 2025) and frequently do not account for 
rates of decay. Moreover, changes in carbon stored in forest soils are often omitted 
from the calculus. Remote sensing technologies provide immense potential to esti-
mate changes in the volume of living biomass at larger scales; however, the margin 
of error varies significantly across different platforms (Tian et al. 2023, Knott et al. 
2023, Borsah et  al.  2023), and all methods still require on-the-ground calibration 
and verification (Xu et al. 2025).

The emergence of improved direct ecosystem-scale monitoring of carbon fluxes 
using technologies such as eddy covariance flux towers and earth systems models 
have increased the accuracy of baselines (Novick et al. 2022) as inventory data can 
miss stocks or stock changes concealed by landscape heterogeneity and generally 
do not provide information on non-CO2 GHG fluxes. Recent evidence using eco-
system-scale observations suggests that carbon uptake might be significantly greater 
than estimates reported using stock-change based approaches (Novick et al. 2024b); 
however, more research is needed to more fully understand the use of such models 
within policy frameworks and users (Woodall et al. 2025).

The costs associated with the MMRV of carbon remains one of the most signifi-
cant barriers to project development and maintenance. Project auditing adds another 
layer of cost and time to any given project, especially considering the limited num-
ber of certified professionals (Vaughan et al. 2022; Eastman et al. 2025). Simplify-
ing these processes could allow more buyers to enter the market, as increased trans-
parency and reduced costs could alleviate potential risks within the marketplace. 
Recent advancements in both the temporal and spatial resolution of remotely-sensed 
datasets such as satellite imagery, airborne and spaceborne LiDAR platforms, drone 
imagery, and other terrestrial laser scanners offer immense opportunity to decrease 
labor costs; however, measurements still largely must be ground-truthed and cali-
brated to forest inventory plots to ensure veracity. Streamlining data across plat-
forms with the use of machine learning or other data-driven approaches have shown 
encouraging results to improve both the cost-efficacy and accuracy of estimation. In 
addition to technical accuracy, the diligence of professionals involved in information 
management is also crucial.

Priority Areas to Improve the Measurement, Monitoring, Verification, and Reporting 
of Carbon

Challenges surrounding MMRV can lead to reduced integrity of forest carbon cred-
its. Improving methods can help bolster MMRV. Further research and knowledge 
could help to increase the efficacy of systems in place. Research priorities include:

•	 Advancing the use of innovative data-driven tools and technology such as satel-
lite imagery, LiDAR, drone imagery, or machine learning to decrease costs while 
simultaneously increasing accuracy in the development of MMRV systems. 
Leveraging accounting methods from local to regional scales by blending direct 
assessments of carbon fluxes (i.e., flux towers data) into inventorying, biometric, 
and other remote sensing observations can help reconcile different spatial and 
temporal scales (Novick et al. 2022).
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•	 Improve understanding and estimation of lateral losses of carbon through empiri-
cal studies (i.e., losses of soil carbon to water runoff). Answering fundamental 
carbon accounting and transfer questions can help improve the precision and 
accuracy of project-scale monitoring and verification further supporting more 
reliable baseline, additionality, and leakage estimation.

•	 Inform the integration of operational considerations into the development of 
MMRV systems to improve scalability to create systems that are consistent and 
therefore more repeatable and cost-effective while ensuring accuracy including 
the development of more standardized reporting criteria across methodologies 
for wood products (Arodudu et al. 2023).

The rapid development and deployment of MMRV systems that address current 
technological, data, and transparency issues will support increased trust and acces-
sibility. Further, fundamental questions about the ultimate fate of carbon within ter-
restrial ecosystems such as the lateral loss of carbon and the potential lack of meas-
uring all carbon fluxes still need to be answered (Novick et  al.. 2024c). Blending 
inventory-based approaches with multi-scalar based approaches such as flux tow-
ers, earth system models, terrestrial biosphere models, and other recent advances 
in machine learning offer plausible pathways forward but require cross-sector and 
cross-disciplinary collaboration. However, technological advances should consider 
operational impacts in monitoring project-scale carbon emissions, understanding 
fundamental trade-offs between costs, useability, and accuracy.

Markets & The Forest Bioeconomy

Voluntary carbon markets are inherently complex because they involve diverse 
actors across the forest production chain, operating simultaneously at local and 
global scales. Management decisions made by forestland owners in particular play a 
significant role in determining the future of forest carbon projects. Perceived oppor-
tunity costs across management priorities are likely to affect landowner participation 
in projects (Soto et  al. 2016). A recent meta-analysis of studies assessing accept-
able payment levels revealed that production-oriented landowners require nearly 
three times as much compensation compared to owners who engage in more passive 
forest management, due to perceived opportunity costs (Sharma and Kreye 2022). 
Ongoing uncertainties surrounding the compatibility of easements, preferential tax 
treatment, and enrollment in harvest deferral programs create additional challenges 
to enrollment (Diedrich and Clay 2025). However, the current low stumpage prices 
could incentivize landowners to prioritize carbon revenues as a primary source of 
income (Busby and Binkley 2021; Lamichhane et al. 2025). Strategies that encour-
age the market entry of early adopters are still needed to establish proof of concept 
until market prices improve as significant uncertainties remain with contract lengths 
and social compatibility (Khanal et al. 2017; Kerchner & Keeton 2015) an issue that 
has only increased in importance given the pace of change in forest carbon markets 
(Sharma and Kreye 2022). Current avenues being explored include diversifying con-
tract styles by subsidizing high startup costs or offering large upfront incentives.
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Widespread adoption of forest carbon projects could have both direct and indi-
rect ripple effects throughout the forestry supply chain, job market, and harvesting 
infrastructure. Long-term trends show declines in harvesting, closure of regional 
mills, and volatility in timber prices (He et al. 2021; Eastman et al. 2025) which all 
have critical implications for a robust timber economy and assumptions that under-
pin the standard of additionality. Areas such as New England have already seen 
fewer landowners harvest timber because of social challenges and decreasing parcel 
sizes (Levesque 2024). This decrease has led to subsequent declines in the forester 
and logging job force and further effects the financial viability of mills. Increased 
adoption of carbon markets could exacerbate challenges for struggling wood mar-
kets and potentially incentivize unsustainable harvesting practices or no harvesting 
in response impacting rural economies from local to regional scales (Bubser et al. 
2023; Cameron et al. 2024). If the challenges facing the timber industry are more 
structural than competitive (He et  al. 2021), expanding access to investments for 
emission reductions within the wood products sector may be one way of supporting 
a reliable supply of renewable wood and fiber.

Future buyer involvement in carbon markets is also uncertain. There is still a 
lack of clarity regarding how credits will be utilized to meet zero-emission goals, 
enhance ESG ratings (environmental, social, and governance), and for other ethical 
or corporate social responsibility reasons (Agbakwuru et al. 2024). In the European 
Union, carbon disclosure laws have been established, incentivizing companies to 
reduce their carbon footprint (Breshani 2025). While this does not directly impact 
US-based companies, any companies that do business in Europe must comply. Addi-
tionally, the type of assurances required by investors, corporations, or other buyers 
to manage risk when trading credits remains poorly understood (Trouwloon et  al. 
2023).

Priority Areas to Foster a More Sustainable Bioeconomy

A more sustainable bioeconomy requires an advanced understanding of key inter-
actions between ecological systems, new and existing markets and regulations. 
Research priorities include:

•	 Advancing bioeconomic modeling analyses for ecosystem service provisioning 
under future pathways to help inform tailored strategies that balance competing 
objectives (i.e., carbon, timber, wildlife) on non-industrial forest lands (Carovil-
lano 2025)

•	 Quantifying the return on investment financing for nature-based carbon projects 
that focus on building resilience within ecosystem systems, as compared to tim-
ber production (Elias et al. 2025), and clarifying fundamental trade-offs between 
goals.

•	 Identification of incentives packages for landowners that balance multiple 
management objectives and high up-front costs with future returns, which can 
increase the long-term sustainability of projects (Gazal et  al. 2025) as well as 
increasing guidance on the tax treatment of carbon income and tax compatibility 
of projects with other tax preferential treatments (Diedrich and Clay 2025).
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•	 Informing and identifying financial schemes for leveraging low-value woody bio-
mass production (e.g., biochar, mass timber) as a strategic resource for achiev-
ing comprehensive forest restoration goals and provision of renewable resources 
(Ghosh et al. 2025). Including the assessment strategies for tracking climate ben-
efits, recovering waste, and retaining values within wood products supply chains 
(Farjana and Ashraf 2025).

•	 Improvements in assessing how regulatory restrictions for compliance markets 
can influence the voluntary market including understanding what drives the price 
of a carbon credit, drivers of supply and demand, and support for methodological 
improvements.

•	 Investigation into the type of credits that buyers need or are looking for to pro-
vide increased transparency especially as investments prefer low-risk active res-
toration-based projects rather than other more passive approaches (Lofqvist et al. 
2023).

•	 Assessment of the trade-offs for local and regional economies between wider 
voluntary carbon market adoptions and wood markets including implications for 
the forestry and logging workforce, logging infrastructure, mill financial viabil-
ity, and incentives of unsustainable harvesting practices.

A more sustainable bioeconomy depends on a deeper understanding of how eco-
logical systems, markets, and regulatory frameworks interact over time, particularly 
in forested landscapes dominated by non-industrial private ownership. Research 
priorities emphasize the need for integrated bioeconomic modeling to evaluate how 
different future management pathways affect ecosystem services such as carbon 
storage, timber production, and wildlife habitat, and to help identify strategies that 
balance these often competing objectives. Related work highlights the importance 
of comparing the financial performance of resilience-focused forest carbon projects 
with traditional timber production, as well as designing incentive packages that help 
landowners overcome high upfront costs while still realizing long-term economic 
returns. Together, these efforts aim to improve participation, equity, and durability 
in forest-based climate strategies.

Another major focus is understanding how financial and market mechanisms can 
support restoration and value creation without undermining ecological goals. This 
includes developing financial schemes that leverage low-value woody biomass—
such as biochar or mass timber—as strategic resources to advance forest restoration, 
provide renewable materials, and retain value within regional economies. Research 
also points to the need for better methods to track climate benefits, recover waste, 
and maintain value across wood-product supply chains. At the same time, clearer 
insight into how regulatory requirements in compliance markets influence voluntary 
carbon markets—especially through price formation, supply-and-demand dynamics, 
and methodological rules—is essential for improving transparency and credibility.

Finally, the literature underscores that economic and social impacts must be 
explicitly considered as forest carbon markets scale. Buyer preferences increasingly 
favor transparent, low-risk credits tied to active restoration rather than passive man-
agement, which has implications for how credits are designed and valued. Wide-
spread adoption of voluntary carbon markets may also create trade-offs for local 
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and regional economies, including effects on forestry employment, logging infra-
structure, mill viability, and the risk of unintended harvesting or management cessa-
tion. Addressing these challenges requires standards and protocols that account for 
potential perverse incentives, alongside improved tracking and quantification across 
the forest-product value chain to better evaluate both climate benefits and economic 
consequences.

Social and Ecological Implications

The benefits provided by forest carbon projects have largely been directed towards 
credit buyers and project developers oftentimes leaving behind the landowners and 
communities where projects occur (Sass et al. 2021). To date, the largest volume of 
credits sold in the California compliance market have gone to corporate lands with 
largely mixed results as to the effect on local communities (Pan et al. 2022) such as 
limited economic returns (e.g., tax revenue) as compared to other land-use options 
(Aggarwal 2020). Therefore, there is an opportunity to better incorporate local com-
munities into project design to ensure the appropriate socio-ecological safeguards 
exist (Romm et  al.  2025) and to foster outcomes which align with the needs and 
values of all individuals and communities (Eastman et al. 2025).

Aligning projects with local needs and generating community buy-in often 
requires early and iterative engagement to co-create projects with community lead-
ers. Co-designed principles are particularly important when working with com-
munities that have historically low levels of trust, including predominantly Black 
and Indigenous landowners (Caperon et al. 2022; Urquhart et al. 2023). Involving 
younger generations supports workforce development and continuity of projects 
since contracts often extend beyond the lifetime of the original landowner (Bhaduri 
et  al. 2022). In order to foster meaningful engagement, project developers could 
consider processes that contain capacity building for local participation, address dis-
parities in power across actors (Mathur et al. 2013), and acknowledge project imple-
mentation has innate social costs and land rights for rural communities (Pan et al. 
2022).

Wider market adoption among landowners and stakeholders could have profound 
implications for local, municipal, and state revenues due to a shift in timber harvest-
ing which could influence the forestry workforce and forest products sector. While 
forest carbon projects are widely seen to provide social and environmental benefits, 
weaker markets for timber or wood products could have more significant negative 
effects on rural natural resource dependent communities (Moioli et al. 2025). Fur-
thermore, a slowdown in active timber management could have other effects on the 
future health and resilience of forests including: (1) shifts in risk from natural distur-
bances due to increased fuel and stocking, and (2) a lack of financial investments in 
planting and forest regeneration post-disturbance, potentially threatening to counter-
act climate gains from forest carbon projects.

Forest carbon projects present an opportunity to promote multiple ecological co-
benefits which may align with the needs and values of local communities such as 
wildlife habitat protection, soil erosion control, biodiversity, and water quality (Deal 
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et al. 2012; Lin et al. 2013). Managing forest biomass also contributes to other eco-
system service benefits such as food safety, energy provision (i.e., woodfuel), genetic 
diversity, and cultural services (Millennium Ecosystem Assessment, 2005, Díaz 
et al. 2018, Caldwell et al., 2023). Particularly, biodiversity and using native species 
have become a priority in the design of many nature-based carbon projects. While 
the significance of biodiversity outcomes is widely recognized, fostering these pro-
jects and understanding their contribution to high-integrity credits will benefit from 
further research and methodological development (Pan et al. 2022).

Priority Areas to Ensure Socio‑ecological Benefits

To support the generation of high integrity carbon credits, there is a growing need to 
recognize socio-ecological risks and responsibly engage communities in culturally 
appropriate manners. Research and education priorities include:

•	 Support the development of locally-informed safeguards and standards for 
engagement with vulnerable communities to ensure projects represent commu-
nity values as evidence has shown that low-income regions face higher costs 
when forest projects fail (Moioli et al. 2025). There already is abundant litera-
ture about safeguards and co-benefits throughout the global South and tropics. 
However, less emphasis on applying principles (Vanclay, 2017) to gain project 
acceptability, legitimacy, and trust within the domestic US context exists.

•	 There is an opportunity to build upon the research on the socio-economic risks 
involved in project design and development (Pan et al. 2022). Topics may include 
operational challenges related to contract lengths, the transfer of properties, and 
implications for future forest management, all of which can impact the perma-
nence of a project.

•	 Better defining the idea of commodifying biodiversity as a credit, in addition to 
carbon benefits, is a topic of increasing interest (Webb et al. 2025). One novel 
approach is to monitor for multiversity as estimated based on high-throughput 
molecular identification of soil meiofauna, fungi, bacteria, protists, plant roots, 
and other organisms shedding DNA into soil (Tedersoo et al. 2024). However, 
estimating the efficacy and accuracy of such efforts still needs to be tested.

•	 How to best frame educational initiatives about climate change, and natural 
climate solutions to increase awareness of how and where projects are imple-
mented, how community consent is informed, and how biodiversity is protected 
(Seddon et  al. 2021). These conversations can also help foster more regenera-
tive relationships between people and nature (Welden et al. 2021). Improve met-
rics and evaluation of trade-offs between carbon and other co-benefits to sup-
port protocol design by understanding that other ecosystem services from forests 
such biodiversity, climate adaptation, and human well-being can help support 
and enhance mitigation over longer timespans (Smith et al. 2022; Donatti et al. 
2022).

•	 Support continuing education opportunities for forest professionals and technical 
service providers working in outreach and engagement with forest landowners to 
ensure uptake and integration of current issues, concerns, and community needs.
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•	 Inform the design of protocols that encourage biologically and culturally appro-
priate projects that prioritize native species, ecological integrity, and the protec-
tion and restoration of wildlife habitat as recent evidence has arisen to the latter 
(Badgley et al. 2021; Maron et al. 2025).

•	 Specifically seek out Indigenous community and underserved landowner partici-
pation in project co-design to elevate culturally relevant practices and species, 
prevent harm, and ensure positive local outcomes.

•	 Investigate the social cost of AI and machine learning usage in academic research 
and forest carbon projects for environmental impacts on energy supplies, ecosys-
tems, and hydrology (Olawade et  al. 2024; de Roucy-Rochegonde and Buffard 
2025).

Pursuing research priorities that elucidate human dimension challenges within 
standards and protocols, can help address socio-economic risks that hamper pro-
ject permanence (Huettner, 2012). Preparing communities to be able to advocate 
for themselves to better align carbon project goals with needs will also support the 
long-term success of these projects. The literature is rife with examples where mar-
ginalized communities bear the brunt of poor governance, natural resource manage-
ment, and financial incentives. Developing locally informed safeguards relevant to 
communities within the US can make a significant impact to not only prevent harm 
but move beyond the do-no-harm paradigm to generate equitable benefit sharing 
within and among communities (Cubas-Baez et al. 2025). Reframing the conversa-
tion about climate change, carbon offsets, and natural climate solutions, allowing 
stakeholders to engage with discourse relevant to their context would seek to build a 
stronger consensus shifting power from more top-down to bottom-up decision-mak-
ing. Doing this requires improvements in metrics and evaluation techniques used to 
understand co-benefit sharing, climate impact, and their trade-offs to better support 
mitigation efforts. Lastly, protocols that encourage and incentivize biologically and 
culturally appropriate projects that actively integrate Indigenous communities and 
local knowledge to increase project participation allow for increased project legiti-
macy and transparency (Cadman 2013).

Summary and Future Research Priorities

Our discussions highlighted a number of emerging priorities to support the integrity 
of forest carbon projects. Moreover, they illustrate how project standards, forest land 
conditions, people, and markets are intertwined when generating forest carbon cred-
its. Our discussions overwhelmingly emphasized the importance of transparency, 
information sharing, and broad communication, especially with local actors, forest 
users, and the public. We also identified gaps in communication between academics, 
businesses, project developers, policy makers, landowners, and the broader public. 
Additionally, an emphasis was placed on the need for community members to be 
involved throughout the process to ensure they can fulfill the robust management 
practices needed to ensure high-quality credits, avoid perverse economic incentives, 
and that protocols are culturally and ecologically appropriate.
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Another important theme to highlight was the emphasis on harnessing the power 
and potential of new technologies and open data sharing to make the monitoring 
and prediction of forest carbon dynamics more efficient and accurate. The ability 
to use lower cost drones for new imaging, advanced data-driven modeling tech-
niques, increasing the use of satellite remote-sensing, and the emergence of AI and 
other machine learning technologies could help to improve the integrity of credits. 
Advances in technology can help to enhance not only the accuracy of baseline esti-
mation but also better predict and monitor leakage risk and improve estimations 
of reversal risks under future climate projections. These data and technologies are 
invaluable to creating more robust protocols and in turn improving the underlying 
science of carbon accounting while potentially reducing costs.

Overarching Research Priorities to Increase the Integrity in Forest Carbon Credits

Here we summarize overarching research priorities with implications for carbon sci-
ence and methodologies, policy, and management. Future research and collaboration 
across these three focal areas would help to increase the integrity of forest carbon 
credits.

Carbon Science and Methodological Research Priorities

To support higher-integrity carbon credits, the work of scientists, academia, and 
other knowledge producers aims to advance the underlying science used to model, 
project, track, and determine the ultimate fate of carbon. This work could emphasize 
defining the role and evaluating trade-offs of recent technological advances, such as 
AI technologies and remotely-sensed data, in project development and monitoring to 
reduce costs, increase accuracy, and validate additionality and permanence focused 
on integrating and fusing data streams and emerging technologies. There is still a 
growing need to quantify the long-term ecological impacts of forest carbon projects 
on forest growth, structure, function, and adaptive capacity, and their relationship 
to carbon storage and sequestration which can be supported by the continuation and 
expansion of forest inventory-based efforts both in spatial and temporal intensity, 
such as NFIs. There is an opportunity to increase understanding of what constitutes 
a carbon credit as it relates to emission avoidance, reductions, and removals with an 
added emphasis on durability across carbon pools. To reduce uncertainty of fore-
casted predictions, methodologies may be improved to track and quantify leakage, 
baseline emissions, and project additionality that fuse data sources and mechanisti-
cally incorporate climate change predictions, climate feedbacks, and historical dis-
turbance regimes into baseline estimations. Further, there are still gaps in the litera-
ture related to socio-economic risks involved in project design and development.

Policy Research Priorities

Panelists and participants discussed policy-relevant topics requiring further emphasis 
that could help support the health of carbon markets. These topics include: creation 
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of locally informed safeguards and standards for engagement with vulnerable commu-
nities to ensure projects represent community values and positive societal outcomes; 
increased consistency across project protocols and standards to increase the transpar-
ency and create alignment on estimating project risk, buffer pool estimation, and leak-
age quantifications; the establishment of requirements for transparent and open-access 
project reporting to avoid the risk of double counting, as well as transparency in carbon 
pricing; The design of projects that consider trade-offs between carbon and other forest 
co-benefits and ensure equitable benefit sharing across all actors.

Forest Management Research Priorities

Discussions related to on-the-ground implementation of forest carbon projects high-
lighted how the identification of biologically and ecologically appropriate actions that 
prioritize native species, wildlife, and other culturally appropriate practices that still 
provide climate mitigation benefits and the purposeful incorporation of Indigenous 
communities and underserved landowners to better co-design projects that employ cul-
turally relevant practices can help strengthen the efficacy and equity of forest carbon 
projects. Furthermore, forest management research priorities provide an opportunity to 
highlight the need to improve understanding of how silvicultural practices and other 
forest management actions influence carbon stocks and fluxes over time and how man-
agement decisions interact across multiple priority areas including additionality, per-
manence, leakage, and the bioeconomy influencing the integrity of carbon credits. Par-
ticularly, interest should be placed in better informing the role forest management plays 
in enhancing resilience and adaptive capacity to future climate conditions and how that 
affects carbon storage, forest structural characteristics and in turn, carbon permanence, 
additionality, leakage, and the forest bioeconomy.

Together these research priority areas address some of the critical gaps across 
carbon science, methodologies, policy, and management to support high-integrity 
forest carbon credits. Going forward, there is a continued need to identify cross-
cutting research priorities that span all priority areas highlighting the interactions 
between them noting that a greater need for transparency and advances in tech-
nologies, were a reoccurring theme of this review. Advancing how high-integrity is 
defined with regards to credits, iterating upon those efforts, and better linking under-
standing of what constitutes high-integrity to forest carbon topics, with particularly 
emphasis on the science, management, and policy, will serve to improve how carbon 
markets function, reduce global GHG emissions, and develop forest carbon cred-
its resulting in positive outcomes for forest ecosystems and the societies that rely 
upon them. Investments in these areas could substantially improve the ability of land 
managers, carbon project developers, and decision-makers to make better informed, 
data-driven decisions that align with climate mitigation goals, society well-being, 
and other sustainable forest management goals.
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Conclusions

Carbon projects and markets are highly complex, and there is no single solution to 
the issues facing them. This collaborative paper has laid out potential priorities to 
advance the implementation of carbon projects to generate high-integrity forest car-
bon credits by discussing key points where further research and cross sector col-
laboration can improve existing frameworks leading to better outcomes. Continued 
research on improving quantification methods, establishing safeguards to protect 
local communities and environments, increased public engagement, and advanc-
ing public–private partnerships may help address key gaps and needs in the field. 
Improving the integrity of carbon credits serves to support climate mitigation goals, 
economic health of natural resource dependent communities, and advance the 
underlying science of carbon quantification and forest management. This paper out-
lined priorities areas identified to address current limitations impacting the integrity 
of forest carbon projects. Furthermore, continued knowledge sharing and knowledge 
co-production amongst academics and across industry could help address the needs 
posed in this paper.
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