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Viable nature-based climate solutions (NbCS) are needed to achieve
climate goals expressed in international agreements like the Paris Accord.
Many NbCS pathways have strong scientific foundations and can deliver
meaningful climate benefits but effective mitigation is undermined

by pathways with less scientific certainty. Here we couple an extensive
literature review with an expert elicitation on 43 pathways and find that at
present the most used pathways, such as tropical forest conservation, have
asolid scientific basis for mitigation. However, the experts suggested that
some pathways, many with carbon credit eligibility and market activity,
remain uncertain in terms of their climate mitigation efficacy. Sources of
uncertainty include incomplete GHG measurement and accounting. We
recommend focusing on resolving those uncertainties before broadly
scaling implementation of those pathways in quantitative emission or
sequestration mitigation plans. If appropriate, those pathways should be
supported for their cobenefits, such as biodiversity and food security.

Nature-based climate solutions (NbCS) are conservation, restoration  integral to meeting global climate goals, with the greatest benefit
andimproved management strategies (pathways) innaturalandwork-  coming from near-term maximization of emission reductions, fol-
ing ecosystems with the primary motivation to mitigate GHG emissions  lowed by CO,removal®. Many countries (for example, Indonesia, China
and remove CO, from the atmosphere’ (similar to ecosystem-based and Colombia) use NbCS to demonstrate progress toward national
mitigation?). GHG mitigation through ecosystem stewardship is climate commitments.
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The scope of NbCSis narrower thanthat of nature-based solutions
(NbS) whichinclude interventions that prioritize non-climate benefits
alongside climate (for example, biodiversity, food provisioning and
water quality improvement)*. In many cases, GHG mitigation is con-
sidered a cobenefit that results from NbS actions focused on these
other challenges’. In contrast, NbCS are broader than natural climate
solutions, which are primarily focused on climate mitigation through
conservation, restoration and improved land management, generally
not moving ecosystems beyond their unmodified structure, functionor
composition®’. NbCS may involve moving systems beyond their original
function, for example by cultivating macroalgae in water deeper than
their natural habitat.

The promise of NbCS has generated a proliferation of interest in
using them in GHG mitigation plans®’; 104 of the 168 signatories to the
Paris Accordincluded nature-based actions as part of their mitigation
plans®. Success in long-term GHG management requires an accurate
accounting of inputs and outputs to the atmosphere at scale, soNbCS
credits must have robust, comprehensive and transparent scientific
underpinnings’. Given the urgency of the climate problem, our goal
istoidentify NbCS pathways with a sufficient scientific foundation to
provide broad confidence in their potential GHG mitigation impact,
provideresources for confidentimplementation and identify priority
research areas in more uncertain pathways. Evaluating implementa-
tion of mitigation projectsis beyond our scope; this effort focuses on
understanding the underlying science. The purpose is not evaluating
any specific carbon crediting protocol orimplementation framework
but rather the current state of scientific understanding necessary to
provide confidence in any NbCS.

In service of this goal, we first investigated nine biomes (boreal
forests, coastal marine (salt marsh, mangrove, seagrass and coral reef),
freshwater wetlands, grasslands, open ocean (large marine animal and
mesopelagic zone biomass, seabed), peatlands, shrublands, temperate
forestsand tropical forests) and three cultivation types (agroforestry,
croplands and macroalgae aquaculture); these were chosen because
of their identified potential scale of global impact. In this context,
impactis assessed as net GHG mitigation: the CO, sequestered or emis-
sionsreduced, for example, discounted by understood simultaneous
emissions of other GHG (as when N,O is released simultaneously with
carbon sequestration in cropland soils). From there, we identified 43
NbCS pathways which have been formally implemented (with or with-
out market action) or informally proposed. We estimated the scale of
mitigationimpact for each pathway on the basis of this literature and,
as a proxy measure of NbCS implementation, determined eligibil-
ity and activity under existing carbon crediting protocols. Eligibility
means that the pathway is addressed by an existing GHG mitigation
protocol; market activity means that credits are actively being bought
under those eligibility requirements. We considered pathways across
aspectrum from protection to improved management to restoration
to manipulated systems, but some boundaries were necessary. We
excluded primarily abiotically driven pathways (for example, ocean
alkalinity enhancement) or where major land use or land-use trade-offs
exist (for example, afforestation)'°'%. Of the 43 pathways, 79% are at
presenteligible for carbon crediting (sometimes under several meth-
odologies) and at least 65% of those have been implemented (Supple-
mentary Table 1). This review was then appraised by 30 independent
scholars (at least three per pathway; a complete review synthesis is
givenin the Supplementary Data).

Consolidation of abroad body of scientificknowledge, with inher-
entvariance, requires expertjudgement. We used an expert elicitation
process” " with ten experts to place each proposed NbCS pathway into
oneofthree readiness categories following their own assessment of the
scientific literature, categorized by general sources of potential uncer-
tainty: category 1, sufficient scientific basis to support a high-quality
carbon accounting system or to support the development of such a
system today; category 2, a >25% chance that focused research and

Table 1| Credit issuance by NbCS category

NbCS scope NbCS categories Number of
creditsissued®
REDD+ 445 million
Improved forest management 200 million
Afforestation/reforestation 59 million
a

Forestry*and Avoided forest conversion 10 million

land use
Sustainable grassland management  12million
Wetland restoration S5million
Avoided grassland conversion 700,000
Improved irrigation management 400,000

Agriculture
Sustainable agriculture 440,000

REDD stands for reducing emissions from deforestation and forest degradation in developing
countries. The ‘+ indicates additional forest-related activities that protect the climate, namely
sustainable management of forests and the conservation and enhancement of forest carbon
stocks. From https://unfccc.int/topics/land-use/workstreams/redd/what-is-redd (accessed

12 March 2024). *Conservation of tropical peatlands and agroforestry projects may be
included under some forest protocols. *Total number of credits issued for selected NbCS
pathways (Agriculture, Forestry and Other Land Use project types) by Climate Action Reserve,
American Carbon Registry, Verra, Gold Standard, Verified Carbon Standard and California

Air Resources Board as of May 2023. Note that the NbCS identified by the registries can span
several discrete pathways (for example, afforestation and reforestation) and so the categories
here may not directly align with the specific NbCS pathways in the expert elicitation. Data
rounded from https://gspp.berkeley.edu/faculty-and-impact/centres/cepp/ projects/
berkeley-carbon-trading-project/offsets-database (accessed 10 May 2023).

reasonable funding would support development of high-quality carbon
accounting (thatis, move to category1) within 5 years; or category 3, a
<25% chance of development of high-quality carbon accounting within
Syears (for example, due to measurement challenges, unconstrained
leakage, external factors which constrain viability).

Ifan expertranked a pathway as category 2, they were also asked to
rank general research needs to resolve: leakage/displacement (spillo-
ver to other areas), measuring, reporting and verification (the ability
to quantify all salient stocks and fluxes), basic mechanisms of action
(fundamental science), durability (ability to predict or compensate
for uncertainty in timescale of effectiveness due to disturbances,
climate change, human activity or other factors), geographic uncer-
tainty (place-to-place variation), scaling potential (ability to estimate
impact) and setting of abaseline (ability to estimate additionality over
non-action; a counterfactual). To avoid biasing towards a particular
a priori framework for evaluation of the scientific literature, review-
ers could use their own framework for evaluating the NbCS literature
about potential climate impact and so could choose to ignore or add
relevant categorizations as well. Any pathway in category 1 would not
need fundamental research for implementation; research gaps were
considered too extensive for useful guidance onreducing uncertainty
in category 3 pathways. Estimates of the global scale of likely potential
impact (PgCO,e yr™') and cobenefits were also collected from expert
elicitors.See Methods and Supplementary Information for the survey
instrument.

Results

Four pathways with the highest current carbon market activity and
high mitigation potential (tropical and temperate forest conservation
andreforestation; Table 1and Supplementary Data), were consistently
rated as high-confidence pathways in the expert elicitation survey.
Other NbCS pathways, especially in the forestry sector, were rated
relatively strongly by the experts for both confidence in scientific basis
and scale of potential impact, with some spread across the experts
(upper right quadrant, Fig. 1). Conversely, 13 pathways were consist-
ently marked by experts as currently highly uncertain/low confidence
(median score across experts: 2.5-3.0) and placed in category 3 (for
example, cropland microbialamendments and coral reef restoration;
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Fig.1|Mean categorization of each pathway versus scale of estimated
potential impact. Pathways in the upper right quadrant have both high
confidence in the scientific foundations and the largest potential scale of global
impact; pathways in the lower left have the lowest confidence in our present
scientific body of knowledge and an estimated smaller potential scale of impact.
Designations of carbon credit eligibility under existing protocols and market

activity at the present time are noted. Grassland enhanced mineral weathering
(EMW) is not shown (mean category rating 2.9) as no scale of impact was
estimated. See Supplementary Table 1 for specific pathway data. Bars represent
20th to 80th percentiles of individual estimates, if there was variability in
estimates. A small amount of random noise was added to avoid overlap.

Supplementary Tables1and 2). For the full review, including crediting
protocols currently used, literature estimates of scale and details of
sub-pathways, see Supplementary Data.

The experts assessed 26 pathways as having average confidence
scoresbetween1.5and 2.4, suggesting the potential for near-termreso-
lution of uncertainties. This categorization arose from either consensus
amongst experts on the uncertain potential (for example, boreal forest
reforestation consistently rated category 2, with primary concerns
about durability) or because experts disagreed, with some ranking
categoryland others category 3 (for example, pasture management).
We note that where expert disagreement exists (seen as the spread of
responsesin Fig.1and Supplementary Table 1; also see Data availability
for link to original data), this suggests caution against overconfidence
in statements about these pathways. These results also suggest that
confidence may be increased by targeted research on the identified
sources of uncertainty (Supplementary Table 3).

Sources of uncertainty

Durability and baseline-setting were rated as high sources of uncer-
tainty across all pathways ranked as category 2 by the experts (mean
ratings of 3.6 and 3.4 out of 5, respectively; Supplementary Table 3).
Understanding of mechanisms and geographic spread had the lowest
uncertainty ratings (2.1and 2.3, respectively), showing confidence in
the basic science. Different subsets of pathways had different prioriti-
zations, however, suggesting different research needs: forest-centric
pathways were most uncertain in their durability and additionality
(3.8 and 3.4, respectively), suggesting concerns about long-term

climate and disturbance trajectories. Agricultural and grassland sys-
tems, however, had higher uncertainty in measurement methods and
additionality (3.9 and 3.5 respectively). Although there were concerns
about durability from some experts (for example, due to sea-level
rise), some coastal blue carbon pathways such as mangrove restora-
tion (mean category ranking: 1.7 (20th to 80th percentile 1.0-2.0))
have higher confidence than others (for example, seagrass restora-
tion: mean category ranking 2.8, 20th to 80th percentile 2.6-3.0)),
which are relatively poorly constrained in terms of net radiative
forcing potential despite a potentially large carbonimpact (seagrass
median:1.60 PgCO,e yr’; see Supplementary Data for more scientific
literature estimates).

Scale ofimpact

For those pathways with lower categorization by the expert elicitation
(category2or3) atthe present time, scale of globalimpact is a potential
heuristic for prioritizing further research. High variability, often two
orders of magnitude, was evident in the mean estimated potential
PgCO,e yrimpacts for the different pathways (Fig.1and Supplemen-
tary Table 2) and the review of the literature found even larger ranges
producedbyindividual studies (Supplementary Data). A probable cause
ofthis wide range was different constraints on the estimated potential,
with some studies focusing on potential maximumimpact and others
onmore constrained realizable impacts. Only avoided loss of tropical
forestand cropland biochar amendmentwere consistently estimated
as having the likely potential to mitigate >2 PgCO,e yr, although bio-
char was considered more uncertain by experts due to other factors
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germane to its overall viability as a climate solution, averaging a cat-
egorization of 2.2. The next four highest potential impact pathways,
ranging from 1.6 to 1.7 PgCO,e yr', spanned the spectrum from high
readiness (temperate forest restoration) to moderate (cropland conver-
sion from annual to perennial vegetation and grassland restoration)
to low (seagrass restoration, with main uncertainties around scale of
potential impact and durability).

There was high variability in the elicitors’ estimated potential
scale of impact, even in pathways with strong support, such as tropi-
cal forest avoided loss (20th to 80th percentile confidence interval:
1-8 PgCO,e yr™"), again emphasizing the importance of consistent
definitions and constraints on how NbCS are measured, evaluated
and then used in broad-scale climate change mitigation planning and
budgeting. Generally, as pathway readiness decreased (moving from
category 1to 3), the elicitor-estimated estimates of GHG mitigation
potential decreased (Supplementary Fig.1). Note that individual stud-
ies from the scientific literature may have higher or lower estimates
(Supplementary Data).

Expertelicitation meta-analyses suggest that 6-12 responses are
sufficient for a robust and stable quantification of responses”. We
tested that assumption viaaMonte Carlo-based sensitivity assessment.
Readiness categorizations by the ten experts were robust to a Monte
Carlo simulation test, where further samples were randomly drawn
from the observed distribution of responses: mean difference between
the original and the boot-strapped data was 0.02 (s.d. = 0.05) with an
absolute difference average of 0.06 (s.d. = 0.06). The maximum differ-
ence in readiness categorization means across all pathways was 0.20
(s.d.=0.20) (Supplementary Table 2). The full dataset of responses is
available online (see ‘Data availability’).

Discussion

Theseresults highlight opportunities to accelerate implementation of
NbCSinwell-supported pathways and identify critical research needs
inothers (Fig.1). We suggest focusing future efforts on resolving identi-
fied uncertainties for pathways at the intersection between moderate
average readiness (for example, mean categorizations between-~1.5and
2.0) and high potentialimpact (for example, median >0.5 PgCO,e yr™;
Supplementary Table1): agroforestry,improved tropical and temper-
ate forest management, tropical and boreal peatlands avoided loss
and peatland restoration. Many, although not all, experts identified
durability and baseline/additionality as key concerns to resolve in
those systems; research explicitly targeted at those specific uncer-
tainties (Supplementary Table 3) could rapidly improve confidencein
those pathways.

We recommend a secondary research focus on the lower ranked
(mean category 2.0 to0 3.0) pathways with estimated potential impacts
>1PgCO,e yr* (Supplementary Fig. 2). For these pathways, explicit,
quantitative incorporation into broad-scale GHG management plans
will require further focus on systems-level carbon/GHG understand-
ings to inspire confidence at all stages of action and/or identifying
locations likely to support durable GHG mitigation, for example ref. 16.
Examples of this group include avoided loss and degradation of boreal
forests (for example, fire, pests and pathogens and albedo'®) and effec-
tive mesopelagic fishery management, which someindividual studies
estimate would avoid future reductions of the currently sequestered
1.5-2.0 PgC yr'(refs.17,18). These pathways may turn out to have higher
or lower potential than the expert review suggests, on the basis of indi-
vidual studies (Supplementary Data) but strong support will require
further, independent verification of that potential.

We note that category 3 rankings by expert elicitation do not
necessarily imply non-viability but simply that much more research
is needed to confidently incorporate actions into quantitative GHG
mitigation plans. We found an unsurprising trend of lower readi-
ness categorization with lower pathway familiarity (Supplementary
Fig.3). This correlation may result from two, non-exclusive potential

causes: (1) lower elicitor expertise in some pathways (inevitable,
although the panel was explicitly chosen for global perspectives,
connections and diverse specialties) and (2) an actual lack of scientific
evidence in the literature, which leads to that self-reported lack of
familiarity, a common finding in the literature review (Supplemen-
tary Data). Both explanations suggest a need to better consolidate,
develop and disseminate the science in each pathway for global utility
and recognition.

Our focus on GHG-related benefits in no way diminishes the sub-
stantial conservation, environmental and social cobenefits of these
pathways (Supplementary Table 4), which often exceed their perceived
climate benefits"'**'. Where experts found climate impacts to remain
highly uncertain but other NbS benefits are clear (for example, biodi-
versity and water quality; Supplementary Table 4), other incentives
or financing mechanisms independent of carbon crediting should
be pursued. While the goals here directly relate to using NbCS as a
reliably quantifiable part of global climate action planning and thus
strong GHG-related scientific foundations, non-climate NbS projects
may provide climate benefits that are less well constrained (and thus
less useful froma GHG budgeting standpoint) but also valuable. Poten-
tial trade-offs, if any, between ecosystem services and management
actions, such as biodiversity and positive GHG outcomes, should be
explored to ensure the best realization of desired goals®.

Finally, our focusin this study was on broad-scale NbCS potential
in quantitative mitigation planning because of the principal and neces-
sary role of NbCS in overall global warming targets. We recognize the
range of project conditions that may increase, or decrease, the rigour
of any pathway outside the global-scale focus here. We did not specifi-
cally evaluate the large and increasing number of crediting concepts
(by pathway: Supplementary Data), focusing rather on the underly-
ing scientific body of knowledge within those pathways. Some broad
pathways may have better defined sub-pathways within them, with a
smaller potential scale of impact but potentially lower uncertainty
(for example, macroalgae harvest cycling). Poorly enacted NbCS
actions and/or crediting methodologies at project scales may result
inloss of benefits even from high-ranking pathways*>* and attention
toimplementation should be paramount. Conversely, strong, careful
project-scale methodologies may make lower readiness pathways
beneficial for a given site.

Viable NbCS are vital to global climate change mitigation but NbCS
pathways that lack strong scientific underpinnings threaten global
accounting by potentially overestimating future climate benefits and
eroding public trust in rigorous natural solutions. Both the review of
the scientific literature and the expert elicitation survey identified
high potential ready-to-implement pathways (for example, tropical
reforestation), reinforcing present use of NbCS in planning.

However, uncertainty remains about the quantifiable GHG miti-
gation of some active and nascent NbCS pathways. On the basis of the
expert elicitation survey and review of the scientific literature, we
are concerned that large-scale implementation of less scientifically
well-founded NbCS pathways in mitigation plans may undermine net
GHG budget planning; those pathways require more study before they
canbe confidently promoted at broad scales and life-cycle analyses to
integrate system-level emissions when calculating totals. The expert
elicitation judgements suggest a precautionary approach to scal-
ing lower confidence pathways until the scientific foundations are
strengthened, especially for NbCS pathways with insufficient meas-
urement and monitoring'®*** or poorly understood or measured
net GHG mitigation potentials'®**~%, While the need to implement
more NbCS pathways for reducing GHG emissions and removing car-
bon from the atmosphere is urgent, advancing the implementation
of poorly quantified pathways (in relation to their GHG mitigation
efficacy) could give the false impression that they can balance ongo-
ing, fossil emissions, thereby undermining overall support for more
viable NbCS pathways. Explicitly targeting research to resolve these
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uncertaintiesin the baseline science could greatly bolster confidence
in the less-established NbCS pathways, benefiting efforts to reduce
GHG concentrations®.

Theresults of this study should inform both market-based mecha-
nisms and non-market approaches to NbCS pathway management.
Researchandaction that elucidates and advances pathways to ensure
a solid scientific basis will provide confidence in the foundation for
successfully implementing NbCS as a core component of global GHG
management.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41558-024-01960-0.
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Methods

NbCS pathway selection

We synthesized scientific publications for nine biomes (boreal forests,
coastal blue carbon, freshwater wetlands, grasslands, open ocean
blue carbon, peatlands, shrublands, temperate forests and tropical
forests) and three cultivation types (agroforestry, croplands and mac-
roalgae aquaculture) (hereafter, systems) and the different pathways
through which they may be able to remove carbon or reduce GHG
emissions. Shrublands and grasslands were considered as independ-
ent ecosystems; nonetheless, we acknowledge that thereis overlapin
the numbers presented here because shrublands are often included
with grasslands®*°,

The 12 systems were chosen because they have each been identi-
fied as having potential for emissions reductions or carbon removal at
globally relevant scales. Within these systems, we identified 43 path-
ways which either have carbon credit protocols formally established
or informally proposed for review (non-carbon associated credits
were not evaluated). We obtained data on carbon crediting protocols
frominternational, national and regional organizations and registries,
such as Verra, American Carbon Registry, Climate Action Reserve,
Gold Standard, Clean Development Mechanism, FAO and Nori. We also
obtained datafromthe Voluntary Registry Offsets Database developed
by the Berkeley Carbon Trading Project and Carbon Direct company®*.
While we found evidence of more Chinese carbon crediting protocols,
we were not able to review these because of limited publicly available
information. To maintain clarity and avoid misrepresentation, we used
thelanguage as writtenin each protocol. A full list of the organizations
andregistries for each system canbe found inthe Supplementary Data.

Literature searches and synthesis

We reviewed scientific literature and reviews (for example, IPCC spe-
cialreports) toidentify studies reporting data on carbon stocks, GHG
dynamics and sequestration potential of each system. Peer-reviewed
studies and meta-analyses were identified on Scopus, Web of Science
and Google Scholar using simple queries combining the specific
practice or pathway names or synonyms (for example, no-tillage,
soil amendments, reduced stocking rates, improved forest manage-
ment, avoided forest conversionand degradation, avoided mangrove
conversion and degradation) and the following search terms: ‘carbon
storage’, ‘carbon stocks’, ‘carbon sequestration’, ‘carbon sequestra-
tion potential’, ‘additional carbon storage’, ‘carbon dynamics’, ‘areal
extent’or ‘global’.

The full literature review was conducted between January and
October 2021. We solicited an independent, external review of the
syntheses (obtaining from at least three external reviewers per natural
or working system; see p. 2 of the Supplementary Data) as a second
check against missing key papers or misinterpretation of data. The
review was generally completed in March 2022. Data from additional
relevant citations were added through October 2022 as they were
discovered. For a complete list of all literature cited, see pp. 217-249
of'the Supplementary Data.

From candidate papers, the papers were considered if their results/
data could be applied to the following central questions:

(1) How much carbonis stored (globally) at present in the system
(total and on average per hectare) and what is the confidence?

(2) Atthegloballevel, is the system a carbon source or sink at this
time? What is the business-as-usual projection for its carbon
dynamics?

(3) Isit possible, through active management, to either increase
net carbon sequestration in the system or prevent carbon emis-
sions from that system? (Note that other GHG emissions and
forcings were included here as well.)

(4) What is the range of estimates for how much extra carbon could
be sequestered globally?

(5) How much confidence do we have in the present methods to
detect any net increases in carbon sequestration in a system or
net changes in areal extent of that?

From each paper, quantitative estimates for the above questions
were extracted for each pathway, including any descriptive informa-
tion/metadata necessary to understand the estimate. In addition,
information on sample size, sampling scheme, geographic coverage,
timeline of study, timeline of projections (if applicable) and specific
study contexts (for example, wind-break agroforestry) wererecorded.

Wealso tracked where theliterature identified trade-offs between
carbon sequestered or CO,emissions reduced and emissions of other
GHG (for example, N,0 or methane) for questions three and five above.
For example, wetland restoration can result in increased CO, uptake
from the atmosphere. However, it can also increase methane and N,O
emissions to the atmosphere. Experts were asked to consider the
uncertainty in assessing net GHG mitigation as they categorized the
NbCS pathways.

Inclusion of each pathway in mitigation protocols and the spe-
cific carbonregistries involved were also identified. These results are
reported (grouped or individually as appropriate) in the Supplemen-
tary Data, organized by the central questions and including textual
information for interpretation. The data and protocol summaries for
each of the 12 systems were reviewed by at least three scientists each
and accordingly revised.

These summaries were provided to the expert elicitation group
as optional background information.

Unit conversions

Since this synthesis draws on literature from several sources that use
different methods and units, all carbon measurements were standard-
ized to the International System of Units (Sl units). When referring
to total stocks for each system, numbers are reported in Sl units of
elemental carbon (thatis, PgC). Whenreferring to mitigation potential,
elemental carbon was converted to CO, by multiplying by 3.67. Differ-
ences in methodology, such as soil sampling depth, make it difficult
tostandardize across studies. Where applicable, the specific measure-
ment used to develop each stock estimate is reported.

Expertelicitation process

To assess conclusions brought about by the initial review process
described above, we conducted an expert elicitation survey to consoli-
date and add further, independent assessments to the original litera-
turereview. The expertelicitation survey design followed best practice
recommendations™, with a focus on participant selection, explicitly
defining uncertainty, minimizing cognitive and overconfidence biases
and clarity of focus. Research on expert elicitation suggests that 6-12
responses are sufficient for a stable quantification of responses®. We
identified >40 potential experts viaabroad survey of leading academ-
ics, science-oriented NGO and government agency publications and
products. These individuals have published on several NbCS pathways
or couldrepresent larger research efforts that spanned the NbCS under
consideration. Careful attention was paid to the gender and sectoral
breakdown of respondents to ensure equitable representation. Of the
invitees, ten completed the full elicitation effort. Experts were offered
compensation for their time.

Implementation of the expert elicitation process followed the
IDEA protocol®. Briefly, after ashortintroductory interview, the survey
was sent to the participants. Results were anonymized and standard-
ized (methods below) and a meeting held with the entire group to
discuss the initial results and calibrate understanding of questions.
The purpose of this meeting was not to develop consensus on a sin-
gular answer but to discuss and ensure that all questions are being
considered in the same way (for example, clarifying any potentially
confusinglanguage, discussing any questions that emerged as part of
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the process). The experts thenrevisited their initial rankings to provide
final, anonymous rankings which were compiled in the same way. These
final rankings are the results presented here and may be the same or
different from the initial rankings, which were discarded.

Survey questions
The expert elicitation survey comprised five questions for each path-
way. The data were collected via Google Forms and collated anony-
mously at the level of pathways, with each respondent contributing
one datapoint for each pathway. The experts reported their familiarity
(or the familiarity of the organization whose work they were rep-
resenting) with the pathway and other cobenefits for the pathways.
The initial question ranked the NbCS pathway by category, from
oneto three.

- Categorylwas defined as a pathway with sufficient scientific
knowledge to support a high-quality carbon accounting system
today (for example, meets the scientific criteria identified in the
WWEF-EDF-Oeko Institut and ICAO TAB) or to support the devel-
opment of such a system today. The intended interpretation is
that sufficient science is available for quantifying and verifying
net GHG mitigation. Note that experts were not required to ref-
erence any given ‘high-quality’ crediting framework, which were
provided only as examples. In other words, the evaluation was
notintended to rank a given framework (for example, ref. 35) but
rather expert confidence in the fundamental scientific under-
standings that underpin potential for carbon accounting overall.
To this end, no categorization of uncertainty was required
(reviewers could skip categorizations they felt were not neces-
sary) and space was available to fill in new categories by indi-
vidual reviewers (if they felt a category was missing or needed).
Uncertainties at this category 1level are deemed ‘acceptable’,
for example, not precluding accounting now, although more
research may further substantiate high-quality credits.

- Category 2 pathways have a good chance (>25%) that with
more research and within the next 5 years, the pathway could
be developed into a high-quality pathway for carbon account-
ing and as a nature-based climate solution pathway. For these
pathways, further understanding is needed for factors such as
baseline processes, long-term stability, unconstrained fluxes,
possible leakage or other before labelling as category 1 but the
expert is confident that information can be developed, in 5 years
or less, with more work. The >25% chance threshold and 5-year
timeframe were determined a priori to reflect and identify
pathways that experts identified as having the potential to meet
the Paris Accord 2030 goal. Other thresholds (for example,
longer timeframes) could have been chosen, which would
impact the relative distribution of pathways in categories 2 and
3 (for example, a longer timeframe allowed could move some
pathways from category 3 into category 2, for some reviewers).
We emphasize that category 3 pathways do not necessarily
mean non-valuable approaches but longer timeframes required
for research than the one set here.

- Category 3 responses denoted pathways that the expert thought
had little chance (<25%) that with more research and within the
next 5 years, this pathway could be developed into a suitable
pathway for managing as a natural solutions pathway, either
because present evidence already suggests GHG reduction is not
likely to be viable, co-emissions or other biophysical feedbacks
may offset those gains or because understanding of key factors is
lacking and unlikely to be developed within the next 5 years. Nota-
bly, the last does not mean that the NbCS pathway is not valid
or viable in the long-term, simply that physical and biological
understandings are probably not established enough to enable
scientific rigorous and valid NbCS activity in the near term.

The second question asked the experts to identify research gaps
associated with those that they ranked as category 2 pathways to
determine focal areas for further research. The experts were asked
to rank concerns about durability (ability to predict or compensate
for uncertainty in timescale of effectiveness due to disturbances,
climate change, human activity or other factors), geographic uncer-
tainty (place-to-place variation), leakage or displacement (spillover
of activities to other areas), measuring, reporting and verification
(MRV, referring to the ability to quantify all salient stocks and fluxes to
fully assess climate impacts), basic mechanisms of action (fundamental
science), scaling potential (ability to estimate potential growth) and
setting of a baseline (ability to reasonably quantify additionality over
non-action, acounterfactual). Respondents could also enter a different
category if desired. For complete definitions of these categories, see
the survey instrument (Supplementary Information). This question
was not asked if the expert ranked the pathway as category 1, as those
were deemed acceptable, or for category 3, respecting the substantial
uncertainty inthat rating. Note that responses were individual and so
the same NbCS pathway could receive (for example) several individual
categorylrankings, whichwouldindicate reasonable confidence from
those experts, and several category 2 rankings from others, which
wouldindicate that those reviewers have lingering concerns about the
scientific basis, along with their rankings of the remaining key uncer-
tainties in those pathways. These are important considerations, as
they reflect the diversity of opinions and research priorities; individual
responses are publicly available (anonymized: https://doi.org/10.5281/
zenodo.7859146).

The third question involved quantification of the potential for
moving from category 2 to 1 explicitly. Following ref. 14, the respond-
entsfirstreported the lowest plausible value for the potential likelihood
of movement (representing the lower end of a95% confidence interval),
thenthe upper likelihood and thentheir best guess for the median/most
likely probability. They were also asked for the odds that their chosen
interval contained the true value, which was used to scale responses to
standard 80% credible intervals and limit overconfidence bias™". This
questionwas not asked if the expert ranked the pathway as category 3,
respecting the substantial uncertainty in that rating.

Thefourthquestioninvolved thescale of potentialimpact fromthe
NbCS, given the range of uncertainties associated with effectiveness,
area of applicability and other factors. The question followed the same
pattern as the third, first asking about lowest, then highest, then best
estimate for potential scale of impact (in PgCO,e yr™). Experts were
again asked to express their confidence in their own range, whichwas
used toscale to astandard 80% credible interval. This estimate repre-
sents a consolidation of the best-available science by the reviewers.
Foracompletereviewincluding individual studies and their respective
findings, see the Supplementary Data. This question was not asked if
the expertranked the pathway as category 3, respecting the substantial
uncertainty in thatrating.

Final results

After collection of the final survey responses, results were anonymized
and compiled by pathway. For overall visualization and discussion
purposes, responses were combined into a mean and 20th to 80th
percentile range. The strength of the expert elicitation process lies
in the collection of several independent assessments. Those differ-
ent responses represent real differences in data interpretation and
synthesis ascribed by experts. This can have meaningful impacts on
decision-making by different individuals and organizations (for exam-
ple, those that are more optimistic or pessimistic about any given
pathway). Therefore, individual anonymous responses were retained
by pathway to show the diversity of responses for any given pathway.
The experts surveyed, despite their broad range of expertise, ranked
themselves as less familiar with category 3 pathways than category 1
or2(linear regression, P< 0.00L, F = 59.6, 1,,); this could be because of
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alack of appropriate experts—although they represented all principal
fields—or simply because the data are limited in those areas.

Sensitivity
To check for robustness against sample size variation, we conducted a
Monte Carlo sensitivity analysis of the data on each pathway to generate
responses of afurther ten hypothetical experts. Briefly, the extrasam-
ples were randomly drawn from the observed category ranking mean
and standard deviations for each individual pathway and appended
totheoriginallist; values <1 or >3 were truncated to those values. This
analysis resulted in only minor differences in the mean categorization
across all pathways: the mean difference between the original and the
boot-strapped data was 0.02 (s.d. = 0.05) with an absolute difference
average of 0.06 (s.d. = 0.06). The maximum differencein means across
allpathwayswas 0.20 (s.d. = 0.20) (Supplementary Table 2). The results
suggest that the response values are stable to additional responses.
All processing was done in R*®, with packages including fmsb®’
and forcats’®.

Data availability
Anonymized expert elicitation responses are available on Zenodo®”:
https://doi.org/10.5281/zenodo0.7859146.

Code availability
R code for analysis available on Zenodo™: https://doi.org/10.5281/
zen0do.7859146.
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