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Abstract

Background Reducing Emissions from Deforestation and forest Degradation (REDD+) is a program established
under the United Nations Framework Convention on Climate Change (UNFCCC) to reduce carbon emissions from for-
ests in developing countries. REDD+ uses an incentive-based approach whereby participating countries are paid

to reduce forest carbon loss and increase carbon storage. Country-level carbon accounting is challenging, and esti-
mates of uncertainty in emission reductions are increasingly required in REDD+ reports. This requirement is hard

to meet if countries lack the necessary resources, tools, and capabilities. Some REDD+ programs adjust their payments
for the uncertainty reported, which presents a perverse incentive because uncertainties are larger if more sources

of uncertainty are reported. We surveyed people involved in REDD+ reporting to assess current capacities and barriers
to improving estimates of uncertainty.

Results Representatives from 27 countries (44% of REDD+ countries at the time of survey implementation)
responded to the survey. Nearly all respondents thought it important to include uncertainty in REDD+ reports,

but most felt that the uncertainty reporting by their countries was inadequate. Our independent assessment

of reports by these countries to the UNFCCC supported this opinion: Most countries reported uncertainty in activity
data (91%) but not in emission factors (4-14%). Few countries use more advanced approaches to estimate uncer-
tainty, such as Monte Carlo and Bayesian techniques, and many respondents indicated that they lack expertise, knowl-
edge, or technical assistance. Other barriers include lack of financial resources and appropriate data. Despite these
limitations, nearly all respondents indicated a strong desire to improve estimates of uncertainty in REDD+ reports.

Conclusions The survey indicated that people involved in REDD+ reporting think it highly important to improve
estimates of uncertainty in forest carbon accounting. To meet this challenge, it is essential to understand the obsta-
cles countries face in quantifying uncertainty so we can identify where best to allocate efforts and funds. Investments
in training and resources are clearly needed to better quantify uncertainty and would likely have successful outcomes
given the strong desire for improvement. Tracking the efficacy of programs implemented to improve estimates

of uncertainty would be useful for making further refinements.
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Background

Deforestation and forest degradation is the second
largest source of carbon emissions to the atmosphere
after the energy sector [1]. Therefore, forest conservation,
forest establishment and growth, and sustainable forest
management are key mechanisms for mitigating global
climate change [2, 3]. Forests store vast amounts of
carbon, but their behavior as sinks [4] or sources [5]
is uncertain. To enhance carbon sequestration and
storage in these ecosystems, a results-based program
was established under the United Nations Framework
Convention on Climate Change (UNFCCC) to reduce
emissions and increase forest carbon stocks: REDD+
(Reducing Emissions from Deforestation and forest
Degradation “plus” the sustainable management of
forests and the conservation and enhancement of forest
carbon stocks). To participate in REDD+, countries
must be considered economically developing and must
implement mitigating actions and report the consequent
reductions in carbon emissions [6]. Payments for
reducing carbon emissions are made to these countries
through market and non-market incentives by public
sector finance mechanisms, such as the Green Climate
Fund (UNFCCC) and the Forest Carbon Partnership
Facility (FCPF), collaborative international partnerships
(e.g., Central African Forest Initiative), bilateral
agreements (e.g., Norway, Germany, UK, Japan’s Joint
Crediting Mechanism), internal national governments
(e.g., Colombia), private corporations (e.g., PetroBris),
and newer public—private initiatives (e.g., Leaf Coalition).

It is difficult enough to quantify country-level forest
carbon stocks; carbon emissions and sequestration are
even more challenging to estimate because they are based
on the rate of change of carbon stocks [7]. The REDD+
program compensates countries for reducing net carbon
emissions, which is determined by comparing estimates
of carbon emissions and sequestration during a reference
period with the period for which emission reductions
are credited [8]. Because of the difficulty in quantifying
carbon fluxes, uncertainty in estimates of emission
reductions can be very high. In fact, when emission
reductions are small, uncertainties can exceed 100% of
the reductions [9], meaning that it is not clear whether
emissions have in fact been reduced or increased. The
risk associated with this uncertainty can be mitigated by
discounting payments for emission reductions [7, 10].

In countries without extensive forest inventory
programs, carbon emission reductions can be calculated
from “activity data” and “emission factors” [11, 12].
Activity data might be based on information about
logging removals of carbon, but are often based on map-
based assessments of the rate of change in land area in
forest (e.g., deforestation and afforestation) and changes
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in the area of forest degradation, over a given period (e.g.,
number of hectares per year). In this case, emissions
for the country can be calculated by multiplying these
“activity data” by the difference in carbon stocks per unit
area for each land use transition, known as “emission
factors” [13].

From 2014 to 2022, 56 countries, representing most
of the forest area in developing countries, reported ref-
erence levels of REDD+ emissions for technical assess-
ment under the UNFCCC, with increasing attention to
uncertainty (Fig. 1). REDD+ activities reported to the
UNEFCCC claim to have reduced emissions by 13.7 bil-
lion tCO2e [14]. Needless to say, correctly quantifying
uncertainty is essential for assessing confidence in these
reported reductions of carbon emissions [15].

Quantifying uncertainty requires technical expertise in
error propagation, which is currently lacking, as shown
by some countries reporting combined errors an order
of magnitude smaller than the individual sources of
error [7]. Uncertainty in carbon estimates has taken an
increasingly important role in international reporting
because it affects payments made for emission reductions
under the different funding schemes available [7, 16].
Specifically, the reported uncertainty affects the payment
a country can receive for carbon mitigation actions [17].

To assess awareness and knowledge about uncertainty
in REDD+, we conducted a survey of experts involved
in REDD+ reporting to better understand their views
on uncertainty in carbon accounting, including their
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Fig. 1 As of 2022, 56 countries, representing most of the forest

area in developing countries, reported reference levels of REDD+
emissions for technical assessment under the UNFCCC, with some
countries submitting more than once. Numbers show the percentage
of submissions that included a combined (not necessarily complete
or correct) accounting of uncertainty, as opposed to no reporting

of uncertainty, some qualitative discussion but no quantification

of uncertainty, or some quantification of uncertainty sources
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perception of the barriers they face in improving
uncertainty estimates. The goal of this survey was
to identify existing information gaps related to
comprehensive and accurate estimation of uncertainties,
assess current needs to build capacity, and enable
informed decision making to improve monitoring and
ultimately reduce uncertainty in emission reductions
reports.

Methods

The survey was implemented using the online platform
Qualtrics. The survey and outreach materials were
translated into Spanish and French, using DeepL and
verified by native speakers, to cover the most common
languages spoken by REDD+ country reporters. The first
question on the survey asked respondents to select their
language, and the rest of the survey was presented in that
language. Responses were merged across languages for
summary and analysis.

The target population for the survey was people
involved in reporting REDD+ carbon accounting
through report preparation, technical assistance,
oversight, or reviewing. The sampling frame included all
individuals listed as focal points on REDD+ reports on
the UNFCCC web site (https://redd.unfccc.int/) as of
June 2022 and was augmented with experts known by
the authors to be involved in REDD+ reporting. This list
included individuals from country governments, non-
governmental organizations, international organizations,
private or independent consultants, and academic
institutions. Survey participants were asked to complete
the survey for the REDD+ report and country that they
worked on most recently. The sampling frame was as
complete as possible to reach the maximum number of
relevant experts, as the total number of people involved
in REDD+ reporting is relatively small; we identified 182
individuals. Survey implementation and questionnaire
design followed the method outlined by Dillman et al.
(2014), which involved sending the questionnaire as a
personalized link through email, with up to two reminder
emails for people who did not complete it. The survey
was disseminated between May and July 2022, following
review and approval of survey questions and procedures
by the University of Massachusetts Amherst Institutional
Review Board (approval #2701).

Topic areas covered on the survey included general
level of uncertainty reporting in country reports along
with specific sources of error, experience with specific
uncertainty quantification methods (analytical error
propagation, Bayesian inference, and Monte Carlo
simulation), assessment of knowledge associated
with uncertainty quantification based on provided
scenarios and multiple choice responses, barriers to and
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potential opportunities for improving quantification and
reporting, and general background information about
the respondents (e.g., education level and affiliation).
The specific sources of uncertainty related to emission
factors asked about were sampling error, measurement
error, error in root-to-shoot ratios, and uncertainty
in biomass models. Uncertainty in activity data was
treated as a single source, because a vast majority of
countries report only sampling error for activity data.
Brief descriptions and examples were provided for each
source of uncertainty. The full questionnaire is available
in Appendix 1.

Of the 182 individuals from 65 countries who were
invited to participate in the survey, 33 had incorrect
or outdated contact information. The number of valid
responses received was 49, yielding a cooperation rate
of 33%. The number of countries represented by these
responses was 27 or fewer, depending on the question
(not all respondents answered all the questions). There
were also responses from 7 additional institutions (e.g.,
FAO, UNFCCC).

As with all surveys, there are potential sources of error
that need to be considered and minimized [18]. Potential
coverage error issues were mitigated by including all
publicly listed report contributors and augmenting the
sampling frame with other known actors. Sampling
error, per se, was not an issue because all members of the
target population who could be identified were invited to
participate (i.e., no sampling occurred). Four cognitive
interviews were conducted with members of the target
population. These were used to improve the wording
of the questions but not to generate results for analysis.
The 33% cooperation rate, while not unreasonable
for a survey and with good coverage across REDD+
countries, suggests the potential for nonresponse bias.
Because of the small population size, no nonresponse
bias assessments could be conducted and the potential
for nonresponse bias should be considered when
interpreting the results. It seems likely that people
contacted who had a greater interest in or knowledge of
uncertainty quantification would have been most likely to
respond.

Selected results are presented below in terms of
countries or individuals, depending on the scope of
the question. For country statistics, modal values were
calculated for countries with more than one respondent
and ties were broken by taking the highest value. In
calculating percentages, non-respondents to specific
questions (i.e., NA values) were dropped. Polychoric
correlations [19] were used to quantify relationships
involving ordinal variables and X? tests were used to test
for relationships between categorical variables.


https://redd.unfccc.int/
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To assess the accuracy of the responses regarding what
sources of uncertainty were reported, we independently
assessed the UNFCCC reports from the 23 countries
represented in this aspect of our survey [20]. We
evaluated the accuracy of error propagation in the reports
and we scored whether each country reported sampling
error, measurement error, errors in root-to-shoot ratios,
uncertainty in biomass models and uncertainty in activity
data.

Results

Responses were received from 49 individuals represent-
ing 27 of the 61 countries (44%) with REDD+ reports at
the time of survey implementation (i.e., May through July
2022). The countries that responded were reasonably well
distributed across the REDD+ regions, with 9 countries
in the Latin America-Caribbean region, 5 in the Asia—
Pacific region, and 13 in Africa (Fig. 2).

Most of the individuals who responded (73%) worked
for government agencies, 10% were employed by
international organizations, 10% worked for academic
or research institutions, and 7% worked for private
organizations or other groups. Roles in the reports
included preparation (64%), technical assistance (45%),
reviewing (36%), and oversight (20%). These percentages
sum to more than 100 because respondents could have
multiple roles: 41% had two or more, with the most
common combination being “preparation and technical
assistance” and “technical assistance and reviewing” In
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terms of formal education, all had at least some college
experience and 60% had a graduate degree.

Uncertainty for REDD+ reporting was rated as
“extremely important” or “very important” by 95% of the
responding individuals. One individual responded that
it was “somewhat important,” another that it was “a little
important,” and no one responded that it was “not at all
important”

Compared to its perceived importance, uncertainty
reporting was low, especially for sources involved in
emission factors (Table 1). Our independent evalua-
tion of reports by the 23 countries represented in this
aspect of the survey found uncertainty in activity data
to be the source most commonly reported (91% of coun-
tries); respondents to the survey agreed that uncertainty
in activity data was commonly reported (74% of coun-
tries). For sources of uncertainty in emission factors,
sampling error was the most commonly reported (87%
of countries, according to our evaluation of reports, and
57% according to survey respondents). Other sources of
uncertainty in emission factors were rarely reported—
we found rates ranging from 4 to 14% for root-to-shoot
ratios, biomass models, and measurement error; survey
respondents were more optimistic about reporting rates
(26-48%) for these sources. It’s interesting that these
sources were rated highly in importance (68-77% of
respondents rated them as very or extremely important
on a 5-point scale), though not quite as highly as sam-
pling error (84% for emission factors and 80% for activity

Fig. 2 Map of countries actively participating in REDD+ as of 2023. Representatives from 27 countries responded to the survey (41% of REDD+
countries at the time it was distributed). Specific countries that responded are not indicated on the map to protect anonymity, and not all countries
shown were participating in REDD+ at the time the survey was distributed
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Table 1 Levels of reporting, experience, and importance for improvement for sources of error related to uncertainty of emission
factors and activity data in REDD+ reporting. Uncertainties in activity data were not disaggregated into multiple sources because a

vast majority of countries report only sampling error for activity data

Source Our assessment Survey results
Countries reporting (%) Countries reporting Individual’s experience  Individual’s
(%) levels? (%) importance
ratings® (%)
Emission Factors
Sampling error 87 57 61 84
Measurement error 4 35 50 75
Error in root-to-shoot ratios 13 26 36 68
Uncertainty in biomass models 14 48 45 77
Activity Data
Uncertainty in activity data 91 74 45 80

2 Individuals who rate themselves as extremely or very experienced with a source or error on a 5-point Likert-scale

b Individuals who rate a source of error as extremely or very important on a 5-point Likert-scale

data—generally the only source reported in activity data is
the map sampling error), while self-reported experience
levels with all sources were low, with only 36-61% being
very or extremely experienced, depending on the source
(Table 1).

Respondents gave low scores for comprehensiveness
and correctness of REDD+ uncertainty reporting, as
did we, in our independent assessment of their reports.
They indicated that 19% of countries have reported
all five sources of error included in Table 1 (we found
4%), 59% reported most sources of error (we found that
13% reported 3 or 4 sources), 18% reported some or a
few sources of error (we found that 83% reported 1 or
2), and no countries reported no sources of error, but
the response was “dont know” for one country. The
uncertainty reporting was rated by the respondents
as highly or mostly correct for 56% of the countries,
moderately correct for 26% of the countries, a little
or not at all correct for 8% of the countries, and the
response was “don’t know” for 11% of the countries. In
our evaluation of the 23 reports represented by survey
responses, we judged 17% of them to be correct.

Notably, perceptions of the comprehensiveness or cor-
rectness of uncertainty reporting varied across respond-
ents for the same country. Nine countries had two or
more responses to this survey. In terms of completeness,
the respondents for 1 of these 9 countries reported the
same levels, 6 countries differed by only one category,
and 2 countries had responses with lower agreement. In
terms of correctness, 3 countries reported identical lev-
els, 4 countries reported differences of one category, and
2 countries (not the same as the ones for completeness)
had lower agreement. Thus, some of the discrepancy
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Fig. 3 Levels of experience with approaches to error propagation
for estimating uncertainty in REDD+ reporting

between our perceptions and theirs may be due to vari-
ability in expertise or experience among respondents.
Survey respondents reported low experience lev-
els for all of the techniques used for error estimation
(Fig. 3). Eighty-six percent of individuals had little or
no experience with Bayesian inference, 63% had lit-
tle or no experience with Monte Carlo simulation,
and 60% had little or no experience with analytical
error propagation. Correlations across the techniques
were relatively high: p=0.66 between analytical error
propagation and Monte Carlo simulation, p=0.63
between Monte Carlo simulation and Bayesian infer-
ence, and p=0.54 between analytical error propaga-
tion and Bayesian inference. Experience varied by roles.
Of respondents who were solely report preparers, 71%
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For these 1000 Monte Carlo simulations
of the sum of carbon fluxes from
deforestation, degradation and forest
growth, what is the uncertainty in the net
carbon flux?
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Fig. 4 This question tested knowledge of Monte Carlo
simulation. Some countries have incorrectly reported the smaller
interval (uncertainty in the mean of all outputs, which depends
on the number of iterations) rather than the distribution

of the outputs

had no experience with Bayesian inference, 64% had
no experience with Monte Carlo simulation, and 50%
had no experience with analytical error propagation.
Not surprisingly, respondents who were solely techni-
cal assistance providers were more experienced: 29%
had no experience with Bayesian inference, 14% had no
experience with Monte Carlo simulation, and no one
(0%) had no experience with analytical error propaga-
tion. Respondents who were both report preparers and
technical assistance providers had intermediate experi-
ence levels.
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Individuals’ knowledge was explicitly tested by
providing three multiple-choice questions that asked
about specific concepts related to error propagation.
Only 12% of the individuals correctly answered the
question about interpretation of Monte Carlo simulation
output (Fig. 4). For the questions about the additivity of
correlated uncertainty estimates (Fig. 5), only 27% of
respondents understood the additivity of independent
uncertainty estimates (Fig. 5), with a high percentage of
individuals (43%) indicating “don’t know. Although
combining fully correlated uncertainty sources is a more
complicated topic, a higher percentage of respondents
(48%) correctly answered this question, and a
comparable percentage (39%) stated “don’t know For
the independent errors, the correct answer was 5

(\/ 32442 =,/25= 5) and for the correlated errors, the
correct answers was 7
(\/32 +42 4 (2x3x4)=+49 = 7). Since the same

answer is obtained from 3+4=7, we cannot be confi-
dent that the respondents understood correlation, hav-
ing tested only the case of full correlation, where this
shortcut works. Only 18% of the 33 individuals who
answered either of these questions got both of them
right.

For all of these knowledge questions, “don’t know”
was a common response representing 27% of the
responses for Monte Carlo simulation, 39% for sum
of correlated uncertainties, and 43% for the sum of
independent uncertainties. Responses for the Monte
Carlo simulation were correlated with the responses
for sum of correlated uncertainty (p=0.05) as were
responses for sum of correlated uncertainty and sum
of independent uncertainty (p=0.02), but responses
for Monte Carlo simulation and sum of independent
uncertainty were not correlated (p=0.51).

The responses to the knowledge questions had the
expected relationships with experience levels, but
the patterns were not significant (X? p>0.05) which
may be due to the small sample size. Only the more
experienced respondents correctly answered the Monte
Carlo simulation questions (4 respondents, or 19%)
versus none of the less experienced respondents. The
comparable numbers are 57% and 33% for the additivity
of correlated uncertainty estimates and 32% and 18%
for the additivity of the independent uncertainty
estimates. Not surprisingly, respondents with low
experience were more likely to respond “don’t know”
and less likely to report an incorrect answer than
experienced respondents.

The desire to improve uncertainty reporting was
strong, with all respondents indicating that it was
extremely important (52%) or very important (48%),
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What is the combined uncertainty for the sum of these sources,
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independent (the two errors being equally likely to be in the same
or opposite directions) but a4, =7 Mt CO, yr" if they are fully
correlated in direction and magnitude

but there are substantial barriers. There was no specific
issue that was rated by most individuals as a barrier for
improving uncertainty estimates, but the most common
were operational issues, including human and finan-
cial resources, and technical issues, including expertise,
knowledge, appropriate data, and technical assistance
(Fig. 6). The most commonly reported desired modes for
gaining knowledge to improve uncertainty were train-
ings, technical support, and workshops (Fig. 7); no indi-
viduals indicated that no assistance was needed. The
“other” assistance included financial support, a strongly
enforced requirement for technical standards, a digital
repository of step-by-step methodologies and proce-
dures, and development of improved, species-specific
allometric equations.

In response to the open-ended questions, some
respondents highlighted the need to establish interna-
tionally agreed-upon standardized methodologies that
respond to “donor requests on detailed and accurate
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information” and accompany “the current landscape of
incremental requirements by the climate finance mecha-
nisms”” This was also reflected in the respondents rating
expertise, knowledge, technical assistance, and training
materials as important barriers to uncertainty report-
ing [21]. These technical barriers were only a part of the
barriers reported. Operational barriers (e.g., human and
financial resources), surprisingly, appeared to be more
important than institutional ones.

Two points were raised in the open-ended responses
that address barriers beyond the scope of the reporting
teams. Technical assessments of the country reports (e.g.,
FREL/FRL, REDD+ Technical Annex) are carried out by
UNFCCC. One respondent said:

“..[the evaluators] should take special care of
uncertainty. Usually their review highlights other
things (instruments, transparency, consistency, etc)
that are ok but overlook uncertainty. I believe this is
in part because of lack of training by evaluators”

Several respondents addressed the negative perceptions
of uncertainty by decision-makers:

“Usually countries’ policy makers in charge of
the REDD+ decisions have a black and white
approach (absolute accounting) to uncertainty and
understand an error as a bad process and a wrong
result by the country that should be repeated by
scratch [sic]”

Discussion

Most respondents reported that uncertainty in REDD+
was very or extremely important, but their actual comfort
levels and knowledge with specific techniques were
generally low. Although uncertainty is not required in
reports to the UNFCCC of REDD+ associated emissions,
it is recommended for transparency in reporting [22, 23],
and reporting is improving over time (Fig. 1). Programs
for payment, such as FCPF’s Carbon Fund, generally
require uncertainty to be reported, and payments
may be lower if uncertainties are high [7, 9]. Because
uncertainty factors into the payments made, there is a
perverse incentive for countries to omit or underestimate
sources of uncertainty [24]. Including more sources of
uncertainty makes the confidence intervals wider, giving
a false impression that the quality of the estimates is
worse [25]. An improved assessment of uncertainties is
likely to result in a higher aggregate uncertainty because
more sources of error are captured in the uncertainty
assessment. Like omitting uncertainty sources,
incorrectly calculating uncertainties can reduce their
magnitude. For example, some countries have reported
uncertainties based on the standard error of Monte
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Carlo distributions, when they should have used the
standard deviation (Fig. 5). Many results-based payment
programs (e.g., FPCF) cap the payment deduction for
high uncertainties to limit the incentive to underreport.

The quality and completeness of uncertainty reporting
was low, both according to our survey respondents and
our independent evaluation of country reports submit-
ted to the UNFCCC (Fig. 8). For example, while meas-
urement errors and root-to-shoot ratios were scored as
important, very few submissions report them [26]. Sam-
pling error in forest biomass and uncertainties in biomass
models are also under-reported relative to their perceived
importance. Only errors in activity data were consist-
ently considered important and reported. Activity data
have historically been found to contribute the greatest
uncertainty to both emissions and emission reductions,
and thus financial and technical investments to quantify
uncertainty have been focused in this area [27]. Because
other sources of uncertainty have rarely been quantified,
it is possible that they may be more important. Change in
soil carbon storage is highly uncertain and likely impor-
tant, but since it is not required in REDD+ reporting
(except for peatlands under ART-TREES), it was not con-
sidered in this survey.

It is not surprising that respondents had greater
experience with analytical approaches than with the
more advanced Monte Carlo or Bayesian methods
to estimate errors in carbon accounting. Early IPCC
guidelines [28] emphasized analytical approaches, but
Monte Carlo approaches have been required recently
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Fig. 8 Uncertainties in reference levels of emissions reported by 40
countries that have submitted to the UNFCCC, 5 of them twice.

21 additional countries submitted reports without a combined
uncertainty estimate. Colors indicate the number of types

of uncertainty sources included, ranging from 1 to 5, namely,

tree measurement, allometric models, variability in forest carbon
(sampling error), land-use change, and other parameters (carbon
fraction and root-to-shoot ratio). Not all countries calculated

and propagated uncertainty sources correctly
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by some programs, such as the FCPF or ART-TREES
[29, 30]. In a stepwise approach to REDD+ accounting,
countries may begin with analytical error propagation,
often ignoring correlation among uncertainty sources,
and then proceed to Monte Carlo approaches. Bayesian
approaches, not yet included as an option by IPCC [24],
have yet to be adopted for overall uncertainty in country-
level carbon accounting, but they are beginning to be
used for detecting land-use change for estimating activity
data [31].

Yet, even for analytical error propagation, the
experience with error estimation was low: 60% of
respondents report little or no experience with these
techniques. This is surprising given the fact that many
countries have already undergone several submissions
of Forest Reference Levels and/or REDD+ emission
reductions reports (e.g., as an annex to their biennial
update reports) and that 93% of the respondents stated
the high importance of reporting uncertainties. This
indicates that despite the improvements in capacities
within the REDD+ Measuring, Reporting, and
Verification (MRV) mechanisms [32], experience in
reporting emission reductions is still highly variable [33].
Given that the sustainability of MRV for REDD+ depends
heavily on local capacity to understand and apply
statistically appropriate estimators and new technologies
[34, 35], the results indicate that capacity development
in the sector is still greatly needed, even at the level of
reporting experts.

Uncertainty reporting is both important and not very
well understood, but fortunately there is a desire to
increase the reliability of the estimates. REDD+ report-
ing requires stepwise and consistent improvement in
the development of National Forest Monitoring sys-
tems, which include reporting [36, 37]. Improvements
are indeed ongoing, even if some countries cannot yet
access payments for results because of large uncertain-
ties or unconvincing or incomplete methodologies.
There is also a need to improve the knowledge and skills
of the auditors and experts conducting technical assess-
ment of reported emission reductions. Programs such as
Quantifying Uncertainty Estimates and Risk for Carbon
Accounting (QUERCA), funded by the USDA Forest Ser-
vice International Programs, can play an important role
in these improvements, in conjunction with technical
agencies traditionally providing capacity development in
the sector, such as the United Nation’s FAO. Experts from
these institutions, using the results from this study, can
be instrumental in developing the requested training and
workshops and providing technical support. All of these
efforts could be tailored to meet the individuals at their
current knowledge and experience levels using open and
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accessible resources. Assessing the efficacy of such efforts
may prove useful, and this survey represents a baseline.

Conclusions

Although few countries thoroughly quantify and
document estimates of uncertainty in REDD+ reports
[7], our survey results show that most respondents feel
it is important. Respondents indicated that current
knowledge for quantifying uncertainty is relatively
low and there is a desire to improve the estimates.
Organizations that fund REDD+ have an interest
in improving estimates of uncertainty to increase
the transparency and reliability of REDD+ reports.
Respondents to this survey indicated a desire for more
training and other technical assistance. Future research
could further focus on the needs of the people generating
the reports and assess the efficacy of potential assistance
programs.

Overcoming barriers, whether technical, institutional,
or financial, is critical for advancing uncertainty
reporting. Countries may benefit from technological
improvements in acquiring or analyzing data, such as
the use of model-based inference or high-resolution
imagery that could reduce uncertainties [38, 39].
Technical support would ideally facilitate integrated
methodologies that align the already complex analyses
necessary to propagate possible sources of uncertainty
while building capacity among people involved in these
analyses [37]. These technical and institutional challenges
are unattainable without sufficient and sustained
financial support from external donors or domestic
budgets for forest monitoring, preferably enshrined in
national laws [40]. Finally, a fundamental shift in the
negative perception and communication of uncertainty
is needed by all stakeholders involved, from donor to
receiving countries. Knowledge of uncertainty provides
opportunities for improvement in decision-making
through the maintenance of a wide and flexible range
of response options [41], which are fundamental to the
development of national forest monitoring systems [40].
We hope that the results of this survey will help guide
both countries and donors to prioritize efforts in those
areas most needed to address uncertainties in carbon
accounting.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513021-024-00267-z.

[ Supplementary Material 1. }

Acknowledgements
Mark Green and Lalita Adhikari contributed to the early development of
survey questions. Joe Nash, Nate Tyler, and Lalita Adhikari developed the


https://doi.org/10.1186/s13021-024-00267-z
https://doi.org/10.1186/s13021-024-00267-z

Butler et al. Carbon Balance and Management (2024) 19:22

list of contacts from REDD+ reports. David Paré assisted with translation of
the survey to French. Mary Hagemann supported manuscript and figure
preparation, including updating data provided by Andres Espejo. The US
Forest Service International Programs supports efforts to provide guidance
and tools for correctly calculating and reporting uncertainties through
QUERCA (Quantifying Uncertainty Estimates and Risk for Carbon Accounting).
QUERCA is funded by the US Department of State and US Agency for
International Development. This paper is a product of QUEST (Quantifying
Uncertainty in Ecosystem Studies). Please visit https://www.quantifyingunce
rtainty.org for papers, sample code, presentations, tutorials, and discussion
related to uncertainty analyses.

Author contributions

BJB and EMS understand survey research; JGPG, CW, and MO understand the
REDD+ context; and RDY and JLC are committed to bringing uncertainty to
light. Thus, BJB, CW, RDY and JLC designed the survey with input from JGPG
and MO. The survey was implemented by EMS and results analyzed by EMS
and BJB. The paper was drafted by EMS, BJB, RDY, JLC and JGPG, with input
from MO and CW, during weekly zoom calls. OC reviewed UNFCCC reports for
comparison to our survey results. All the authors learned something new and
reviewed the final product.

Funding

QUERCA is funded by the USS. Department of State and U.S. Agency for
International Development through a grant from the SilvaCarbon Program
(20-DG-11132762-304).

Availability of data and materials
The survey instrument is provided in the Supplemental Materials. To maintain
the anonymity of the respondents, raw survey results will not be made public.

Declarations

Competing interests
The authors declare that they have no financial or other conflicts of interest
associated with this research.

Author details

"Northern Research Station, USDA Forest Service, Amherst, MA, USA.
2Department of Environmental Conservation, University of Massachusetts
Amherst, Amherst, MA, USA. *Forestry Division, Food and Agriculture
Organization of the United Nations, Rome, Italy. “Northern Research Station,
USDA Forest Service, Durham, NH, USA. *International Programs, USDA Forest
Service, Washington, DC, USA. SSilvaCarbon, Climate Change Unit, USDA
Forest Service International Programs, Mexico City, Mexico. /Department

of Sustainable Resources Management, State University of New York College
of Environmental Science and Forestry, Syracuse, NY, USA.

Received: 25 April 2023 Accepted: 20 June 2024
Published online: 27 July 2024

References

1. Friedlingstein P, O'Sullivan M, Jones MW, Andrew RM, Bakker DC, Hauck J,
et al. Global carbon budget 2023. Earth Syst Sci Data. 2023;15(12):5301-
69. https://doi.org/10.5194/essd-15-5301-2023.

2. Canadell JG, Raupach MR. Managing forests for climate change mitiga-
tion. Science. 2008;320(5882):1456—7.

3. Intergovernmental Panel on Climate Change (IPCC). 2022. Climate
change 2022: mitigation of climate change. Contribution of Working
Group Il to the Sixth Assessment Report of the Intergovernmental Panel
on Climate Change. In: Shukla PR, Skea J, Slade R, Al Khourdajie A, van
Diemen R, et al,, editors. New York: Cambridge University Press; 2022.
https://doi.org/10.1017/9781009157926.

4. Harris NL, Gibbs DA, Baccini A, Birdsey RA, De Bruin S, Farina M, et al.
Global maps of twenty-first century forest carbon fluxes. Nat Clim Chang.
2021;11(3):234-40. https://doi.org/10.1038/541558-020-00976-6.

5. Baccini A, Walker W, Carvalho L, Farina M, Sulla-Menashe D, Houghton
RA. Tropical forests are a net carbon source based on aboveground

20.

21

22.

23.

24.

25.

26.

Page 10 of 11

measurements of gain and loss. Science. 2017;358(6360):230-4. https.//
doi.org/10.1126/science.aam5962.

Agrawal A, Nepstad D, Chhatre A. Reducing emissions from deforesta-
tion and forest degradation. Annu Rev Environ Resour. 2011;36:373-96.
https://doi.org/10.1146/annurev-environ-042009-094508.

Yanai RD, Wayson C, Lee D, Espejo AB, Campbell JL, Green MB, et al.
Improving uncertainty in forest carbon accounting for REDD+ mitigation
efforts. Environ Res Lett. 2020;15(12): 124002. https://doi.org/10.1088/
1748-9326/abb96f.

Li X, Wang W, Zhang H, Wu T, Yang H. Dynamic baselines depending on
REDD+ payments: a comparative analysis based on a system dynamics
approach. Ecol Ind. 2022;140: 108983.

Neeff T. What is the risk of overestimating emission reductions from
forests—and what can be done about it? Clim Change. 2021;166(1-2):26.
https://doi.org/10.1007/510584-021-03079-z.

. Pelletier J, Busch J, Potvin C. Addressing uncertainty upstream or down-

stream of accounting for emissions reductions from deforestation and
forest degradation. Clim Change. 2015;130:635-48.

. McRoberts RE, Neesset E, Gobakken T. Comparing the stock-change and

gain-loss approaches for estimating forest carbon emissions for the
aboveground biomass pool. Can J For Res. 2018;48(12):1535-42.

. De SyV, Herold M, Achard F, Avitabile V, Baccini A, Carter S, et al. Tropical

deforestation drivers and associated carbon emission factors derived
from remote sensing data. Environ Res Lett. 2019;14(9): 094022.

. NeeffT, Vollrath A, Lindquist E, Garcia J, Fox J, Sandker M, et al. Estimat-

ing emissions and removals from forest degradation—an overview of
country experience. Rome: FAQ; 2023. https://doi.org/10.4060/cc5803en.

. Food and Agriculture Organization (FAO) National Forest Monitoring;

2023. https://www.fao.org/national-forest-monitoring/areas-of-work/
data-reporting-transparency/en/ Accessed 31 Jan 2024.

. Jonas M, Bun R, Nahorski Z, Marland G, Gusti M, Danylo O. Quanti-

fying greenhouse gas emissions. Mitig Adapt Strat Glob Change.
2019;24:839-52.

. Sandker, M., Neeff, T, Todd, K., Poultouchidou, A., Condor-Gdlec, R,

Felicani-Robles, F, et al. From reference levels to results: REDD+ reporting by
countries — 2022 update. Forestry Working Paper No. 35. Rome: FAQ; 2022.
https://doi.org/10.4060/cc2899en.

. Kohl M, Neupane PR, Mundhenk P. REDD+ measurement, reporting and

verification—a cost trap? Implications for financing REDD+ MRV costs by
result-based payments. Ecol Econ. 2020;168: 106513.

. Dillman DA, Smyth JD, Christian LM. Internet, phone, mail, and mixed-

mode surveys: the tailored design method. 4th ed. Hoboken, NJ: John
Wiley & Sons; 2014. p. 528.

. Drasgow F. Polychoric and polyserial correlations. In: Kotz S, Balakrishnan

N, Read CB, Vidakovic B, Johnson NL, editors. Encyclopedia of statistical
sciences, vol. 7. New York: Wiley; 1986. p. 68-74.

UNFCCC. 2023. REDD+ Reducing emissions from deforestation and forest
degradation in developing countries Web Platform. Available at: https://
redd.unfccc.int/submissions.html. Accessed 22 Jan 2024

Asner GP. Painting the world REDD: addressing scientific barriers to moni-
toring emissions from tropical forests. Environ Res Lett. 2011;6(2): 021002.
https://doi.org/10.1088/1748-9326/6/2/021002.

United Nations Framework Convention on Climate Change (UNFCCQ).
Report of the Conference of the Parties, 7th session, Marrakesh, 29
October to 10 November 2001. Part Two, Action taken by the Conference
of the Parties at Its Seventh Session; Bonn, Germany: UN Framework
Convention on Climate Change; 2001.

Pulles T. Did the UNFCCC review process improve the national GHG
inventory submissions? Carbon Management. 2017;8(1):19-31. https://
doi.org/10.1080/17583004.2016.1271256.

Birigazzi L, Gregoire TG, Finegold Y, Golec RD, Sandker M, Donegan E,
Gamarra JGP, et al. Data quality reporting: Good practice for transpar-

ent estimates from forest and land cover surveys. Environ Sci Policy.
2019;96:85-94.

van der Bles AM, Van der Linden S, Freeman AL, Mitchell J, Galvao AB,
Zaval L, et al. Communicating uncertainty about facts, numbers and sci-
ence. Royal Society Open Science. 2019;6(5): 181870.

Neeff T, van der Linden M, Herrick M. Choices in quantifying carbon for
jurisdictional REDD+. World Bank, Washington. 2020. http://hdl.handle.
net/10986/35707


https://www.quantifyinguncertainty.org
https://www.quantifyinguncertainty.org
https://doi.org/10.5194/essd-15-5301-2023
https://doi.org/10.1017/9781009157926
https://doi.org/10.1038/s41558-020-00976-6
https://doi.org/10.1126/science.aam5962
https://doi.org/10.1126/science.aam5962
https://doi.org/10.1146/annurev-environ-042009-094508
https://doi.org/10.1088/1748-9326/abb96f
https://doi.org/10.1088/1748-9326/abb96f
https://doi.org/10.1007/s10584-021-03079-z
https://doi.org/10.4060/cc5803en
https://www.fao.org/national-forest-monitoring/areas-of-work/data-reporting-transparency/en/
https://www.fao.org/national-forest-monitoring/areas-of-work/data-reporting-transparency/en/
https://doi.org/10.4060/cc2899en
https://redd.unfccc.int/submissions.html
https://redd.unfccc.int/submissions.html
https://doi.org/10.1088/1748-9326/6/2/021002
https://doi.org/10.1080/17583004.2016.1271256
https://doi.org/10.1080/17583004.2016.1271256
http://hdl.handle.net/10986/35707
http://hdl.handle.net/10986/35707

Butler et al. Carbon Balance and Management (2024) 19:22

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

Sandker M, Carrillo O, Leng C, Lee D, d’Annunzio R, Fox J. The importance
of high—quality data for REDD+ monitoring and reporting. Forests.
2021;12(1):99. https://doi.org/10.3390/f12010099.

Intergovernmental Panel on Climate Change (IPCC). IPCC Guidelines for
National Greenhouse Gas Inventories. Vol. 4 Agriculture, Forestry and
other land use, prepared by the national greenhouse gas inventories
programme. Eggleston S, Buendia L, Miwa K, Ngara T, Tanabe K, editors.
Kanagawa, Japan: Institute for Global Environmental Strategies; 2006.
https://www.ipcc-nggip.iges.or,jp/public/2006gl/vol4.html Accessed 23
Jan 2024.

Forest Carbon Partnership Facility (FCPF). Carbon Fund Methodological
Framework. Forest Carbon Partnership Facility, Washington DC: The World
Bank; 2016. https://www.forestcarbonpartnership.org/carbon-fund-
methodological-framework Accessed 25 Mar 2023.

Architecture for REDD+ Transactions Program (ART) Secretariat, A.R. T.
The REDD+ Environmental Excellence Standard (TREES). Architecture for
REDD+ Transactions Program. Washington, DC: Architecture for REDD+
Transactions Program; 2020. https://www.artredd.org/wp-content/uploa
ds/2020/04/TREES-v1-February-2020-FINAL.pdf. Accessed 24 May 2024.
Reiche J, De Bruin S, Hoekman D, Verbesselt J, Herold M. A Bayesian
approach to combine Landsat and ALOS PALSAR time series for near
real-time deforestation detection. Remote Sensing. 2015;7(5):4973-96.
https://doi.org/10.3390/rs70504973.

Romijn E, Lantican CB, Herold M, Lindquist E, Ochieng R, Wijaya A, et al.
Assessing change in national forest monitoring capacities of 99 tropical
countries. For Ecol Manage. 2015;352:109-23. https://doi.org/10.1016/j.
foreco.2015.06.003.

Kim R, Kim DH, Cho S, Choi E, Park J, Lee SK, et al. Assessment of REDD+
MRV capacity in developing countries and implications under the Paris
Regime. Land. 2021;10(9):943. https://doi.org/10.3390/land10090943.
Gizachew B, Duguma LA. Forest carbon monitoring and reporting for
REDD+: What future for Africa? Environ Manage. 2016;58(5):922-30.
https://doi.org/10.1007/500267-016-0762-7.

Andoh J, Lee Y. National REDD+ strategy for climate change mitiga-

tion: a review and comparison of developing countries. Sustainability.
2018;10(12):4781.

Herold M, Angelsen A, Verchot LV, Wijaya A, Ainembabazi JH. A stepwise
framework for developing REDD+ reference levels. In: Angelsen A, Brock-
haus M, Sunderlin WD, Verchot LV, editors. Analysing REDD+: challenges
and choices. Bogor, Indonesia: Center for International Forestry Research;
2012. p. 279-99.

Espejo AB, Federici S, Green C, Olofsson P, Sénchez MJ, Waterworth R,

et al. Integrating remote-sensing and ground-based observations for
estimation of emissions and removals of greenhouse gases in forests:
Methods and guidance from the Global Forest Observations Initiative.
Edition 3.0. GFOI; 2020.

Herold M, Johns T. Linking requirements with capabilities for deforesta-
tion monitoring in the context of the UNFCCC-REDD process. Environ Res
Lett. 2007;2(4): 045025.

Stahl G, Saarela S, Schnell S, Holm S, Breidenbach J, Healey SP, et al. Use of
models in large-area forest surveys: comparing model-assisted, model-
based and hybrid estimation. For Ecosyst. 2016;3:5. https://doi.org/10.
1186/540663-016-0064-9.

Morales-Hidalgo D, Kleinn C, Scott CT. Voluntary guidelines on national
forest monitoring. Rome: Food and Agriculture Organization of the
United Nations; 2017.

Fazey |, Gamarra JGP, Fischer J, Reed MS, Stringer LC, Christie M. Adapta-
tion strategies for reducing vulnerability to future environmental change.
Front Ecol Environ. 2010;8(8):414-22.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 11 of 11


https://doi.org/10.3390/f12010099
https://www.ipcc-nggip.iges.or.jp/public/2006gl/vol4.html
https://www.forestcarbonpartnership.org/carbon-fund-methodological-framework
https://www.forestcarbonpartnership.org/carbon-fund-methodological-framework
https://www.artredd.org/wp-content/uploads/2020/04/TREES-v1-February-2020-FINAL.pdf
https://www.artredd.org/wp-content/uploads/2020/04/TREES-v1-February-2020-FINAL.pdf
https://doi.org/10.3390/rs70504973
https://doi.org/10.1016/j.foreco.2015.06.003
https://doi.org/10.1016/j.foreco.2015.06.003
https://doi.org/10.3390/land10090943
https://doi.org/10.1007/s00267-016-0762-7
https://doi.org/10.1186/s40663-016-0064-9
https://doi.org/10.1186/s40663-016-0064-9

	Uncertainty in REDD+ carbon accounting: a survey of experts involved in REDD+ reporting
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	Results
	Discussion
	Conclusions
	Acknowledgements
	References


