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INTRODUCTION

Earth's forests play a fundamental role in the global car-
bon (C) cycle and currently are a substantial carbon sink,
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Abstract

Forests are currently a substantial carbon sink globally. Many climate change
mitigation strategies leverage forest preservation and expansion, but rely on forests
storing carbon for decades to centuries. Yet climate-driven disturbances pose
critical risks to the long-term stability of forest carbon. We quantify the climate
drivers that influence wildfire and climate stress-driven tree mortality, including a
separate insect-driven tree mortality, for the contiguous United States for current
(1984-2018) and project these future disturbance risks over the 21st century. We
find that current risks are widespread and projected to increase across different
emissions scenarios by a factor of >4 for fire and >1.3 for climate-stress mortality.
These forest disturbance risks highlight pervasive climate-sensitive disturbance
impacts on US forests and raise questions about the risk management approach
taken by forest carbon offset policies. Our results provide US-wide risk maps of key
climate-sensitive disturbances for improving carbon cycle modeling, conservation
and climate policy.
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sequestering up to 25% of human carbon dioxide emis-
sions annually (Bonan, 2008; Pan et al., 2011). Yet the
future of forests in a rapidly changing climate is highly
uncertain (Brodribb et al., 2020; Friedlingstein et al.,
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2014). In particular, increasing climate stresses and dis-
turbance could compromise forest C storage, yielding
manifold impacts on biodiversity, ecosystem services
and carbon cycle feedbacks and undermining the poten-
tial of forests as a climate solution (Holland et al., 2019;
Hurteau et al., 2009; Seidl et al., 2017). For example, an
unprecedented and climate-fuelled bark beetle outbreak
in Canada drove immense swaths of tree mortality and
reversed an entire region of boreal forest from a C sink to
a C source over a decade with large implications for cli-
mate policy (Kurz, Dymond, et al., 2008; Kurz, Stinson,
et al., 2008). In addition to insect outbreaks, wildfires
and climate stress have been widely documented as
prominent risks because they strongly regulate forest C
stocks and are likely to increase in future climates (Bentz
et al., 2010; Buotte et al., 2019; Hicke et al., 2012; Wang
et al., 2021). Thus, it is essential to rigorously quantify
and understand drivers of historical risks and use this
understanding to project future climate-driven risks for
forest ecosystem functions and services, including long-
term C storage (Anderegg et al., 2020; Clark et al., 2016).
Due to forests’ role as a C sink and important
co-benefits for biodiversity and ecosystem services,
governments, corporations and non-governmental or-
ganisations have shown widespread and growing interest
in leveraging forests as ‘nature-based climate solutions’
to sequester and store C as part of meeting climate pol-
icy goals (Cook-Patton et al., 2020; Griscom et al., 2017,
Roe et al., 2019). Yet significant scientific gaps remain
that greatly limit the effective use of forest-based climate
solutions in an evidence-based climate policy frame-
work. Crucially, to be used for climate mitigation, forests
must achieve some level of ‘permanence’ whereby a man-
agement or policy action leads to more ecosystem C stor-
age, averaged over time, compared to a rigorous baseline
(Hurteau et al., 2009; Ruseva et al., 2017). Although fos-
sil C emissions persist in the atmosphere for hundreds to
thousands of years (Archer et al., 2009), many public and
private carbon markets only require increased forest C
storage to last at most for up to 100 years (Ruseva et al.,
2017) — and sometimes only up to a few decades.
Rigorous forest climate risk assessment is crucial
for understanding climate impacts on ecosystems and
biodiversity, informing conservation and management
prioritisation, and guiding climate policies and pro-
grammes relying on forest carbon uptake and storage.
Continental-scale risk assessment is currently lacking
and urgently needed (Anderegg et al., 2020; Buotte et al.,
2019; Lecina-Diaz et al., 2021). Spatial quantification of
risks can inform forest protocols in climate policy by
ensuring that climate risks are adequately considered in
programme design — for example, through the construc-
tion of ‘buffer pools’ and other insurance mechanisms
— and can inform forest project development and con-
servation (Hurteau et al., 2013). However, current forest
offset protocols tend to include fixed, spatially invariant
risks that do not incorporate future climate impacts and

likely underestimate the integrated risks to forests over
long time scales (e.g. the 100 year horizon used by the
Climate Action Reserve (Anderegg et al., 2020)).

In this paper, we combine forest inventory data across
United States (US) forests, remote-sensing data of wild-
fires, high resolution climate data and downscaled cli-
mate model projections to assess climate-sensitive risks
for forest C stocks in the US. We first quantify how forest
structure and climate anomalies mediate major climate-
related risks to US forests from wildfire and non-fire,
climate stress-mediated tree mortality (defined here as
tree mortality that is sensitive to climate, excluding fire-
driven mortality). We then model the spatial patterns
and magnitudes of these risks over the historical record.
Finally, we use downscaled future climate data to project
how these risks might evolve in the future due to climate
change, revealing where forests are likely to be the most
vulnerable in the 21st century.

METHODS
Overview and climate data

We constructed statistical models of climate risks from
fire, (non-fire) climate stress-driven tree mortality, and
insect-driven tree mortality using high-resolution his-
torical climate data, satellite data for fire burn area
and forest inventory plot data for tree mortality. We
performed extensive cross-validation and comparisons
against independent datasets over the historical period.
We then developed a high-resolution downscaled climate
dataset from six climate models to project these climate
risks across the US for three future climate scenarios.
Statistical risk models and validation are described
below, and full input dataset details, pre-processing, and
climate downscaling are described in the Supplementary
Information (SI) Methods.

Risk models
Fire

We developed a statistical model to create gridded (4-km
spatial resolution), monthly predictions of burn area as
a function of climatic variables. This model built on pre-
vious fire risk estimation efforts (Barbero et al., 2014).
Many of the methods are similar, although updated with
more recent data (through 2018 rather than 2010).

The model was fit to historical fire data from the
Monitoring Trends in Burn Severity (MTBS) database
(SI Methods), which comprises 30-m annual rasters of
burn severity as well as burn area boundary polygons
for individual fires (Eidenshink et al., 2007). The dataset
covers fires from 1984-2018 and includes fires larger than
202 ha (404 ha in the Western US) for the continental

85U80|7 SUOWILIOD BAITea1D) 8|cedldde 8y A peusenob afe sajole YO 8Sn JO Sa|nJ Joj Afeiq1T 8UIIUO 43I UO (SUORIPUOD-PUB-SWLBYW0D" A3 1M Ae.d Ul JUO//Scy) SUORIPUOD Pue SWe 1 8y} 89S *[7202/20/9T] Uo ARIqiT8uljuO A8|IM ‘STOFT@R/TTTT OT/I0p/W0D A8 |IM AIq Ul Uo//:Sdny WOy pepeojumod ‘9 ‘220z ‘8v20TarT



1512 | FUTURE CLIMATE RISKS FROM STRESS, INSECTS AND FIRE ACROSS US FORESTS

US. As predictors, we considered both temporally-
varying climatic variables as well as time-invariant veg-
etation variables. Our primary climatic variables were
monthly temperature, precipitation and climatic water
deficit (CWD) derived from the TerraClimate dataset
(SI Methods) for the historical period. For vegetation,
we used the National Forest Type Dataset. The forest
groups ranged in area between 51k to 67 M ha with the
smallest eight groups each representing <~2 M ha. To
limit the number of variables and prevent overfitting,
spatially sparse forest groups were aggregated into su-
persets by combining the smallest forest groups with
the most spatially similar, larger forest group (we chose
an area threshold of 1.76 M ha). This consolidation de-
creased the number of forest groups from 25 to 17 and
had little effect on model behavior. We converted these
forest group maps into 17 binary, gridded maps, each of
which became a predictor in the model. Every pixel was
assigned to one forest group.

We fit a ‘hurdle’ regression model to predict burn area
as a function of climate and vegetation variables. This
model jointly predicts the probability of a non-zero value
and, if a non-zero value is present, its continuous value
(Cragg, 1971). Intuitively, this model can be thought of as
combining a classifier (‘was there fire?’) and a regression
(‘if there was fire, how large was the burn area?’). For
computational reasons, all datasets were aggregated to
a 16 km? grid for fitting. The model was then applied
to create predictions on the 4-km grid. We formally
represented the hurdle model using a sequence of two
generalised linear models: a Binomial model with logit
link function predicting zero versus non-zero values,
and a linear Gaussian model with normal link function
predicting burn area in the locations where it was non-
zero. We implemented the hurdle model in Python using
scikit-learn by combining the LogisticRegression and
LinearRegression methods (Pedregosa et al., 2012).

In addition to the variables described above, we in-
cluded two additional predictors to better capture
inter-annual trends. To create these predictors we first
calculated two timeseries representing a conterminous
US-average monthly temperature and precipitation and
then calculated a 12-month rolling maximum of each of
the two timeseries. Conceptually, these two predictors
provide a measure of longer-term drought stress when
conterminous US-wide high temperatures and sharp
precipitation regimes occur simultaneously. In practice,
including these extra predictors improved overall model
performance only slightly, but allowed the model to bet-
ter reproduce both monthly trends, interannual vari-
ability, and the observed increase in burn area over the
observation period (see Figures S10 and S11).

For the full model, we assessed accuracy using area-
under-the-ROC-curve (AUC) from the output of the
logistic regression portion of the hurdle model. We con-
sider this AUC the primary metric of interest given the
sparse and nearly binary nature of the training data.

We report these AUC values obtained using split-halves
cross-validation, where the held out set was constructed
by sampling years independently (Figure S1). We also as-
sessed performance through the model's ability to repro-
duce three patterns: annual, seasonal and spatial. For
annual and seasonal trends, we computed an R? between
the value computed directly from the data and the mod-
el's prediction allowing for a constant offset difference
(Figure S1). For the spatial trends we computed an AUC
just as we did for the full model, except for first averag-
ing over time, which we consider the appropriate metric
given the sparse nature of the data. While these are not
the metrics on which the model is trained, they provide
an indication of how well the model captures important
and observable patterns in the data. For visualisation
purposes, predicted monthly burn areas from the model
(fraction/month) were summed across months to esti-
mate predicted burn area for each year (fraction/year).

Climate stress- and insects-driven
tree mortality

We constructed ‘climate stress’ and ‘insect’ tree mortal-
ity models using data from the US Forest Inventory and
Analysis (FIA) dataset, which is a nationwide standard-
ised network of >100,000 long-term forest monitoring
plots that track growth, mortality and overall health of
US forests. We used FIA data from 2000 to 2018. We ag-
gregated FIA forest plot data on live and dead basal area
from a tree-level to a ‘condition’ level, grouping together
conditions representing repeated inventories of the same
location. To construct climate stress and insect risk mod-
els, we screened for plots that had at least 2 or more in-
ventory measurements, which enables the estimation of
a true mortality rate. We next screened out plots that had
a ‘fire’ or ‘human’ disturbance code or a ‘cutting’ treat-
ment code to remove major confounding disturbances.
We estimated the fraction of mortality based on
the concept of a census interval, which we define as a
pair of measurements in two measurement years (fo,
). The fraction of mortality is defined as the ratio of
new dead basal area in ti to the total live basal area in
to, which was then normalised by the census length to
give annual mortality rates. We computed this ratio
separately for each condition. Given that many FIA
plots only had one repeated measure (only one census
interval), we used the first census interval for all condi-
tions. We modelled ‘climate stress-driven” mortality as
the mortality that occurred during this census interval
(with other confounding mortality drivers excluded, see
above) and ‘insect-driven’ mortality using the ‘agent
code’ (AGENTCD) tree-level data, where codes of 10—
19 indicate insects as the primary causal agent of death.
We note that the climate stress mortality models include
mortality from insects, which was a deliberate decision
because insects and climate stress such as drought often
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co-occur and interact to kill trees in many forests across
the US and thus cannot be clearly separated (Anderegg
et al., 2015), although we performed a sensitivity analy-
sis of the climate stress model when excluding mortality
of trees with insect agent codes and observed very sim-
ilar modelled mortality patterns (R* = 0.60, p < 0.0001).
Drought and other climate stress-driven mortality does
not have a clear or widely used agent code in the FIA
database; instead, climate/drought-driven mortality
is often attributed to a wide array of more proximate
agents (including insects, disease, weather and other/
unknown); see Anderegg et al. (2015) for a detailed dis-
cussion. Thus, our attribution is that this mortality is
likely driven by “climate stress” broadly defined, as we
have aimed to remove other major drivers of mortality,
notably fire, human disturbance and account for stand
and self-thinning dynamics in model construction (see
below). This mortality attribution approach has un-
certainties but is generally reasonable and is the stan-
dard approach that has been widely used in numerous
climate-related FIA studies (Hember et al., 2017; Shaw
et al., 2005; Stanke et al., 2021).

We fit a statistical model predicting mortality as a func-
tion of climatic and stand variables. We formally repre-
sented the hurdle model using a sequence of two generalised
linear models: a Binomial model with logit link function
predicting zero versus non-zero values, and a linear model
with beta-distributed link function, which is used for mod-
eling proportions where values are between zero and one,
for predicting mortality in the conditions where it was non-
zero. The beta-distributed link function for the linear re-
gression was chosen based on inspecting the behavior of the
raw data distributions. We implemented the hurdle model
in R using the glm function in the default ‘stats’ package
and the ‘betareg’ package (Zeileis et al., 2010).

For each condition, we extracted the mean, minimum
and maximum over the census interval for six annual
climate variables that were selected based on their im-
portance in the drought and insect mortality literature:
precipitation, temperature, Palmer Drought Severity
Index (PDSI), potential evapotranspiration (PET), cli-
matic water deficit (CWD) and vapor pressure deficit
(VPD) (Bentz et al., 2010; Creeden et al., 2014; Williams
et al., 2013). We also extracted the stand age for each con-
dition from FIA and the community-weighted mean and
range of the functional trait of the water potential at 50%
loss of hydraulic conductivity (P50) from maps published
in a recent study (Trugman et al., 2020) scaled to 0.25 de-
gree. P50 has been widely linked to drought-driven mor-
tality risk in site-level (Nardini et al., 2013) studies and
meta-analyses (Anderegg et al., 2016). We also included
in the mortality models two stand variables, age or age-
squared, to account for background ecological dynamics
such as self-thinning and background mortality, follow-
ing Hember et al. (2017). All predictor variables were z-
scored across the full dataset for that variable to ensure
that variable ranges did not drive model outputs.

Climate stress and insect mortality models were fit in-
dependently to each FIA ‘forest type,” which was chosen
as an intermediate compromise of capturing the diver-
sity of responses across US forests but aggregating above
a species-level to enable adequate estimation of mortal-
ity levels. To ensure that each forest type had 50 or more
condition measurements, we aggregated some sparse for-
est types into more common ones (59 were so aggregated
out of the initial set of 171), leading to 112 initial forest
types in our dataset. We aggregated condition-level mor-
tality rates, age, climate data and functional traits to a
0.25 degree grid for each forest type. This grid size was
chosen through sensitivity analyses to determine the op-
timal aggregation where the coefficient of variation of
mortality rate stabilised but large-scale climate variation
was preserved. All climate stress and insect mortality
models were fit using this 0.25 degree gridded data for
each forest type.

We considered collinearity among predictor variables
by examining variance inflation factors. We found that
variance inflation factors were too high for comparing
mean/min/max of the same variable (e.g. mean vs. min
vs. max annual temperature), but were generally within
acceptable levels (<5) across the six predictor climate
variables, stand age and P50 hydraulic trait. Thus, we
conducted a stratified model selection analysis where we
fit all possible model combinations with one of each pre-
dictor variable (i.e. varying all possible combinations of
mean vs min vs. max of each climate variable, age vs. age-
squared, P50 mean vs. P50 range) and selected the most
parsimonious model via Akaike Information Criterion
(Burnham & Anderson, 2004). For all analyses in this
paper, we fit the same predictor variables across all for-
est types to reduce complexity. Thus, individual forest
types were not allowed to have separate predictor vari-
ables. Model selection analyses were done separately on
climate stress and insect mortality dependent variables.

We examined optimal model complexity by compar-
ing the AIC and R’ of nested sets of models. We com-
pared climate stress and insect mortality models as a
function of: (i) a null model of forest type-only (i.e. each
forest type would receive only its mean mortality), (ii) a
null model of mortality as a function of forest type and
age only (i.e. no climate predictors), (iii) mortality as a
function of forest type, age and climate predictors, and
(iv) mortality as a function of forest type, age, climate
and functional traits. We observed that climate variables
significantly improved (i.e. deltaic << —3) model perfor-
mance beyond both null models for both climate stress
and insects and that the range of P50 significantly im-
proved climate stress mortality models, but not insect
models.

We assessed model performance with cross-validation
and used two primary metrics that reflect the perfor-
mance of different parts of the hurdle model. We first
tested for spatial autocorrelation using Moran's I for
each forest type and each of the climate stress and insect
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mortality models. For forest types and mortality mod-
els where significant autocorrelation was detected, we
used a comparison of Moran's I by distance bin, using
the ‘correlog’ function in the pgirmess package in R
(Giraudoux et al., 2018), to determine the autocorrela-
tion length. We set the spatial autocorrelation length as
the midpoint between the last significant bin and the first
non-significant bin. We then conducted spatial hold-out
cross-validation (Ploton et al., 2020) for each forest type
and mortality model, whereby one grid cell was held out
from model training and a spatial buffer around that
grid cell equal to the autocorrelation length was also
removed from model training. The model was then fit
on the remaining data and used to predict the hold-out
grid cell, and this was repeated 1000-fold for each forest
type and mortality model. Similar to the fire model, we
examined model performance using cross-validated area
under the receiver operating curve (AUC) for the binary
component of the hurdle model. We also considered the
non-zero-value R’ for the beta-regression part of the
hurdle model (Figure S5), aggregating as above.

Finally, we imposed one further set of criteria on cli-
mate stress and insect models to incorporate climate-
dependence only where justified based on model
performance. For all final model-based analyses (i.e.
Figures 1d, f, 2-4), we identified forest types where
cross-validated AUC was greater than 0.6 and the forest
type had >20 grid cells with mortality observed in the
historical record, based on a recent analysis of stability
and information criteria in regression models (Jenkins &
Quintana-Ascencio, 2020). This led to risks being mod-
elled with climate variables and projected for 30 forest
types in the insect models and 61 forest types in the cli-
mate stress models out of 112 possible forest types. For
all forest types that did not meet these criteria, we pro-
jected mortality simply as the mean of historical mortal-
ity for that forest type, and thus set all future mortality
to that value. We note that this is a very conservative de-
cision and is likely to underestimate future risks.

We further performed two evaluations of our mortal-
ity models against independent metrics or datasets. For
the climate stress mortality models, we compared our
observed mortality rates by species against the recent
‘Forest Stability Index’ for eight major western US forest
species (Stanke et al., 2020) and observed a strong rela-
tionship (R? = 0.72; Figure S2). For the insect mortality
models, we compared our observed and modelled spatial
patterns to an independent dataset of Aerial Detection
Surveys (ADS) done by the US Forest Service to map
bark beetle-driven mortality across the US (Williams
et al., 2016). Despite large differences in types of data-
set (e.g. aerial versus plot; ‘bark beetle-driven’ mortal-
ity versus ‘insect-driven’ plot agent codes) and spatial
scales, we found strong agreement between our models
and that independent dataset (AUC = 0.79 and R* = 0.29
comparing our modelled mortality and ADS observed
mortality; Figure S3).

For future CMIP6 projection-driven risk models, we
used the same climate variables as chosen by the final
model selection analysis and projected climate stress and
insect risk (i.e. % basal area killed per year) over each de-
cade from 1950-2100 in different climate models and sce-
narios. Future decadal climate variables were z-scored
against three decadal baselines (1990-1999; 2000-2009;
2010-2019) and the ensemble mean was taken across
these baselines for each climate model and decade. All
modelled and projection maps (e.g. Figures 1d/f, 3) were
made on all conditions in FIA, regardless of number of
censuses in the historical record, to cover all US forests,
aggregated to 0.25° by forest type, and then aggregated
across forest types as described above. For future projec-
tions, we used a constant stand age and P50 functional
trait based on the 2000-2018 historical values due to
uncertainties about future forest dynamics and compo-
sition. This is an assumption and uncertainty, but a full
exploration of stand age dynamics, species distribution
and composition shifts, and demography is beyond the
scope of this current analysis.

RESULTS

The fire risk model reliably predicted historical fires
(cross-validated AUC: 0.89), capturing interannual vari-
ability (cross-validated R* 0.64), seasonal patterns (e.g.
spring risk in the southeastern US and fall risk in the
western US; cross-validated R* 0.90), and spatial pat-
terns (cross-validated AUC: 0.78) (Figure la-b; Figure
SI). The model captured the spatial patterns of more
prevalent fire across the western US, in particular in
California and the northern Rocky Mountains.

Historical patterns of climate stress-driven tree
mortality, which is predominantly drought stress and
includes biotic agents/insects, were highest across the
western US and intermountain West, which was captured
in the mortality model (cross-validated spatial R*: 0.18;
Figure lc—d). These patterns were consistent with the
independent comparison dataset (Figure S2) and other
recent studies (31). The inclusion of forest physiological
metrics for drought tolerance, specifically community-
weighted plant hydraulic traits, substantially improved
the predictive accuracy of the climate stress mortality
models (AAkaike Information Criterion << —10), con-
sistent with drought-physiology studies (Anderegg et al.,
2016). Observed historical permanence risks to US for-
ests from insect-driven mortality specifically were high-
est in the Rocky Mountains and modelled risks captured
the key broad spatial patterns in risks (cross-validated
spatial R*: 0.31; Figure le—f). These observed and mod-
elled insect risks showed strong spatial agreement with
an independent continent-wide insect outbreak dataset
(Figure S3).

Under all future shared socioeconomic pathway (SSP)
climate scenarios, fire risks are projected to increase
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FIGURE 1 Observed (left) and statistically modelled historical (right) risk maps for fire (a&b), non-fire, climate stress-driven tree mortality
(c&d), and insect-driven tree mortality (E&F) reveal widespread and spatially varying risks. Fire risk is modelled as burn area by wildfires, that
is, fraction of a grid cell burned per year. Climate-stress and insect-driven tree mortality risk are modelled as basal area mortality per year. For
each impact risk model (b, d, f), anywhere shaded is considered forested. The forest mask for fire differs slightly from those used for climate
stress and insects due to different input data. Data gaps in forest inventory in WY and OK preclude observed risk estimates in climate stress

and insect cases (c, €)

substantially throughout the 2Ist century (Figure 2a).
Future risks increase similarly across scenarios through
mid-century, but diverge by 2050. By 2080-2099, the
multi-model mean projects 4-fold (SSP2-4.5), 9-fold
(SSP3-7.0), and 14-fold increases (SSP5-8.5) in US-
averaged fire risk compared to historical (average 1990—
2019) values. Projected climate stress risks increased
substantially and varied by emissions scenario with

average mortality increases by a factor of 1.3 in SSP2-
4.5, 1.5 in SSP3-7.0, and 1.8 in SSP5-8.5 by 2080-2099
(Figure 2b). Future US-wide insect risk projections indi-
cated increases of 1.2-fold in SSP2-4.5, 1.4-fold in SSP3-
7.0, and 1.7-fold in SSP5-8.5 by 2080-2099 (Figure 2c). We
note that the climate stress and insect mortality models
are not independent and thus should not be considered
additive. All three climate-sensitive risks showed large
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FIGURE 2 Projected 21st century risks for fire (a), non-fire,
climate stress-driven tree mortality (b), and insect-driven tree
mortality (c) averaged across the US. Statistical risk models forced by
simulations from each different climate model shown as transparent
lines, coloured according to the three shared socioeconomic pathway
(SSP) climate scenarios. The multi-model mean for each SSP is
shown opaque. Statistical model projection driven by historical
meteorological data (rather than meteorological data derived from

a climate model) are shown in black. Fire risks are calculated with

a 10-year centered moving average, while climate stress-related and
insect-related are presented as decadal averages

differences across climate models, although the relative
ranking of risk by SSP was consistent by the end of the
century. The substantial differences between high and
low emissions SSPs emphasises the critical importance
of climate policy to mitigate climate risks to US forests.
We then conducted a risk assessment to quantify
which regions and forests are likely to experience the
highest risks in the 21st century (Figure 3, average of
2080-2099). By the end of the 21st century, high levels of
fire risk, which were historically confined to pockets in
California and the intermountain western US, are pro-
jected to expand across the entire western US (Figure 4).

While these risks are substantially mitigated by emis-
sions reductions (SSP2-4.5, Figure 3a), risks are still pro-
jected to increase dramatically in regions like the Great
Plains in the central US and southeastern US (Figure 4).
Future climate stress risks increased most across
broad swaths of the intermountain and southwestern
US, California, and western Texas, although parts of the
eastern US and the upper midwestern US also exhibited
increased climate stress mortality risk (Figures 3b, 4).
Projected insect risk to forest permanence was highest
across the Rocky Mountains in the intermountain west-
ern US, Sierra Nevada mountains in California, and
parts of the northern Midwest (Figures 3c, 4). Climate
stress and insect mortality model projections were only
made for forest types where models showed skillful cross-
validated performance (i.e. AUC > 0.6) and thus lower
risk in some regions (e.g. southern pine beetle risk in the
southeastern US (Weed et al., 2013)) may reflect data and
model limitations rather than inherently lower risks.

DISCUSSION

Our results provide a synthesis of fire-, climate stress- and
insect-driven climate risks to forests in an open-source
dataset available at continental scales. Climate-sensitive
risks to US forests have major impacts on forest C cycling
and climate change feedbacks, and thus quantifying for-
est permanence risks is important for conservation and
climate policy efforts. Tree mortality and disturbance
are large uncertainties in current land surface and veg-
etation models (Bugmann et al., 2019; Fisher et al., 2018;
Pugh et al., 2019) and better large-scale historical data-
sets are needed for benchmarking and improving these
models. Thus, the disturbance risk and mortality maps
and their climate sensitivities derived here can help ad-
vance C cycle models. Our results reveal that US forests
are very likely to experience increasing risks from cli-
mate change that undermine their C sequestration po-
tential, an important factor that should be considered in
climate change mitigation policy.

The spatial patterns in our risk models — both his-
torical and future risks — broadly agree with other sim-
ilar efforts of individual disturbances in the literature,
such as the burn area patterns of large fires (e.g. Barbero
et al., 2014) or drought risks (Buotte et al., 2019). The spa-
tial patterns of insect model projections are consistent
with previous projections for several major insect species
(Bentz et al., 2010) and overall magnitude is similar to
coarse-level ecoregion projections in parts of the west-
ern US (McNellis et al., 2021) (Figure 4). Further, the cli-
mate sensitivities of insect mortality for several western
US pine species with the highest historical insect-driven
mortality were consistent with estimates in the literature
(Figure S4) (Bentz et al., 2010; Creeden et al., 2014).

Our statistical modeling approach with static vegeta-
tion for estimating future climate risks to forests due to
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FIGURE 3 Risks for fire, climate stress-driven tree mortality, and insect-driven tree mortality (rows) averaged over the 2080-2099 period,
separated by shared socioeconomic pathway (SSP) climate scenario (columns). Note that color-bars are substantially expanded relative to those
in Figure | in order to visualise future projections that exceed historical risks

fire, climate stress, and insects is an informative ‘first-
step’” analysis and complementary approach to current
process-based methods for several reasons. First, ac-
curately capturing mortality due to fire, climate stress
and insects is quite challenging and often not included
in state-of-the-art land surface models used in CMIP6
projections. Mortality of any type is a major uncer-
tainty in process-based models, and efforts to predict
drought mortality from first principles are nascent
and still need substantial work (Bugmann et al., 2019).
Prognostic insect-driven mortality is completely absent
in CMIP6 mechanistic models currently (Fisher et al.,
2018). Prognostic fire is present in some CMIP6 models,
but none are able to capture the extent of current extreme
fire events (Fisher et al., 2018). The statistical approach
presented here is rigorously validated against historical
observations and likely provides an upper bound of the
extent of future disturbance given the lack of vegetation-
disturbance feedbacks and dampening factors, further
discussed among the several important caveats and lim-
itations below. These models and approaches could be
applied in other regions or countries by leveraging global

fire data from MODIS and forest loss/disturbance data
from Landsat, bringing in ground plot networks where
possible and accounting for direct human land-use
change.

These climate-sensitive risk maps and projections pro-
vide spatial quantification and uncertainty assessment
across climate models, climate scenarios, and risk mod-
els that can inform risk management and conservation
decisions. To support these aims, all data and code un-
derlying these models are publicly available, and can be
easily accessed and visualised via a web portal (https:/
carbonplan.org/research/forest-risks). As with any anal-
ysis, these projections are subject to several uncertainties
and caveats. In addition to uncertainties in underlying
Earth system models and statistical climate downscaling
approaches (SI Methods), these projections use empirical
models based on static forest composition and structure
over the 1984-2018 period. Thus, these projections do not
account for shifts in forest composition or distribution,
interactions among risks, and carbon dioxide effects on
plant drought stress. In particular, large-scale impacts
of fires, drought, or insects could substantially reduce
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FIGURE 4 Regionally averaged time series of forest risks from three impacts: fire (top), non-fire, climate stress-driven tree mortality
(middle), and insect-driven tree mortality (bottom). Regions of interest shown as gray boxes in the maps at the top of each column. As in Figure
2, statistical risk model simulations from each climate model simulation are shown as transparent lines, coloured according to the three shared
socioeconomic pathway (SSP) climate scenarios. The multi-model mean for each SSP is shown opaque. Statistical model projections for each
region driven by historical meteorological data (rather than meteorological data derived from a climate model) are shown in black. Fire risks
are calculated with a 10-year centered moving average, while climate stress-related and insect-related are presented as decadal averages

biomass, and thus risk, although this is not likely to exert
a material influence before the 2050s (Abatzoglou et al.,
2021; Barbero et al., 2015). The risk projections also do
not include impacts of land-use management, considered
to be a strong potential lever in fire risk (Smith et al.,
2016) and to a lesser degree climate stress and insect
risks. We note, however, that there are also many reasons
that these risk projections may be conservative or under-
estimates for insects and climate stress mortality, includ-
ing projections made only for strong historical models,
frequent non-linear impacts of drought and insects that
may not be well-characterised in inventory data, and
novel pests and pathogens. A comparison of our risk
projections with mechanistic land surface models with
prognostic fire from CMIP6 results revealed strong and
consistent spatial correlations (Figure S7), providing ad-
ditional confidence in the patterns of future risks and
their impact on forest carbon sequestration.

Our results clearly show both spatial heterogene-
ity and future increases in risk across broad swaths of
the continental US. While some current forest offset
protocols incorporate risk, for example through the
construction of ‘buffer pools’ or related insurance-like
mechanisms, current risk estimates do not incorporate

either form of variability (Anderegg et al., 2020). Thus,
our findings raise serious questions about the integrity
of these programmes. Further work could incorporate
observed heterogeneity and future projections to better
inform the construction of these climate programmes,
such as by translating these risks into specific C loss esti-
mates that could parameterise a better-grounded buffer
pool or other insurance programme. Our results provide
a critical starting point in quantifying risks over space
and time and can inform management, conservation and
policy actions. Taken in sum, our results increase the ur-
gency and magnitude of response needed for reducing
greenhouse gas emissions to mitigate climate change
given the increasing risks of climate change to nature-
based climate solutions.
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SUMMARY

With nature-based offsets emerging as a core strategy for meeting near-term climate targets, it is essential
they deliver real and verifiable mitigation gains. However, the interventions that generate offsets can have un-
intended effects that cause carbon leakage and ultimately reduce mitigation. Although leakage is "old news"
and various anti-leakage measures have been considered, there is little evidence that current practices to
address leakage actually work. In this perspective, we present evidence that leakage is vastly underesti-
mated in practice and argue that current efforts to improve accounting methods are unlikely to deliver the
accuracy required. We therefore propose and elaborate an alternative approach to address leakage by
design, based on a new conceptual framework for understanding leakage in nature-based interventions.
We further outline three principles that offset developers, certifiers, and consumers can implement now to
improve the credibility of nature-based offsets, without negating further ambition and investment in na-

ture-based solutions.

INTRODUCTION

Amid current enthusiasm for decentralized, market-led climate
change solutions, ecosystems are widely seen as near-term
linchpins of global mitigation strategies. Land use (notably for-
ests) provides a quarter of planned mitigation under the Paris
Agreement,’ and COP26 (Glasgow) signaled global willingness
to allow international transfers of nature-based mitigation.
Nature-based offsets already feature in most market emissions
pricing schemes® and are central to corporate net-zero
pledges.® Driven by corporate commitments,* voluntary offset
markets neared US$2 billion in traded value in 2021, with 67%
originating in forestry and land-use projects.® Support for na-
ture-based mitigation is broad (projects offer both low-cost miti-
gation and environmental benefits), and estimates of total poten-
tial are high (20%-30% of mitigation needed to keep global
warming to 1.5°C).° Not all nature-based mitigation will (or
should7’8) substitute for emissions reductions, but the role of na-
ture-based offsets is rapidly expanding.

Most pathways to nature-based mitigation depend on altering
the state of coupled ecological-economic systems.”'® The ef-
fect of such interventions can be tracked as credits in a carbon
accounting framework, which become offsets when used to sub-
stitute for other mitigation actions. If the underlying carbon ac-
counting is inaccurate, offsetting may prove a dangerous
distraction. Recent work''~'® has highlighted widespread over-
estimation of the degree to which nature-based interventions
have altered the state of the world to generate mitigation (i.e.,
their additionality), but another source of inaccuracy—carbon
leakage —merits equal attention. Leakage occurs when some ef-
fects of an intervention fall outside the accounting boundary
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used to track mitigation effects (e.g., an action causing emis-
sions reductions in one place may also cause increases else-
where). These beyond-boundary effects are extremely difficult
to measure,'*'® particularly when economic markets are impli-
cated (so-called market leakage).

Today’s voluntary and compliance markets routinely transact
nature-based offsets on the premise that methods to account for
leakage are sufficiently accurate,’®'® and leakage is often
framed as a tractable problem for which “sophisticated and
robust tools”? and “policy levers to manage risks”” are available.
Yet the main approach currently in use (adjusting issued credits
using a leakage discount factor) has been recognized as insuffi-
ciently rigorous “in the long run,”'® and how best to deal with
leakage is controversial.>?' Among specialists, the problems
are well known: Richards and Andersson?? argued over 20 years
ago that both theoretical and practical challenges prevent the
accurate measurement of leakage associated with a specific
intervention, concluding that “either the reliability of project anal-
ysis will be low or the costs of analysis will be high, and quite
possibly both.” Concern about leakage followed the first forestry
offset projects in the early 1990s,%>7?° and three decades of work
have now thoroughly explored the issue: several reviews
exist, %2527 and research interest remains high.”'*?® However,
the solutions proposed are either politically intractable (i.e.,
scaling up accounting frameworks to include all beyond-bound-
ary effects®***% or poorly understood and inconsistently
applied."*° In the absence of a viable alternative, nature-based
offsets continue to be issued and retired using ad hoc leakage
accounting methods of unknown accuracy.

In this perspective, we aim to develop a viable alternative for
dealing with carbon leakage from nature-based offsets. We
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Figure 1. Market leakage occurs because
price signals induce agents outside a
targeted region to change behavior
S\2 Supply and demand diagrams allow a precise illus-
tration of this phenomenon. Sy is supply from all
non-targeted producers and is shown for two cases,
relatively elastic supply (Sn') and relatively inelastic
Sy supply (Sn?). The initial equilibrium quantity is Qy +
Qr, the sum of supply from the non-targeted area
(right panel) and targeted area (left panel). An inter-
vention resulting in Qr = 0 will cause the price to
increase from P to P, producing a new equilibrium at
Dwm Qu/'. For the case of relatively inelastic supply, non-
targeted producers had been producing Q2 prior to
the intervention, and market leakage is Qy' — Qn2.
For the case of relatively elastic supply, market
leakage is Qn' — Q. In both cases market leakage

Quantity

results from producers outside the targeted region
moving up their supply curves due to the change in
Q\' price resulting from the supply restriction in the
targeted region. Note that (Q' — Qn')/Qr' > (QN —

QnY)/Q+2, i.e., market leakage is proportionately greater for more competitive markets, such as those with fewer barriers to entry or lower transaction costs to

displacing supply.

focus on market leakage, reviewing its theoretical basis, the
empirical literature, and current accounting practice. We present
evidence that suggests nature-based offsets in use today are
systematically underestimating market leakage effects, and
argue that attempts to refine leakage measurement will not
deliver the accuracy needed in practice. We then propose a
novel approach to designing nature-based interventions and
associated offset markets to avoid the leakage problem: a
framework for thinking about market leakage that enables iden-
tification of how and when it arises from nature-based interven-
tions. Leveraging the available evidence through our framework,
we outline three principles for a design-based solution to the
market leakage problem that preclude the need for (currently un-
achievable) precision in leakage accounting. Our proposed alter-
native approach provides a conservative solution that can be
immediately implemented within today’s decentralized offset re-
gimes, as well as clarifying ongoing misunderstandings about
market leakage in a nature-based context.

THE PROBLEM WITH MARKET LEAKAGE

While a number of classifications of leakage'*'>'9?*3% now
exist (including impacts via connected ecological systems, ' in-
formation, motivation, and institutions,’* or spatial interac-
tions®), we focus on two canonical types involving economic
agents: “direct” leakage and “market” leakage. Direct (or “activ-
ity”) leakage arises when the economic agents targeted by an
intervention shift activities outside of the accounting boundary,
whereas market leakage arises when non-targeted agents
adjust their behavior in response to altered economic incentives.
While activity leakage is relatively tractable (targeted agents are
known, and their actions are observable), market leakage is not.
Teasing out market leakage effects from background economic
activity is extremely difficult, since which agents are responding
to changes in incentives and how much of their behavior is due to
this response depends on unobservable motivations.

The mechanism by which market leakage operates is informa-
tion transmission through price. In an economic model of a single
market equilibrium, reducing output from one producer causes
prices to rise, moving the system out of equilibrium and incentiv-

izing producers and consumers to respond as the system
adjusts along a new equilibrium path. The net result of such equi-
librium adjustments in interconnected markets is complex, but
theory provides some general guidance.**” All else being
equal, market leakage will be lower if demand is elastic with
respect to price or alternative products are not substitutable,
and higher when supply is more elastic with respect to price,
substitutable goods have a higher net carbon footprint, or supply
restrictions are small (Figure 1). These theoretical conditions
raise concerns about market leakage from nature-based offsets,
which typically operate within globalized “food, fuel, and fiber”
commodity markets where products are highly substitutable, de-
mand is relatively inelastic with respect to price,***° and mar-
kets are very large relative to the size of interventions.

While there are several approaches to measuring market
leakage, each has its limitations. Partial or general equilibrium
models are arguably the most suitable because they are devel-
oped specifically to capture market interdependencies (equilib-
rium effects) by simulating the actions of economic agents. Un-
fortunately, subtle changes in parameters can substantially alter
results®® (as demonstrated under our first principle below), and
building such models requires highly specialized personnel and
abundant data. Accounting-based approaches (e.g., input-
output analysis or material flow analysis) offer an alternative
and can provide compelling circumstantial evidence®'** but
cannot separate out the causal impact of a specific intervention.
Quasi-experimental econometric techniques can, but rely on as-
sumptions about the independence of pseudo-controls that are
violated by the presence of leakage effects. Many researchers
therefore apply simple zone-based methods,**** also widely
used to quantify activity-shifting leakage (e.g., from protected
areas*>“®). This requires the assumption that leakage occurs
within known areas that are unaffected by background eco-
nomic incentives, an untenable premise in the well-functioning
and large-scale markets where indirect effects are of most
concern. Although innovations are ongoing,*”**® an accessible,
replicable, and accurate method of estimating market leakage
has not yet been found.

Thus far, assessments of market leakage from nature-based
interventions in the literature have focused primarily on
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“stop-harvest” forest mitigation projects, frequently leveraging
established partial equilibrium models. Leakage estimates for
developed countries from these models are typically at least
70% of reduced output, measured either as forestry produc-
tion®”*°=°2 or carbon stocks.>® Lower estimates (50% or less)
have been found for the specific case of a global carbon price,*”
or in a developing country context when international leakage is
deemed negligible®® (e.g., Kuik®® estimates 0.5%-11.3% market
leakage from large national supply restrictions in developing
countries, but this result depends on methodological choices
and is contradicted by other evidence®’). Afforestation scenarios
may possibly produce lower leakage than avoided conversion
(e.g., <43% vs. < 92% in one estimate™®) because of productiv-
ity differences or the availability of underutilized land.

Carbon leakage from non-forest interventions is less well stud-
ied. Kim et al.>” find about 15% leakage from crop conversion,
while econometric studies of leakage from conservation re-
serves (also known as “slippage”) suggest that leakage is impor-
tant®® but possibly low®’: estimates include 4% activity leakage
(measured as forest cover loss)*® and 20% market leakage
(measured as farm area,®® although criticisms of this esti-
mate®'~°® highlight measurement challenges). Since marginal
farmland may be preferentially enrolled in conservation pro-
grams,*® estimated leakage in this context may in fact be low
because additionality is weak (an idea we return to in the next
section). Further econometric evidence is available for forest-
to-agriculture conversion in Brazil,*”-°*®° but only adds to the
uncertainty, as leakage estimates range from insignificant to
essentially all program gains. A growing literature also considers
carbon leakage associated with the unilateral adoption of
various climate policies (e.g., carbon taxes), but the potential
for these studies to inform leakage estimates for nature-based
offset projects is unclear.

In our view, the empirical literature on market leakage sup-
ports two inferences. First, leakage from nature-based interven-
tions can be very high. Failing to identify the true level of leakage
could lead to credits that grossly overstate actual mitigation
impacts, and widespread use of these credits as offsets could
put climate policy targets in jeopardy. Second, leakage is
context specific.’® Results from one intervention (or averages
of them®®) do not provide an accurate estimate of leakage from
another intervention. The problem with market leakage is thus
a problem of measurement: to accurately assess market
leakage, the dynamic adjustment of a complex system must
be measured every time.

A CONCEPTUAL FRAMEWORK FOR AVOIDING
LEAKAGE BY DESIGN

If market leakage cannot be accurately measured in practice, na-
ture-based interventions must be designed to minimize leakage
risk while ensuring that offset markets are able to identify and
apply high-risk offerings in ways that do not jeopardize critical
near-term mitigation goals. Doing so requires a nuanced under-
standing of when and how leakage arises. We therefore elabo-
rate a conceptual framework for understanding leakage in
coupled economic-ecological systems and apply this framework
to the complete set of possible nature-based mitigation interven-
tions to identify design choices that lead to leakage risk.
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Our approach is derived from the observation that when na-
ture-based interventions are used as offsets, the solution space
is bounded by the need to simultaneously satisfy three well-
known criteria: permanence, additionality, and (no) leakage.®”
Reframing these criteria as simultaneous constraints is impor-
tant. Recent debate®®"* around the biophysical potential of
nature-based mitigation has tended to consider each issue
separately, obscuring overlaps and trade-offs between them.
Reframing them as simultaneous constraints unifies the chal-
lenges to real nature-based mitigation, thereby scoping down
the set of possible nature-based interventions and enabling a
design-based solution to market leakage.

In implementing this new simultaneous constraints frame-
work, our main concern is the existence and implications of a
conceptual “duality” between additionality and leakage that
emerges from our approach. When a market system is in equilib-
rium, any intervention that achieves additionality by altering sup-
ply or demand in a particular market will transmit information to
connected markets through price changes (both for products in
that market and for markets for secondary products or produc-
tion inputs). The resulting adjustments across the entire eco-
nomic system are known to economists as general equilibrium
effects; those that fall outside a carbon accounting boundary
are also known as leakage. This is the duality at the heart of
our design-based solution: when carbon accounting does not
cover the entire economic system, additionality and leakage
are two sides of the same coin. Carbon credits that rely on
altering supply or demand to claim additional mitigation also
inherently create market leakage risk. Conversely, market
interventions that do not generate leakage risk are likely not
additional.

To apply this insight to design credible nature-based offset
markets, we must focus on the additionality claim(s) made to
issue carbon credits. Nature-based interventions do not neces-
sarily rely on altering market supply or demand to achieve
additionality, and a single offset project may involve multiple ad-
ditionality claims; for example, forest cover loss may be avoided
by banning logging while also improving household fuelwood
efficiency. Whether market leakage is important relative to in-
tended mitigation therefore depends on the degree to which a
project alters market equilibria to claim additionality. To identify
at-risk additionality claims, we trace out the set of possible miti-
gation interventions in coupled economic-ecological systems
(Figure 2) and apply our concept of simultaneous constraints
to identify those interventions at risk of market leakage.

Of course, there are other constraints beyond permanence,
additionality, and leakage (e.g., maintaining non-carbon values
or establishing the certainty of emissions baselines). Including
these challenges leads us to identify three most credible cate-
gories of nature-based intervention (gray highlights in Figure 2).
In economies, interventions that reduce aggregate demand or
decarbonize production are at relatively lower risk of market
leakage (especially if decarbonization results from non-transfer-
able innovation). Interventions that reduce supply are at high risk.
Interventions that transition economically unused ecosystems
between stable states can also generate leakage-free mitigation
while avoiding the problems associated with reducing distur-
bance or establishing non-native ecosystem states. Thus, by re-
framing challenges to nature-based mitigation as simultaneous



One Earth

BASIS OF ADDITIONALITY CLAIM

¢ CellP’ress

OPEN ACCESS

Figure 2. Generalized classification of

reducing supply

from economic
processes
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nature-based interventions (flowchart)
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constraints and focusing on the additionality claims made to
issue carbon credits, it becomes possible to identify design
choices that lead (or not) to market leakage risks.

To justify these claims, it is helpful to examine the different ad-
ditionality pathways for nature-based mitigation presented in
Figure 2. We first consider interventions in ecosystems alone
(i.e., no economic implications and no market leakage; dashed
box in Figure 2). The primary way such interventions deliver
mitigation is by increasing sequestration, which requires transi-
tioning ecosystems to higher carbon states. If the new state is
naturally occurring, it may be a later successional stage (e.g.,
shrubland to forest). Since succession would have occurred any-
way, baseline dynamics must be netted out in crediting (i.e., the
offset is additional in time only; accelerating succession in this
way can still deliver useful mitigation if baseline succession is
slow). If the new state is not naturally occurring (e.g., shrubland
to non-native plantation), non-carbon values such as prefer-
ences for native biodiversity restrict large-scale deployment.

However, unlike the economic concept of a unique equilibrium,
ecological systems can exist in multiple naturally occurring stable
states’® (e.g., savanna/closed forest, rock/kelp). Understanding
why ecosystems persist in a stable low-carbon state when natu-
rally occurring high-carbon states are possible allows us to differ-
entiate two important subcategories of ecosystem interventions.
Both currently active processes (abiotic or biotic disturbance
agents, such as fire or grazing megafauna’®) and the effects of
past actions (path dependency) can cause stable low-carbon
states. Removing the most important active processes (fire,
pests, pathogens) is unlikely to be permanent, and accurately
modeling baselines is extremely challenging. Meanwhile, more
tractable removals of “ecosystem engineers” (e.g., large grazers)
is constrained by ecological leakage if relocated or non-carbon
values if eliminated. Conversely, if low-carbon stable states exist
because of the history of past events alone (i.e., due to path de-
pendency), interventions can shift ecosystems between stable
equilibria to achieve both additionality and permanence without
market implications or leakage risk. Restoring degraded but
abandoned land is the most prominent example.

accelerating succession

emissions from economic processes” in
Figure 2 reintroduce economic consider-
ations. Following the “duality” we identify
above, any economically additional inter-
vention in this category alters market equi-
librium by definition, thus producing price changes that result in
altered economic behavior (leakage) throughout the connected
economic system. There are only two exceptions: if the carbon
intensity of ecologically derived goods can be reduced while
maintaining the flow of such goods into economies (e.g., via ma-
terial or process substitutions), price changes may not occur,
and if no substitutes exist for such goods then price changes
are irrelevant. When neither condition is met, reducing market
leakage below 100% of claimed mitigation requires that alterna-
tive output is only available at higher prices, thereby causing
quantities demanded to fall. This assumption is a problem for
(relatively) small projects without market power, a category
that arguably encompasses most nature-based offsets issued
to date.

Nature-based interventions that reduce supply to markets are
accordingly highly likely to be interventions at high risk of
leakage. This is true whether what is being reduced is the supply
of goods or of factors of production such as land, and even if this
reduction is temporary. We recognize, however, that reducing
supply is not the only way market-exposed nature-based offsets
can claim additionality. Reducing the carbon footprint of eco-
nomic activity (i.e., increasing emissions efficiency) can deliver
economic additionality without leakage (provided the price and
quantity of outputs remains unchanged) and is an important miti-
gation strategy.”” This broad category of interventions includes
projects that maintain output while reducing inputs (e.g., optimal
rotation grazing) and those that substitute low-carbon for high-
carbon service delivery (e.g., green infrastructure). The other op-
tion is to reduce demand, which can avoid emissions or generate
sequestration without causing adverse effects outside the
accounting boundary by removing anthropogenic causes of
low-carbon ecosystem states.

Of course, general equilibrium effects must still be considered
whenever markets beyond the accounting boundary are impli-
cated. For example, increases in efficiency can lead to increased
production via price reductions or firm entry (i.e., rebound
effects®), and reduced demand can suppress prices and incen-
tivize increased consumption elsewhere. Such effects depend
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on the connection between interventions and external markets.
For example, rebound effects from culturally specific changes
in resource management are less likely, while rebound effects
from transferable technological innovation are more likely. The
primary concern, however, are interventions that alter markets
by increasing prices or reducing the supply of outputs, which
are more directly tied to leakage risk. Finally, note that efficiency
gains must be demonstrated within a credited project to credibly
avoid the leakage problem. It is not sufficient to assume strong
spatial and temporal coordination between multiple projects
when issuing credits, although this is a common assumption
in large-scale assessments of nature-based mitigation po-
tential.®:"&7?

THREE PRINCIPLES TO AVOID LEAKAGE BY DESIGN

The conceptual framework outlined above allows leakage risk
to be located within specific nature-based additionality claims.
Doing so provides a means for project proponents to design
nature-based interventions that avoid market leakage risks and
for buyers (or evaluators) to assess the likely leakage risk of an
intervention. To facilitate application, the remainder of this
perspective outlines three key principles for moving offset mar-
kets toward the design-based solutions our framework implies.

Our first principle captures a necessary design feature to con-
trol market leakage at the level of an individual project issuing
carbon credits, while our second principle provides a critical de-
mand-side safeguard for compliance carbon markets. Our third
principle proposes a general rule for designing offset markets to
deal with leakage (and other sources of uncertainty) and recog-
nizes that at-risk interventions can still advance mitigation goals
if the use of associated credits is appropriately targeted. Imple-
menting these principles does not require coordination between
market participants, but we stress their complementary nature.
Correctly applying principle 1 will be essential to the proper
application of principle 3, while principle 2 provides an important
restriction and safeguard on the overall implementation of our
framework.

Principle 1: When the design of a nature-based
intervention implies market leakage risks, upper-bound
estimates of potential leakage should be used
There is widespread agreement that accounting methods for
market leakage should be conservative (i.e., biased toward
overestimating leakage effects).'® We present evidence which
strongly suggests that the opposite is true in practice. In the
absence of reliable, low-cost methods for market leakage ac-
counting, third-party certification standards have been forced
to rely on ad hoc approaches with mixed (often low) evidential
standards. Since research-quality estimates are costly and are
highly context specific, ensuring the use of upper-bound esti-
mates is a conservative design-based alternative. Some steps
have been taken in this direction (e.g., the current verified carbon
standard [VCS] “Agriculture, Forestry, and Other Land Use” re-
quirements apply a 100% discount factor to calculate leakage
in some cases), but the use of arbitrarily low estimates of
possible leakage appears widespread.

To assess whether current crediting practices are conserva-
tive, we reviewed a small random sample of credited projects
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from the most important nature-based offset methodologies
(by issued credit volumes). All-time issuances for the selected
methodologies are about 480 Mt, or roughly 2 years’ worth of
the annual reductions Canada needs to hit its 2030 emissions
target. All the methodologies we reviewed are for forest-based
interventions, and all adjust issuances for market leakage by
applying a discount factor at the project level. The range of
possible discount factors included in a methodology defines
minimum and maximum potential leakage rates for credits is-
sued under that methodology; these ranges were from 10% or
20% up to a maximum of 70% in our review (Table 1, column
8). In our random sample, the discount factors selected and
applied by projects (Table 1, column 9) were almost always
the minimum possible value. For Verra-registered projects, addi-
tional data showed a similar phenomenon in projections of total
(market + activity) leakage for sampled projects (median values:
VMO0007 11%, VMO0009 10%, AR-ACMO0003 0%, VMO0015
6%, VM0006 4%; not reported in Table 1). A recent study?® of
avoided forest conversion or degradation projects corroborates
our results, with 26 out of 68 projects claiming no leakage and 28
deducting expected leakage at a median rate of just 6%.

These results contrast sharply with research estimates of mar-
ket leakage from forest-based interventions, which are typically
above 70% (and can reach >100%; see “the problem with mar-
ket leakage”). Since the methodologies we reviewed include a
range of interventions and market contexts, why are the leakage
rates allowed by standards and applied by projects uniformly so
much lower than those suggested by the research literature?
One explanation relates to technical complexity in market
leakage accounting. Because accuracy is difficult and therefore
costly, standards must negotiate a compromise between scien-
tific rigor and financial viability (see work by Cashore and col-
leagues®®®' for related political economy concerns). However,
the compromises that have been made in practice can seriously
distort carbon accounting systems. Consider the general exclu-
sion of difficult-to-measure leakage beyond country borders
(unwarranted in light of research results,*>*°°° but in alignment
with international norms in carbon accounting). One randomly
sampled project (#1175 on the Verra Registry) applied this prin-
ciple to rule out leakage effects from the 87% of foregone output
destined for export. An alternative explanation for low leakage
rates is expediency. Leakage deductions can make or break
the financial case for an offset project and are a key concern
for project developers.®? Once rules are in place, project propo-
nents are financially incentivized to apply the lowest possible
discount factor, and there are minimal controls on strategic
behavior. The evidential standard for selecting a discount factor
is weak (typically subjective assessment of likely leakage loca-
tion, expert opinion, and/or selective appeal to research litera-
ture), and the effectiveness of auditing is limited by a lack of
external sources of information and potential conflicts of in-
terest.?®

Refinements to leakage accounting are unlikely to solve the
problem of achieving accuracy in practice. Consider efforts to
develop tractable leakage estimation formulas,”®°"%® which
aim to approximate the adjustment of an economic-ecological
system toward a new equilibrium using a limited set of parame-
ters. The formula of Murray et al.*® (Box 1) is the best known and
is widely positioned as the most rigorous option for project-level
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Table 1. Market leakage in third-party forest carbon standards

International

Registry Methodology Project type® Volume (Mt)®  Trigger leakage Approach Possible range Median value®
Verra (verified VMO0007 v1.6 multiple (REDD+)  145.7 reduction of wood no discount factor (wood  20%-70% of foregone 0% (0%-40%)
carbon standard)  (framework) products supply products) or VMD0037  supply (timber)
(VMDO0011 v1.1) (to markets >50 km
from project area)
40% of foregone supply
(fuelwood/charcoal)
VMO0009 v3.0 AC (forest, 102.78 reduction in no discount factor (wood  10%-70% of foregone 0%
(VMDO0037 v1.0) grassland) commodity products) or VMD0037  supply (discount factor)
supply
<30% of foregone supply
(VMDO0037 approach)
AR-ACM0003 A/R 14.86 market leakage
v2.0 is not monitored
VMO0015 v1.1 A(U)C (forest) 73.2 market leakage
is not monitored
VMO0006 v2.2 A(U)C (forest), 10.9 reduction in wood no discount factor 20%-70% 20% (0%-20%)
(VCS AFOLU A(U)D (forest) products supply (per pool)
Requirements
v4.1)
Gold Standard Afforestation/ A/R 0.46 market leakage is
Reforestation v1 not monitored
American IFM, US Non- IFM 6.66 reduction in wood no discount factor 10%-40% 40%
Carbon Registry Federal v1.3 products supply (total credits)
(>5%)
A/R Degraded A/R 3.69 market leakage is
Land v1.2 (AR- not monitored
TOOL15 v2.0)
US Forest A/R, IFM, AC 121.84 reduction in wood no discount factor 20% 20%
Projects v1 products supply (wood products)
(compliance
protocol)
In development ART-TREES v2.0 REDD+ NA subnational scale no discount factor 0%-20% NA
(total credits)
BC Forest Carbon  A/R, IFM, AC NA reduction in wood yes discount factor 47.37%-71.89% NA
v2.0 (compliance) products supply (total credits) (default)

Italic text in “Approach” indicates which carbon pool is discounted to adjust crediting for leakage. Median values fall below possible ranges when projects report no market leakage. Median values

are based on ex ante projections.

#A(U)C, avoided (unplanned) conversion; A/R, afforestation/reforestation; IFM, improved forest management; REDD+, multiple forest pathways.

P|ssuances on public registries, all-time.

°Mean value (range), based on a random sample of five or ten registered projects. Ranges are not reported where all values were identical.
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Box 1. A leakage calculation formula

Murray et al.®” provide a widely used formula for estimating market leakage from foregone forest harvest, which approximates the
adjustment of an economic-ecological system toward a new equilibrium:

100 xe x v * Cy
0, —
Leakage (%) = 6~ E(1+7 +9)[Cn’

The physical subsystem is represented by Cr and Cy, the carbon “footprints” of harvest in a reserved and non-reserved forest
area, respectively. The size of the supply restriction is represented by ¢ € [0, 1] (i.e., the fraction of total supply restricted by the
offset). The adjustment of the economic subsystem is captured by the substitutability of timber from the reserved and non-
reserved area v € [0, 1], the price elasticity of supply e (the percent change in supply caused by a percent change in price), and
the price elasticity of demand E (the percent change in demand caused by a percent change in price).

This simple approach clearly demonstrates the core mechanics of market leakage for a good experiencing a supply restriction.
Market leakage will be higher when production is displaced to a location with a higher carbon “footprint” (Cy> Cgr), when suppliers
are more responsive to changes in price (|e| large), or when demanders are less responsive (|E| small). It will be smaller when fore-
gone output is less substitutable (y < 1) and proportionately larger when the supply restriction ¢ is small, because price increases

(and hence reductions in demand) will be less.

leakage accounting in both voluntary and compliance methodol-
ogies. For results from applications of this formula to be
accurate, the parameter estimates used must correctly describe
the measured system. This is not a trivial problem,®” not least
because key economic parameters (e.g., the price elasticities
of demand and supply, which describe consumer and producer
behavior) are not stable over space or time®®®* and are difficult
to estimate.

To recognize the uncertainty in this approach (and thus the
need for upper-bound estimates), consider the following
example. A forest conservation project (Verra Registry #607)
issues carbon credits based on reducing lumber output in south-
ern British Columbia (BC), Canada. Applying the Murray et al. for-
mula yields a leakage estimate of about 69% (in contrast, project
documents indicate a discount factor of 20% and an actual
deduction of about 11% on recent issuances, with 2.9 Mt retired
so far). This estimate employs default regional parameters pro-
vided by BC’s draft forest carbon protocol (row 12 in Table 1).
Varying the elasticity parameters (e and E in Box 1) by 25% to
approximate reasonable confidence intervals yields estimates
ranging from 58% to about 78%. This sensitivity is a problem:
regionally specific estimates of these parameters reported in
the literature span two orders of magnitude®® and vary markedly
over time.?* In less data-rich contexts (for example, many devel-
oping countries) the market data necessary to estimate these
parameters are unlikely to be available, forcing proponents to
apply estimates out of context.

Given the potentially systematic underestimation of market
leakage suggested by our evidence, the lack of low-cost and
accurate methods for leakage estimation, and high inherent un-
certainty in leakage estimates, we argue that mandating the use
of upper-bound possibilities for projects including market
leakage in their design is essential to build conservativeness
into the accounting system. In practice, this may often mean
the application of leakage rates approaching 100% for high-
risk interventions. Since both theory and evidence suggest that
the risk of leakage from market-exposed nature-based offsets
is generally high, the burden of proof ought to be on project
proponents to credibly demonstrate low rates. This requires a
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reasonably complete model of the economic system (including
international markets, ifimplicated) and context-specific param-
eterization. In general, it will be preferable to design interventions
that avoid market leakage from the start.

Principle 2: Nature-based credits which include market
leakage risk in their design should not substitute for
avoided emissions in compliance settings

The integrity of nature-based offset schemes as a mitigation strat-
egy depends on the accuracy of offset accounting methods. The
relationship between additionality and leakage outlined in our con-
ceptual framework implies that some degree of market leakage is
inevitable when additionality results from altering economic
behavior and market linkages extend beyond project accounting
boundaries. Accounting for market leakage is most risky in compli-
ance settings (e.g., in cap-and-trade markets), where nature-
based offsets substitute on a one-to-one basis for avoided emis-
sions in meeting policy objectives. Substituting uncertain offsets
for certain emissions reductions risks decoupling measured prog-
ress toward policy targets from physical changes in stocks of at-
mospheric greenhouse gases, but a design-based approach can
circumvent the problem by avoiding additionality claims that rest
on leakage-generating market interventions.

To substantiate our concerns about leakage in compliance
settings—and illustrate the implicit relationship between leakage
and additionality articulated in our framework—we present a
global assessment of forest cover loss and protected areas in
Earth’s tropical forest biomes (Figure 3). Our calculations show
that, over the last two decades, steady increases in protected
forest areas have not been associated with falling forest cover
loss (Figure 3A). This pattern of non-declining forest cover loss
despite ongoing protection raises the possibility of widespread
leakage—or, following the duality we highlight, the possibility
of widespread non-additionality. Credits could be issued if it
could be shown that forest cover loss would have been higher
in the absence of protection, but doing so would require a cred-
ible counterfactual baseline (and a robust leakage estimate).

Figure 3B illustrates several challenges in teasing out market
leakage from “background” economic activity. Zonal statistics
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Figure 3. Forest cover loss and area protected in Earth’s tropical forest biomes

(A) Summaries by biome of annual area protected (blue dots) and forest cover loss (red lines).

(B) Colorblind palette shows part of one ecoregion-level calculation (n = 279) used to generate the biome-level summaries, which illustrates challenges to leakage
accounting (see main text). For each ecoregion, we tabulated annual changes in area protected as well as forest cover loss (pink shading; darker is more recent)
outside protected areas (blue outlines) in forests with similar canopy closure (green shading; darker is higher closure).

Aggregating results at the biome level (A) reveals non-declining cover loss despite steady annual increases in forest protection, and a simple panel regression (not
reported) of cover loss on area protected at the ecoregion level confirmed the lack of a significant relationship. Zooming in on loss in one randomly selected
ecoregion (pink shading in B) shows the difficulty of teasing out leakage effects around protected areas from the economic “background” of landscape-level

forest cover loss.

(e.g., using a fixed-width buffer around protected areas) require
making assumptions about where leakage occurs, and leakage
estimates will clearly vary with these assumptions. Quasi-exper-
imental methods require pseudo-controls, and since all ecolog-
ically similar forests exhibit cover loss which may be due to
leakage, the independence of these is doubtful. Measuring
leakage by modeling the behavior of economic agents requires
rich microdata, which are unlikely to be available in our example
(the Northeast Congolian lowland forest ecoregion, located
mostly within the Democratic Republic of the Congo). The insight
provided by our framework is that because protection reduces
the supply of forested land, anywhere that protection is addi-
tional is also at high leakage risk by design—thereby raising
the stakes for accurate leakage estimation. Because measuring
this leakage risk accurately is extremely difficult, credits from
such projects are highly uncertain.

Principle 2 offers a conservative design-based solution to irre-
ducible uncertainty about the true impact of an intervention (such
as forest protection), by prohibiting high-risk carbon credits from
being used as offsets in compliance settings. In effect, principle
2 can be viewed as an extension of principle 1, which requires
application of a 100% leakage rate in circumstances where the

costs of incorrect leakage estimates are high. Given the high
rates of market leakage estimated in the literature for at-risk pro-
jects and that any attempt to justify lower leakage rates will
necessarily rely on uncertain estimation practices, the cost of al-
lowing real emissions for uncertain offsets in compliance set-
tings is simply too great. In practice, this means prohibiting
prominent nature-based interventions, likely including many cur-
rent-generation REDD+ projects, from being used as offsets to
meet legally required climate targets. However, our underlying
conceptual framework reveals that—contrary to prior con-
cerns®®—avoiding high-risk projects does not cut all nature-
based interventions off from compliance financing. Non-eco-
nomic interventions can still qualify, as can interventions that
reduce aggregate demand, and market-exposed interventions
(such as REDD+) can be designed to minimize or avoid leakage
risk.

Current efforts to avoid introducing uncertain credits into car-
bon accounting simply rule out broad project categories (both
the Gold Standard and the European Emissions Trading Scheme
exclude REDD+ credits, in part because of uncontrolled leakage
risks®"). In contrast, our framework implies that specific addition-
ality claims within these project categories can be allowed when
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projects are designed to credibly avoid the leakage problem.
REDD+ projects, for example, could be designed to maintain
the supply of goods and services resulting from deforestation
or degradation by improving landscape-level production effi-
ciencies (thereby shifting the additionality claim from “reducing
supply” to “increasing C efficiency” in Figure 2). However,
such efforts must carefully consider the mechanics of market
leakage and should be cautious about exceptions (such as
relying on claims of future production increases to disregard
leakage risks from current supply restrictions).

Implementing our principle 2 is likely to increase the average
cost of nature-based offsets in compliance settings. Applying
our framework to a well-known global estimate'® (see https:/
doi.org/10.5281/zenodo.7924179) suggests that 59%-70% of
low-cost mitigation potential from nature should be classified
as high leakage risk because the associated additionality claims
are based at least partly on reducing supply to markets. Howev-
er, accurate prices are essential to enable efficient market-
based mitigation solutions, maintain the integrity of these sys-
tems, and provide incentives for low-carbon innovation. The
importance of these outcomes argues strongly for avoiding un-
certain offsets. If allowed to substitute for avoided emissions in
compliance settings, highly risky offsets reduce the cost of
compliance, thereby substituting for more reliable (but poten-
tially more costly) offsets and other emissions reduction solu-
tions, while also reducing incentives to invest in R&D to drive
innovation in new low-carbon solutions.

Principle 3: In non-compliance settings, the level of
uncertainty that is acceptable in a (nature-based) offset
should be set by the action for which it substitutes
When used as offsets, carbon credits substitute for alternative
mitigation actions by definition. This substitution is premised
on fungibility: in a carbon accounting system, a credit used as
an offset is deemed equivalent to a unit of foregone emissions.
We have argued that uncertainty about market leakage breaks
this equivalence for specific categories of nature-based addi-
tionality claims, and on this basis have proposed prohibiting
the substitution of highly uncertain offsets for relatively certain
regulated emissions (principle 2). Our final principle focuses on
the underlying substitution dynamic to guide market design in
non-compliance settings. Where credits are used for a variety
of purposes with uncertain mitigation effects, accounting integ-
rity can be preserved by matching credits to actions on the basis
of comparable certainty. Put simply, an uncertain credit should
not substitute for a certain emission—but it can substitute for
an uncertain one (for example, as part of corporate branding ini-
tiatives in voluntary markets or standard systems).
Operationalizing matching on uncertainty requires under-
standing why firms purchase non-compliance credits, as well
as significant advances in how purchases are claimed and
monitored—issues which are currently the focus of multiple
governance initiatives in voluntary carbon markets. We suggest
two possible approaches. First, if different categories of substi-
tution can be identified, markets can be stratified such that car-
bon credits substitute only for comparably uncertain mitigation
actions. A simple version of this approach is already in use by
The Science-Based Targets initiative, which allows highly uncer-
tain “avoidance” credits to be applied only to offset beyond-
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value-chain emissions. Further stratification could potentially
unlock other sources of finance for uncertain nature-based inter-
ventions, for example by allowing their use in sustainability
claims that demonstrate commitment but do not assert progress
toward net-zero targets. Growing interest in designing biodiver-
sity offset markets argues strongly for exploring the possibilities
of market stratification now, since the true fungibility of such
non-carbon interventions is also likely to be very uncertain.

One important potential application of stratification is de-risk-
ing investments in innovation. Firms or governments already
invest in portfolios of low-carbon innovations, the ultimate
impact of which is uncertain. Matching these investments with
purchases of uncertain nature-based offsets provides a hedge
against failure, increasing the chances of achieving mitigation
goals. Following our principle, such purchases would substitute
for the uncertainty in innovation outcomes, with market stratifi-
cation providing for a pool of lower-cost, but less certain, emis-
sion offsets. Where a low-carbon transition strategy involves
some probability of failure, access to such a lower-cost pool of
uncertain offsets could be beneficial.

A second approach is possible when uncertainty can be quan-
tified (as risk) or resolved over time. Risky offsets can be com-
bined into portfolios, reducing volatility®” and creating mitigation
assets whose expected value is more certain. If the true effect of
interventions can be tracked over time (and carbon accounting
updated accordingly®®), a portfolio approach could unlock signif-
icant financing for nature-based interventions without jeopardiz-
ing mitigation incentives. Making portfolios work for leaky offsets
requires pinning leakage down to known ranges, which would
require a considerable amount of further research into ap-
proaches to estimate the potential leakage associated with novel
nature-based interventions and geographic settings. We there-
fore suggest our third principle as a general guide to future mar-
ket development, and emphasize the urgency of implementing
our first and second principles immediately to control leakage
in rapidly growing offset markets.

CONCLUSION AND OUTLOOK

Nature-based offsets can play a vital role in enabling deeper and
cheaper net emissions reductions, but only if credited offsets are
real. Scaling up nature-based solutions is challenged by the
continued lack of an accurate and cost-effective method for
measuring market leakage. Current approaches appear to signif-
icantly underestimate the likely magnitude of market leakage ef-
fects, introducing a risk of silent failure into nature-based offset
regimes. To correct this course, we present a conceptual frame-
work for avoiding market leakage by design and identify three
principles that can be put into practice now. Our first principle
can be implemented by project developers alone, while our sec-
ond and third principles depend on the use to which offsets are
put and should be applied by the buyers of nature-based offsets
and the designers of offset schemes.

Prior work % 19:30:55.89.90 hag g 1ggested similar “design-based”
options to reduce or mitigate leakage, for example by avoiding
leaky interventions, reducing demand, substituting foregone liveli-
hoods or output, or constraining leakage agents. These sugges-
tions have been inconsistently applied and lack an underlying
conceptual framework, significantly reducing their potential for
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broader implementation to control market leakage from nature-
based offsets. In this article, we have aimed to establish a more
consistent and robust basis for understanding market leakage
that helps to resolve the problem. As we have shown, decades
of economic research have not produced a reliable and low-cost
approach to estimating the leakage associated with a particular
offsetting intervention, leading most third-party standards to
instead apply discount factors to account for potential market
leakage by rule of thumb. Table 1 provides evidence suggesting
that this systemis not working, as actual leakage estimates applied
in practice appear to diverge sharply from peer-reviewed esti-
mates of market leakage in nature-based offsets.

Early proponents of nature-based offsets have tended to see
inaccuracy as acceptable given the need to pioneer new
financing models or achieve urgent conservation objectives
(e.g., reduced tropical deforestation®’). Our criticisms rest on
the observation that more than 30 years after the first nature-
based offset projects®® (and 28 years since the concept of
leakage from them was introduced”?), a robust and low-cost
method for market leakage accounting has not yet been found.
As nature-based offsets take an increasingly central role in crit-
ical near-term mitigation efforts, it is time for a new approach.

We acknowledge that our proposals would prohibit important
categories of (uncertain, highly leaky) nature-based offsets
from substituting for reduced emissions. Some may see this as
throwing the nature-based offsets “baby” out with the bathwater,
but this need not be the case. High uncertainty®' and a lack of
credible leakage accounting'®?° are major barriers to scaling
up nature-based mitigation. In the words of the CEOQ of the Inter-
national Emissions Trading Association,®® “amarket without trust
will never be successful.” We have argued that controlling market
leakage via carbon accounting cannot deliver credible leakage
estimates, primarily because of the difficulty of obtaining accu-
racy in practice. Abandoning inaccurate accounting in favor of
a conservative design-based approach is a necessary step to
building trust and, therefore, to boosting demand for credible na-
ture-based offsets. We are trying to help the “baby” grow.

One objection to our proposals is that (correctly) applying high
discount rates may make projects uneconomic. This misunder-
stands the premise of market-based mitigation schemes, which
require accurate information to deliver economically efficient
outcomes. Allowing bad offsets depresses prices and crowds
out good projects. Such price dilution appears to be widespread
today (in the past, fears of it have cut off nature-based solutions
from offset-based finance®"%%). Prices for forestry and land-use
offsets in voluntary markets continue to hover around US$5 per
ton® and roughly scale” inversely with leakage risk. True carbon
prices are much higher: Paris-consistent prices were estimated
at US$40-80 per ton in 2020,°* and the median internal carbon
price employed by corporations was US$25.°° Estimates of the
social cost of carbon (used in national policy-making) range
higher still.” Building trust in the credibility of nature-based
offsets can unlock these higher prices, potentially making more
nature-based mitigation available and unleashing innovation to
identify lower-cost mitigation solutions.

A second objection is a lack of alternatives. For example,
Streck?®'" P89 argues that “concerns about leakage cannot be
an excuse for inaction [on tropical forest loss],” and nature-
based offsets are often presented as most suitable for difficult-
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to-abate industrial emissions. We agree with these views but
contend that bad accounting is not the solution. The choice is
not between current practice and nothing; it is between credible
and non-credible interventions. Taking a conservative approach
to avoiding market leakage will direct finance toward projects
that actually deliver claimed mitigation while appropriately
pricing offsets, which in turn can help to drive innovation in
emissions-intensive sectors and leaky project categories.
Conservativeness is particularly urgent because problems
stack: the additionality of offsets is extremely difficult to demon-
strate,”” and recent work has highlighted high-profile cases of
non-additional issuances.'?'%°%°° By contrast, a design-based
approach can credibly avoid the market leakage problem.

Finally, we stress that our concern with market leakage is most
acute in the current context of decentralized implementation of
many (relatively) small interventions. Coordinated actions and
large-scale implementation can provide market substitutes or
mobilize the resources necessary for accurate accounting. How-
ever, timing matters: believing that complementary actions will
occur in the future is not sufficient for ignoring market leakage
now (nor can a national program ignore international effects if
consistent accounting approaches do not yet exist). We hope
that our conceptual framework helps resolve such misunder-
standings about how and where market leakage matters, but
the outline we have provided is necessarily incomplete. Wealth
effects, the rebound effects of intensification, and long- vs.
short-run equilibrium dynamics deserve more consideration
within our framework. A deeper exploration of the problems we
note with quasi-experimental statistical methods is also war-
ranted, given rapidly growing applications in offset monitoring
and verification. Nevertheless, our framework and principles
for a design-based approach would contribute to improving
the credibility of nature-based offset markets, helping this impor-
tant set of mitigation strategies to realize their potential.

EXPERIMENTAL PROCEDURES

Resource availability
Lead contact
Inquiries should be directed to the lead contact, Ben Filewod (b.filewod@Ise.
ac.uk).
Materials availability
This study did not generate new unique materials.
Data and code availability
Figure 3 was generated using publicly available datasets pre-loaded on the
freely available Google Earth Engine GIS. The Earth Engine script used to pro-
cess these datasets is available at https://doi.org/10.5281/zenodo.7924179.
Data on leakage rates presented in column 9 of Table 1 are drawn from publicly
available offset registries as explained below. The random sample we report is
available from the lead contact upon request.

Any additional information required to reanalyze the data reported in this pa-
per is available from the lead contact upon request.

Global assessment of tropical forest cover loss
We used high-resolution data on global forest cover (Global Forest Change
and a database of protected area boundaries (World Database on Protected
Areas'®"; polygons only) to analyze forest cover loss in protected forests
and ecologically similar areas, as illustrated in Figure 3. We used the Google
Earth Engine GIS for analysis, structuring processing by ecoregion
(RESOLVE Ecoregions'%) to facilitate parallelization. We preserved original
data resolutions (raster data) and did not allow error margins in vector analysis;
for one raster operation (percentile calculations) we allowed Earth Engine to
rescale resolution on-the-fly to avoid resource limits.

We report aggregate results for n = 279 tropical forest ecoregions (i.e., those
located within tropical and subtropical forest biomes in the RESOLVE
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database). For each ecoregion, we obtained and merged the spatial bound-
aries of “Designated,” “Established,” and “Inscribed” protected areas in man-
agement categories prohibiting resource extraction (“la,” “Ib,” “II,” “lll,” “IV,”
and “Not Reported”), and calculated the 10" and 90™ percentiles of the pixel-
level distribution of (year 2000) forest canopy closure for the resulting area. We
applied these percentiles to all forest cover calculations to increase compara-
bility between protected and non-protected forest. We then calculated start-
of-period (year 2000) forest area and protected area per ecoregion, and forest
cover loss and total area protected for each year from 2001 to 2019 (inclusive).
We applied a medium-resolution fire mask (MODIS CCI Burned Area, v5.1'%%)
within each annual calculation to reduce the inclusion of non-anthropogenic
forest cover loss in our analysis. We differenced annual totals to obtain year-
by-year changes and generated Figure 3 using R.

The resulting data provide an approximate view of forest area protected and
forest coverlossin ecologically similar forests for Earth’s tropical forest biomes.
This is a demonstrative analysis, with important limitations affecting accuracy:
Global Forest Change data do not detect small-scale disturbances (e.g., selec-
tive logging), comparison of changes over time is complicated by differences in
Landsat sensor technology and data processing, not all non-anthropogenic
disturbance is due to fires (and pixel size artifacts prevent full fire masking in
our approach), the choice of a 10""-90"" percentile constraint is arbitrary, and
incomplete fields in the World Database on Protected Areas may cause true
area protected to be overstated due to filtering (conversely, unknown manage-
ment effectiveness implies that effective protected area may be overstated).

Analysis of leakage in issued nature-based carbon offsets

We downloaded public registry data on credit issuances from Verra (https://
registry.verra.org/) Gold Standard (https://registry.goldstandard.org/), and
the American Carbon Reserve (https://americancarbonregistry.org) in April/
May 2022, and selected the nature-based offset methodologies with the
most issuances (per registry) for analysis, as reported in Table 1. We include
two methodologies currently in development (no issuances) for comparison.
We used the most up-to-date version of each methodology, noting that the is-
sued volumes we report include credits issued according to earlier versions.
We analyzed methodologies and reported the conditions under which market
leakage must be assessed (Table 1, column “Trigger”), whether international
leakage is considered (column “International leakage”), the approach used
to account for leakage (column “Approach”), and the range of market leakage
values possible under the methodology (column “Possible range”).

To assess average market leakage values in practice (column “Median
value”), we took a pseudorandom sample of five unique project identifiers
for each methodology in R using sample_n {dplyr}. We took ten samples for
VMO0007. For each project, we obtained or calculated market leakage values
using best available information from public documents linked on the relevant
registry. We used ex ante data (i.e., projected mitigation and leakage from proj-
ect design documents). For total leakage from VCS (main text), we report ex
ante estimates of cumulative total leakage (typically given over a 30-year hori-
zon) divided by the claimed emission reductions (baseline emissions minus
project emissions). We note that issued credits are based on ex poste values,
which may differ from the ex ante data we report if methodologies require
ongoing monitoring (e.g., of a designated leakage zone) to calculate discount
factors. However, ex ante estimates are typically conservative (in the sense of
reflecting the upper bound of project proponent’s views on the market leakage
deductions they may incur); in several cases, project documents asserted pro-
ponents’ views that ex poste leakage values would be lower.
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Cookstove carbon offset projects can progress multiple Sustainable
Development Goals (SDGs), including climate, energy, health, gender,
poverty and deforestation. However, project emission reductions must

be accurately or conservatively estimated to avoid undermining climate
action and long-term SDG financing. Here we conduct a comprehensive,
quantitative, quality assessment of offsets by comparing five cookstove
methodologies with published literature and our own analysis. We find
misalignment, in order ofimportance, with fraction of non-renewable
biomass, firewood-charcoal conversion, stove adoption, stove usage, fuel
consumption, stacking (using multiple stoves), rebound and emission
factors. Additionality, leakage, permanence and overlapping claims require
moreresearch. We estimate that our project sample is over-credited 9.2
times. Gold Standard’s metered methodology, which directly monitors
fuel use, is most aligned with our estimates (1.5 times over-credited) and
has the largest potential for emission abatement and health benefit.

We provide recommendations to align methodologies with current science

and SDG progress.

Roughly 2.4 billion people globally cook with smoky solid fuels or
kerosene, contributing to 2-3 million premature deaths annually’ and
roughly 2% of global greenhouse gas (GHG) emissions’. Efficient cook-
stoves can support multiple Sustainable Development Goals (SDGs)
including climate, energy, health, gender, poverty and deforestation.
Monetizing the GHG emission reductions from efficient cookstove
projects through the voluntary carbon market (VCM) has the potential
to provide substantial financing for these projects.

Efficient stoves can reduce emissions by (1) using less fuel or
switching to aless GHG-intensive fuel and/or (2) reducing the release
of methane and other pollutants through more complete fuel combus-
tion. Whileimproved stoves are often touted for their health benefits,
only solar, electric, gas, ethanol and, currently, two forced-draft pel-
let stoves reduce smoke enough to meaningfully reduce disease risk
and meet the World Health Organization (WHO) definition of ‘clean”
(Supplementary Information).

Cookstove projects with credits onthe VCM are registered under
the Gold Standard (GS) and Verified Carbon Standard offset registries,

and estimate carbon emission reductions using methodologies primar-
ily developed by GS and the Clean Development Mechanism (CDM).
Cookstoves, one of the fastest growing project types onthe VCM, repre-
sented 1,213 out of the 7,933 project activities (individually registered or
included ina programme of activities) on the VCM* and generated -78.9
million total issued credits (as of 10 May 2023). Most VCM cookstove
projectactivities replace three stone fires or inefficient biomass stoves
with improved firewood stoves, while 43 project activities distribute
only WHO-defined clean stoves/fuels (Fig.1).

Studies of offset project quality have documented substan-
tial excess crediting (as much as 13 times from single factors) from
improved forest management>, avoided deforestation”® and the
United Nations system™°. Over-crediting is harmful to effective cli-
mate action, the buyer and the cookstove sector. Poor-quality credits
can undermine climate action by justifying ongoing emissions and
replacing direct emission reduction and other more effective climate
mitigation activities, evenif somereductionis achieved. Excess credit-
ing obscures the overall effectiveness of climate efforts and progress
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Fig.1| Transitions from baseline to project fuels by cookstove carbon offset
projects. The left side of the diagram indicates the majority baseline fuels
before intervention, and the right side represents the project fuel/stove that the
VCM-funded projectimplemented. The width of the link indicates the relative
number of projects. Grey indicates WHO polluting or transitional fuels or stoves
(tiers 0-3). Dark blue indicates a mix of WHO clean, transitional or polluting

H Improved charcoal

Biomass pellets
=3 |mproved coal
3 Solar

Improved firewood

Improved firewood and biogas
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—————— Bio-ethanol, briquettes, pellets, woodchips and agricultural waste
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Improved firewood, improved charcoal and solar

= ILrEéroved firewood, improved charcoal, electric, LPG and ethanol

fuels and stoves, while cyan indicates only WHO clean fuels or stoves. We exclude
six projects that do not change the stove, but only replaced firewood with
agricultural waste. As of 9 November 2022, 4% of cookstove project activities

(43 out 0f 992 projects) registered on the VCM distribute only cooking fuels or
stoves that meet the WHO'’s definition of clean, that is, they meet tier 5 for carbon
monoxide and tier 4 for particulate matter.

towards ambitious climate targets. Over-crediting also creates confu-
sion and reputational/legal risk for buyers. Lack of trust that a credit
actually represents one metric ton less carbon dioxide equivalent
weakens the market andits ability to support efficient cookstoves and
all of their SDG benefits.

Studies of cookstove offset projects, covering single or a few fac-
tors, found over-crediting from the choice of fraction of non-renewable
biomass (fFNRB)" and methods for track adoption/usage rates'?, and
under-crediting from emission factors (EFs)"*'*. Qualitative studies
have discussed quantification challenges and uncertainty™*. This
study fills multiple research gaps by performing a comprehensive
quantitative assessment of offset credit quality, taking into account
interactions in over/under-crediting across all methodology factors
for allmajor cookstoves methodologies, and demonstrating how such
aquality assessment can be performed on an offset methodology.

Inthis Analysis, we (1) discuss the accuracy of all estimation factors
used (or notaddressed) by the four most prominent cookstoves offset
methodologies (GS-technologies and practices to displace decentral-
ized thermal energy consumption (TPDDTEC)", GS-simplified meth-
odology for clean and efficient cookstoves (simplified)'®, CDM-energy
efficiency measuresinthermal applications of non-renewable biomass
(AMS-11-G)” and CDM-switch from non-renewable biomass for thermal
applications by the user (AMS-I-E)*°) and the recent GS-methodology
for metered and measured energy cooking devices (metered)” meth-
odology (Table1; past and current versions), drawing from published
literature and our own analysis (Methods). (2) We thenrecalculate the
carbonemission reductions of a purposive sample of 51 cookstove pro-
jects,addressing ranges of uncertainty using the Monte Carlo method
(MCM), and compare those results with actual credit issuance across
eight methodology/stove type categories. (3) We suggest aspecific set
of methodological reforms to generate high-quality credits. Indoing so,
(4) we develop and demonstrate an over/under-crediting analysis that
canbe used to systematically assess quality and inform methodology
improvements across all offset project types.

Data and sampling

Weidentified the 15 countries with the most credits from cookstove pro-
jectsonthe market, and for each country selected the largest projects
for each methodology. In addition, we randomly included small- and
medium-size projects globally, and covered all types of fuel transi-
tion, exceptelectric (Methods). Thisapproachresulted inasample of
51 projects spanning 25 countries, and accounts for 40% of all issued
credits from these cookstove methodologies on the VCM (as of 10 May
2023; Fig.2).

Results

Here, we first summarize the major factors affecting offset quality
assessed in our quantitative analysis and theaccuracy of their treatment
by each of the methodologies compared with the published literature.
For a more detailed discussion of each factor, as well as discussion of
additionality, leakage, permanence and overlapping claim, see Sup-
plementary Information.

Adoption, usage and stacking rates

Efficient cookstove projects reduce emissions to the extent that users
(1) ‘adopt’ a more efficient project stove defined as the percentage
of distributed stoves actually in use; (2) use the project stove, where
‘usage’ is defined as the percentage of meals cooked using the project
stove; and (3) stop or reduce ‘stacking’, defined as the percentage of
meals cooked using the baseline stove(s) in concert with the project
stove. Theserates are used to determine the change between pre-and
post-project fuel use.

Methods for monitoring adoption, usage and stacking fall into
three categories: the AMS-I-E, GS-simplified and AMS-II-G, which track
them through short cross-sectional surveys. GS-TPDDTEC requires
in-field multi-day kitchen performance tests (KPTs) for a sample of
households, capturing both usage and stacking rates by directly meas-
uring daily fuel usage. The results are then applied to the full set of
project households through surveyed adoption rates. GS-metered
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Main cookstove methodologies on the
voluntary carbon market

75° N 4 0.8
173
50° N 2
. 2
P 250 N 4 "\.-_ % # 06 o
2 o o g
® o ‘ ) P &
3 25°5 4 04 =
X
50°S A =
o
>
75° S A ~
0.2
150°W 100°W 50°W (0] 50°E 100°E 150°E
Longitude
— 0
1.0
Across our sample
750 N 4 0.8
73
50° N 4 4
Y 3
-
P 25° N \ = 06 o
W @
2 0 ~ g
K @
3 25051 04 =
X
50°S A -
S
75° S A ~
0.2
150°W 100°W 50°W ] 50°E 100°E 150°E
Longitude

Lo
Fig. 2 |Issued credits across the VCM and our sample. Credits issued so far
onthe VCM across the five methodologies covered as of 9 November 2022 (top
panel) and from the 51 cookstove project activities in our sample (bottom panel).
We cover the GS-TPDDTEC, GS-simplified, CDM-AMS-1I-G, CDM-AMS-I-E and
GS-metered.

uses the most robust approach, directly tracking project stove and fuel
use in all participating households through meters or fuel sales data.

The methodologies’ default surveys range in quality, but all are
infrequent and vulnerable to social desirability’*** and recall”** biases.
Forexample, AMS-II-G’s default survey simply asks householdsif they
used the improved stove in the last week or month. Credits are gener-
ated for all households that reply ‘yes’ as if they used the stove 100%
of the time for the entire 1-2 year crediting period, with a discount if
they also reported using the baseline stove in the last week or month.
In2017, GSupdated their methodologies to provide projects different
monitoring options, varyinginrigour and capping the survey-derived
adoptionrate according to the rigour of the option; however, none of
the surveysis designed to avoid social desirability bias, which has been
well documented in survey methods across disciplines* as well as spe-
cifically and systematically in cookstove projects®. Social desirability
bias occurs when participants provide responses (for example, inflating
adoption/usage up to two times**), which they believe the surveyors
(hired by the cookstove project developer) want to hear. Survey-based
methods are further complicated as households may suffer fromrecall
biasin remembering stove use over the past year®.

KPTs, if done well, are reasonably robust, yet still have weaknesses.
Asaformofsocial desirability bias, called the Hawthorne effect, house-
holds may change their behaviourin the presence of project staff who
can observe their stove choices while weighing the fuel”. Due to cost,
KPTs are only required biennially on asample of households; however,
stove usage, stacking, and fuel quality and availability can be seasonal
and highly variable®. Thus, KPTs might not accurately represent stove
use across the participant pool over the 2 year crediting period.

Our sampled projects use surveys, and report adoption and
usage rates much higher thanrates documentedin the literature (86%

adoption rate and 98% usage rate compared with 58% and 52% from our
literature reviews” '), and stacking rates that are much lower (2% stack-
ing rate compared with 68% in the literature**>>°**?), These empirical
studies, performed on cookstove projects very similar to those partici-
patinginthestudied offset programmes (Supplementary Information),
are designed toavoid bias with frequent, comprehensive, longitudinal
surveys, triangulated with photos, field tests and/or stove monitors,
and conducted by trained enumerators, unaffiliated with the project.

Since the offset project surveys have known biases, to estimate
project carbon emission reductions, we replace all survey-derived
adoption and usage rates with literature values as the best data avail-
able (Supplementary Information). We use empirical ranges in the
MCM using atriangle distribution: adoption 58% (40%, 92%)*~*, usage
52% (16%, 85%)*® and stacking 68% (19.3%, 100%)**~>2*%*%, We discount
KPT-derived (that is, GS-TPDDTEC) usage and stacking rates with the
MCM using a uniform distribution with the maximum based on an
empirical study estimating the Hawthorne effect (-53% in usage and
29% in stacking)®. We do not correct GS-metered.

Fuel consumption

Methodologies use three approaches to estimate the difference
between baseline and project fuel consumption. AMS-II-G and
GS-simplified start by estimating baseline fuel use, and then use differ-
encesinthebaseline and project stove efficiencies to estimate fuel use
savings on the basis of surveyed adoption and usage rates. GS-TPDDTEC
determines baseline and project fuel consumption separately and
calculates emission reductions as the difference between the two.
GS-metered/AMS-I-E start with measured/surveyed project fuel use
and back-calculate baseline fuel consumption, assuming the equiva-
lent energy would have been used in the baseline by the less-efficient
baseline stove.

Methodologies give projects several options to determine most
inputs. AMS-II-G, GS-simplified and GS-TPDDTEC allow projects to
determine total baseline fuel use using a default value (0.4-0.5 tons
of firewood per capita per year*), literature, national/project survey
data or aKPT (rarely chosen)' (Table 1). AMS-II-G and GS-simplified
use default values for the baseline stove efficiency and determine the
projectstove efficiency with alaboratory test. GS-metered and AMS-I-E
determine baseline fuel consumption with default values, literature
or surveys. GS-TPDDTEC and GS-metered require KPTs and metered
orsales data, respectively.

CDM'’s previous default baseline stove efficiencies are lower
than those found in the literature®, while laboratory-derived project
stove efficiencies are higher than actual performance in the field*.
For projects that use default efficiencies, we update them to the CDM
Methodology Panel’s 2022 recommendations, which reflect current
literature®® (for example, from 10% and 20% to 15% and 25%, respec-
tively, for firewood and charcoal).

Baselines constructed with project-led and national**** fuel con-
sumptionsurveys are vulnerable to social desirability*>** and recall****
biases as households may want to present affluence and struggle to
estimate kilograms of fuel used”. These biases canresultinabnormally
high baseline and/or low consumption values, especially when used
together. Withoutaway to ground truth fuel consumption, we simply
confine fuel consumption values to a reasonable literature-derived
range of 2-4 MJ per capita per day**° energy delivered to the pot (Sup-
plementary Information).

fNRB

Projects that reduce biomass use should only be credited for the pro-
portion of CO,emissions reduced from non-renewable sources. Previ-
ously, allmethodologies relied oninaccurate CDM fNRB default values.
Asthese defaults have now expired, projects may calculate fNRB values
from a CDM tool* or assume a 30% default (rarely chosen). Both the
earlier defaults and the tool overstate forest degradation compared
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Table 2 | Outlining the factors and adjustments to each methodology based on published literature and our own analysis
(Methods and Supplementary Information) and then the amount of over- or under-crediting from each individual factor
across the issued credits from our sample of projects

Total amount of over-crediting across issued credits of studied projects from the average in our Monte Carlo Method (95% confidence interval)

All factors Adoption Usage rates® Stacking Fuel fNRB EFs Firewood- Rebound
rates® rates®? consumption charcoal
conversion
Definition Percentage Percentage of  Percentageof =~ Amount of fNRB The carbon Amount of Increaseina
of distributed meals cooked  meals cooked cooking dioxide firewood (on household’s
stoves actually using the using the fuel used equivalent a wet basis) overall cooking
inuse project stove baseline stove by project emissions needed to energy
in concert households of fuel used, produce the consumption
with the before and including equivalent with access to an
project stove after obtaining upstreamand  weight of improved stove
the project non-carbon charcoal (ona
stove dioxide gases  dry basis)
9.2(7.0,11.5) 1.4(1.0,1.7) 1.4(11,1.8) 11(0.8,1.4) 1.4(11,1.7) 17(1.3,21) 0.6 (0.5,0.8) 1.5(11,2.0) 1.0(0.8,1.3)
Adjusted with MCM using MCM using MCM using CDM's MCM using EFs for each Charcoal Literature-derived
atriangle atriangle atriangle updated atriangle cooking fuel upstream and  rebound effect:
distribution: distribution: distribution: default distribution from Floess point-of-use 22%
58% (40%, 52% (16%, 68% (19.3%, baseline stove  from etal.*® emissions
92%) 85%) 100%) efficiencies ‘Scenario B- factors from
if used and low yield’ of Floess etal.*®
contained Bailis et al. ?
values within
2-4MJ per
capita per
day delivered
energy.
GS-TPDDTEC v Discounted Discounted v v v v
with an with MCM
MCM using using a
a uniform uniform
distribution distribution
with a with a
maximumofa maxiimum of a
53% decrease  29% increase
in usage in stacking
CDM-AMS-I-E 4 v v v 4 v v
(specific to ethanol
projects)
GS-simplified v v v v v v
CDM-AMS-II-G v v v v v v
GS-metered v v v v v

A check mark means that the approach outlined in the ‘Adjusted with’ row was applied; a blank cell means no adjustment was made and the text describes our approach. *One GS-TPDDTEC
requires the removal of the baseline stove, and one AMS-II-G builds the improved stove in the exact spot of the baseline stove. We use slightly different Monte Carlo method distributions for
these projects (see Supplementary Information). ®Projects typically report a percentage of baseline stove use, which is then incorporated into the fuel consumption calculation. Using the

project’s documentation, we separate these two parameters.

with published literature’. WISDOM model of Bailis et al. ? estimates
fNRB, accounting for biomass regrowth and geographical, ecological
and land use heterogeneity at the subnational level’. The most robust
fNRB approach so far is a dynamic landscape model, Modelling Fuel-
wood Sustainability Scenarios*®. When our study was conducted, few
national values were available. Using the MCM, we replace project fNRB
values with the ‘Scenario B-low yield’ ‘minimum value’ of Bailis et al.
as the low boundary, ‘expected value’ as the mode and 10% over the
expected value as the highboundary. On average, the projects chosen
fNRBs are 3.0 (minimum 1.1, maximum 16.4) times the values of Bailis
etal.?(Table 2 and Supplementary Information).

EFs

To translate fuel use into GHG emissions, GS uses 2006 Intergovern-
mental Panel on Climate Change (IPCC) default EFs and allows, but
does notrequire, the inclusion of upstream emissions. Counterintui-
tively, to work around an early agreement prohibiting the crediting
of reduced deforestation, CDM cookstoves methodologies apply a

baseline EF assuming future fossil fuel use rather than biomass. Thisis
asource of under-crediting’. We replace each approach with cooking
fuel-specific EFs, including upstream emissions, from Floess et al. **,
the most comprehensive, up-to-date cooking fuel EF database. We also
update all global warming potentials to the most recent IPCC values,
accounting for distinctions for renewable/non-renewable biomass™®.
Due to high uncertainty around the climate impacts of black carbon
emissions from cookstove projects®, we, like the current methodolo-
gies, exclude black carbon.

Firewood-charcoal conversion

All methodologies allow projects replacing charcoal to use a fire-
wood-charcoal conversion factor to estimate the amount of fire-
wood (on a wet basis) needed to produce the equivalent weight of
charcoal (onadry basis). All used a default of six, whicha CDM meth-
odology panel updated to four in 2022 after our sample selection,
based on literature®. Alternatively, methodologies allow projects to
use literature to establish this conversion factor. All projects using
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Fig.3|Over/under-crediting across factors. a-i, The mean amount of total
over/under-crediting after quantifying all factors (n = 51 projects) (a) and
individual factors by methodology-stove combinations for adoption (b),

usage rates (c), stacking (d), fNRB (e), EFs (f), firewood-charcoal conversion
(g), consumption (h) and rebound (i) methodologies only. GS-firewood (n=9
projects), GS-simplified-firewood (n = 9 projects), GS—-charcoal (n =7 projects),
GS-LPG (n =4 projects), CDM-AMS-II-G-firewood (n =13 projects), CDM-AMS-
1I-G-charcoal (n = 3 projects), CDM-AMS-II-E-ethanol (n = 4 projects) and

GS-metered-pellets

GS-metered-pellet (n =3 projects). The points indicate the total over- or under-
crediting, while the error bars refer to the 95% CI for the total over-crediting
across our sample of projects and the categories we delineate. We limit the CI's
lower bounds to O (Methods and Supplementary Information). EFsinclude
point-of-use emissions including non-CO, emissions and upstream emissions.
Less than1(green shading) indicates under-crediting. Red shadingindicates
over-crediting, and yellow indicates accurate crediting.

this conversion used a value of 4.8 or higher. However, conversion
efficiency is highly dependent on the specific location and charcoal
production practices*’. We do not use a firewood-charcoal conver-
sion factor but instead use charcoal upstream and point-of-use EFs
from Floess et al. .

Rebound effect

Households commonly increase their overall cooking energy con-
sumption with access to animproved stove (for example, ref. 52). The
improved stove lowers the ‘cost’ of cooking and provides another
burner, allowing the household to increase their fuel consumption.
Only projects that utilize KPTs capture thisincrease, which we confirm
within our sample. We reduced our emission reduction estimation by

22% for projects that do not utilize KPTs, drawing on published litera-
ture that models or tracks the time stoves were used before and after the
acquisition of animproved/clean stove through temperature sensors
(Supplementary Information)*”*,

Over/under-crediting analysis results

Tofind the totalamount of over-crediting across our sampled portfolio,
we estimate each project’s over-crediting across analysed monitor-
ing reports, then apply that to their total issued credits and compare
our total ER estimates with their total issued credits. We estimate that
our sample of cookstove projects are 9.2 times over-credited ((95%
confidence interval (CI) 7.0, 11.5); Table 2 and Fig. 3). That is, the sam-
ple generated 26.7 million offset credits (as of May 2023), which is
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Table 3 | Recommendation for cookstove methodology
reforms

To avoid over-crediting, new and current cookstoves methodologies should
require, and until then, project developers should choose:

Factor Recommendation

fNRB The ‘Scenario B-low yield’ value of Bailis et al. ? at the
lowest subnational level. Update to the Modelling
Fuelwood Sustainability Scenarios value at the lowest

subnational level as new research emerges.

Adoption, usage,
stacking and
rebound

One of the following options:

1. Meters or collect fuel purchase data for adoption, usage
and stacking; a longitudinal survey or a conservative,
literature-derived default for rebound; if a project has
metered or fuel purchase data, this option is required
2. KPTs for usage and stacking, adjusted for

the Hawthorne effect with a literature-derived

default; robust longitudinal survey or conservative
literature-derived default for adoption

3. Robust longitudinal surveys

4. Conservative literature-derived default values

Fuel consumption  Initial and update baseline KPTs and/or robust
project-led surveys; enforce a reasonable range of

2-4MJ-delivered per capita per day.

EFs Upstream, point-of-use and non-CO, EFs for each
cooking fuel from Floess et al., removing the need for a
firewood-charcoal conversion factor
IPCC's separate renewable/non-renewable global
warming potentials for methane and nitrous oxide
emissions, but continue to exclude black carbon
pending future research

For full details on how to implement these recommendations, see our accompanying
website®.

over ninetimes our estimated carbon emission reductions of roughly
2.9 milliontCO,e.

Using the same approach, we extrapolate our estimates of
over-crediting to the entire credit pool by methodology-stove com-
bination. We find atotal impact of roughly 5.2 million tCO,e compared
with the total 55.3 million VCM-issued credits.

We find that the average project in our sample is over-credited
27.6x (see Supplementary Information Section 6).

Respectively, fNRB, firewood-charcoal conversion, fuel consump-
tion, adoption and usage produce the most over-crediting:1.7,1.5,1.4,
1.4and 1.4 times (Table2). Onaverage, only correcting the EFs resulted
inunder-crediting (0.6 times), while stove stacking and rebound mini-
mally affects crediting amounts (1.1and 1.0 times, respectively).

We find that all methodology-stove combinations over-credit
(Fig. 3). AMS-1I-G-firewood is the most over-credited project type
from oursample (23.5(0,49.3)), stemming from specific project values
(FNRB~2.7x and consumption~2.4x) and the methodology’s approach
(stacking ~2.5x, usage ~2.0%, adoption ~1.4x and rebound ~1.3x) that
together have amultiplier effect. AMS-1I-G-charcoal is the second most
over-credited project type (21.0 (12.7, 29.4)) from the same sources,
excepttheir usage rates were closer to literature-derived values, while
they had an additional source of over-crediting from the firewood-
charcoal conversion (-1.3x). The CDM methodologies’ weak monitor-
ing approach overcomes the under-crediting from their use of the EF
froma projected fossil fuel (-0.6-0.7x). GS-simplified-firewood (19.8
(2.5, 37.2)) is more over-credited than GS-firewood (8.9 (0, 26.9))
and GS-charcoal (8.6 (4.5,12.8)), under GS-TPDDTEC, due to their
less robust monitoring approach (that is, GS-simplified does not
require KPTs). Compared with GS-firewood, GS-charcoal projects
over-credited less from adoption, but over-credited from the fire-
wood-charcoal conversion (-1.9%). GS-liquefied petroleumgas (LPG)
over-creditsby 5.9 (0,16.3) times, from fNRB, adoption, usage and EFs.
AMS-I-E-ethanol over-credits 5.4 (3.2,7.6) times fromadoption (1.6x),
usage (1.9x), fNRB (2.9x) and rebound (1.3x), but under-credits from

CDM’s use of fossil fuel EFs (0.6x). GS-metered—-pellets have the least
over-crediting (1.5 (0.6,2.4)), stemming only from fNRB and rebound,
with slight under-crediting from EFs.

Over-crediting from fNRB stems from location-specific differences
in the values of Bailis et al. > (Supplementary Fig. 4). Adoption, usage
and stacking rates affect methodology-stove combinations based on
the methodology’s requirements (for example, meters, KPTs and sur-
veys). GS-LPG, AMS-I-E-ethanol and GS-metered-pellets, on average,
did notreport fuel consumption values outside of areasonable range,
probably due to the use of KPTs, meters or sales data.

EF choices result in overall under-crediting (0.6x) from five
methodology-stove combinations: CDM methodologies use the low
EF of aprojected fossil fuel as the baseline, GS-charcoal projects do not
alwaysinclude upstream emissions and GS-metered-pellets projects
construct a weighted average baseline EF, which ultimately is lower
thanthoseinFloess etal.*. The EFs used by GS-firewood and GS-LPG
for the baseline fuels are slightly higher than Floess et al. *°, leading to
slight over-crediting, stemming from project-chosen values, not the
switch to LPG.

Per stove-day, GS-metered-pellets and AMS-I-E projects reduce
emissions by roughly 0.007 and 0.006 tCO,e due to their renewable
feedstocks, and thus minimal project emissions. They are followed,
on a per stove-day basis, by GS-charcoal (0.003 tCO,e), AMS-1I-G-
firewood, GS-firewood and LPG (0.001tCO,e), AMS-1I-G-charcoal
(0.0004 tCO,e) and GS-simplified-firewood (0.0002 tCO,e).

Discussion

We conservatively estimate that the total amount of over-crediting
across our sample’sissued creditsis 9.2 (7.0, 11.5), stemming from mis-
alignment across numerous, compounded factors.

The majority of over-crediting stems from lack of rigour and
flexibility in how methodologies determine fNRB, adoption, usage,
stacking and fuel consumption, despite periodic methodological
updates. We provide recommendations for aligning methodologies
with current science (Table 3). Regular updates willbe needed toreflect
future research advancements. Currently, project developers, who
benefit financially from more credits, hire verifiers directly, possibly
conflicting with the International Organization for Standardization
(17029) that requires the verifier to be impartial (C5.3)°°. The develop-
ers’incentives are evident, asrobust fNRB values have been published
for 8 years, yet all projects have opted to use higher CDM tool-derived
or default values, and some projects track purchase data, yet fail to
useitinreduction estimation. Eliminating the flexibility and requiring
robust or conservative methods could reduce over-crediting easily,
universally by 1.4-1.7 times for each factor.

Developers can apply these recommendations withoutincurring
extra cost. For adoption, usage and stacking, while meters, longitu-
dinal surveys and KPTs are the most accurate, they also can be costly
depending on project infrastructure and size. For these factors, we
includein our recommendations the option of literature-derived values
that have no cost, and despite being less accurate, are likely to avoid
over-crediting.

Additionally, increases in offset prices could make these needed
reforms more affordable. There is a feedback loop—poor quality
keeps offset prices too low to support accurately credited projects.
Higher prices for accurately estimated reduction could incentivize
and fund projects to promote behaviour change, increase awareness
and address other market and behavioural barriers to cooking energy
transformation®.

In the current landscape, buyers are left confused about what
constitutes quality, and often turn to rating companies. Similarly,
for project co-benefits, some buyers are willing to pay more for pro-
jects with more co-benefits, but have been reported to care more
about the number of SGDs than the quality of that contribution®®.
Project’s claimed co-benefits are measured, unfortunately, alongside
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the adoption, usage and stacking rates, through single cross-sectional
surveys, which are subject to the same biases our analysis outlines®.
Low-quality tracking of both the carbon abatement and co-benefits
leads to surface level, performative action, rather than meaningful,
sustainable impact.

Ourresultsareacalltoactionto overhaul offset programme design
and the dominance of improved but not WHO-defined clean stoves.
Prioritizing metered fuel switch projects and accurately quantifying
their emission reductions would progress climate, energy and health
SDGs. Our analysisindicates that these stoves currently offer the least
over-credited credits and have the greatest abatement potential and
health benefit. Further, they are often the most challenging for users to
sustainably use, given the need for continuous fuel purchases, and thus
are the cookstove project types that could most benefit from carbon
finance. Our results further support Gill-Wiehl and Kammen'’s call for
the VCM to exclusively fund WHO-defined clean stoves*, and highlight
the lost opportunity to use cookstove offsets to accelerate access to
the cleanest stoves/fuels. Quality cookstove offsets could sustainably,
instead of performatively, improve the health of people and the planet.

Methods

Due to the nature of this analysis, the results of our study of carbon
accounting methods for cookstove projects are also the methods we
used in our over/under-crediting analysis and inform our recommenda-
tions. Thus, our methods are summarized in the main text. Here, in the
methods section, we include further explanation of how we adjusted
factors, performed the MCM and estimated over/under-crediting, and
discuss the limitations of our work. Further explanation and justifica-
tion of our methods for each factor is provided in Supplementary
Information.

Sample selection

We evaluate the quality of offset credits from the methodologies with
the largest number of cookstove offset project activities on the VCM:
GS-TPDDTEC, GS-simplified, CDM-AMS-II-G and CDM-AM-I-E. We also
review the new GS-metered, released October 2021.

The methodologies deploy different project stoves. GS-TPDDTEC
(previously GS’s Methodology for Improved Cook-Stoves and Kitchen
Regimes) is the most versatile methodology covering any thermal
domestic technology switch that is less GHG intensive, including but
not limited toimproved biomass, heat retention, solar, LPG and electric
stoves. CDM-AMS-I-E replaces non-renewable biomass with renew-
able energy (for example, renewable biomass, biogas, bioethanol
and electricstoves). Designed for smaller projects, GS-simplified and
CDM-AMS-II-G have limited scopes, only allowing for biomass effi-
ciency projects (for example, traditional fuelwood stove to animproved
fuelwood stove). GS-metered is designed for cookstoves with metered
or other direct fuel monitoring (for example, purchase records) such
aselectric, LPG, biogas, bioethanol or advanced biomass pellet stoves.

Most cookstove projects are structured as programme of activi-
ties, inwhich multiple similar project activities (called voluntary pro-
ject activities (VPAs) on the VCM and component project activities
onthe CDM) are bundled together to allow for rapid replication, only
requiring a quick check from a validator and not a full registration
procedure®. Toreflect the diversity of projects on the VCM, we evalu-
ated VPAs separately. CDM methodologies are used on both the CDM
andthe VCM, but we limited our scope to only VCM-registered projects
(thatis, those certified by GS or Verra).

InMarch 2021, weidentified the 15 countries with the most credits
from cookstove projects onthe market and, for each country, selected
the projects with the most credits for each methodology. For the
GS-TPDDTEC, GS-simplified and CDM-AMS-II-G projects, we chose
projects that posted atleast one monitoring report and provided their
exact calculations and the stove-days. There were very few projects
under AMS-I-E and GS-metered and the only one that had beenissued

credits was also credited under AMS-1-1 and so was not included in
our sample. For these two methodologies, we selected all registered
projects that provided enough information to recreate offset credit
calculations onastove-day basis forindividual stove types. Weincluded
these methodologies because they offered different methods for
monitoring stove usage and fuel consumption, and because of the
greater potential emission reductions and health benefits from fuel
switch projects that these protocols accommodate. We added addi-
tional projects as needed to ensure that our sample covered all types
of fuel transitions, with the exception of electric stoves. There were
no issued projects actively deploying an electric stove, and the only
listed electric project under GS-metered had no files available. We do
not include GS-metered’s most recent methodology update, which
allows for the participation of more complex cooking devices such as
pressure cookers, inanew option called ‘specific consumption’ (Sup-
plementary Information).

Additionally, we randomly selected ten small/medium-sized
projects from GS-TPDDTEC (four), AMS-II-G (four) and GS-simplified
(two) to ensure that our sample was representative of both large and
small projects. We investigate the relationship between the amount of
over/under-crediting and project size, and find a slight negative rela-
tionship between amount of over-crediting and total verified credits
(evaluated on the log scale; Supplementary Fig. 1). This trend is not
statistically significant and the Ris very low, but it indicates that our
approach of focusing on large projects may have led to lower estimates
of over-crediting.

This approach resulted in a sample of 51 projects, spanning 25
countries and 8 methodology-project type combinations: (1) GS—
firewood, (2) GS-simplified-firewood, (3) GS-charcoal, (4) GS-
LPG, (5) CDM-AMS-II-G-firewood, (6) CDM-AMS-II-G-charcoal, (7)
CDM-AMS-II-E-ethanol and (8) GS-metered-pellet (WHO tier 4+ bio-
mass pellet stove). Our sample covers 40% of all issued credits on the
VCM from these methodologies (as of 10 May 2023). We have no reason
tobelieve that these projects are not representative of the entire pool
of cookstove credits on the VCM. The 31 GS projects in our sample
represent 46% of the covered GS methodologies credits on the VCM.
The 16 AMS-II-G contain 25% of that methodologies’ credits.

Our sample of 51 projects tangentially represents 478 projects
and 64% of total credits issued under the five studied methodologies
as many projects are structured as largely identical VPAs under pro-
gramme of activities.

Uncertainty

Quantification of emission reductions from offset programmes is
inherently uncertain. Emission reductions must be estimated against
animmeasurable counterfactual scenario. Other factors, notably fNRB,
upstreamemissions and leakage are also difficult to estimate, and with
limited research so far, involve substantial uncertainty. Since offset
credits often are used to ‘offset’ or trade with direct emission reduc-
tions, to maintain the integrity of an emission reduction claim, offset
programmes are tasked with estimating programme impacts conserva-
tively whenthereis uncertainty. Here, conservative means more likely
tounder-credit thanto over-credit. Our analysis uses the most rigorous
and up-to-date values from the literature when available (for example,
fNRB). Instead of choosing conservative methods for all factors, we do
not or minimally correct factors with little published research, notably
additionality, leakage, non-permanence and overlapping claims, and
instead recommend more research. In this way, we make methodologi-
cal choices that probably underestimate the amount of over-crediting.

Methodology updates

All methodologies, except for recently released GS-metered, have
undergone considerable updates over the years of credit generation
that affect the methodological factors we study. Our recommenda-
tions and discussion below focus on the most recent version of each
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methodology and any updates proposed by the registry. However,
most credits on the VCM, including those still available for purchase,
areissued under previous methodology versions. Therefore, our quan-
titative over/under-crediting analysis assesses the credits generated
regardless of the methodology version used. We note in the main text
and detailin Supplementary Information where updated methodolo-
giesaddress over-crediting.

Adjusting factors

Usingthe valueslistedin the latest verified monitoring report or project
documents of these 51 projects, we calculated the number of VERson a
per stove-day basis. We only included projects (or monitoring reports
from projects) in our sample if we were exactly able to replicate the
number of VERs either in total or on a per stove-time basis. Once we
replicated the credits generated under the methodologies, we then
adjusted all the identified factors contributing to over/under-crediting
asdescribed above. Then, we conducted analysesisolating each factor.

To make the factor analysis of EFs, firewood-charcoal conversion
factor and consumption for GS-metered-pellet and AMS-I-E-ethanol
comparable to all other methodology-stove combinations, we remove
GS-metered and AMS-I-E’s calculation approach and calculate the
baseline emissions and project emissions separately. For example,
we use the baseline and project consumptionreported in their project
documents to calculate the difference between baseline and project
emissions instead of using their baseline conversion factor approach
(seethe ‘Fuel consumption’ section).

Finally, we conduct one analysis excluding adoption, usage and
stacking rates, which are the only factors that are always monitored
ex post. We do this for fair comparison with GS-metered-pellet and
AMS-I-E-ethanol projects, which, as of the time of sampling, had gen-
erated no credits. In our main analysis, we use their ex ante values for
adoption and stacking rates from the project documents rather than
ex post values from monitoring reports as with all other projects.

In total, we have analyses in which (1) all factors are adjusted, (2)
only adoptionrates are adjusted, (3) only usage rates are adjusted, (4)
only stacking rates are adjusted, (5) only fNRB values are adjusted,
(6) only EFs (including upstream emissions) are adjusted, (7) only the
firewood-charcoal conversionis adjusted, (8) only consumption (base-
lineand project) values are adjusted, (9) only rebound consumptionis
adjusted and (10) all factors are adjusted, except adoption, usage and
stacking (Supplementary Information).

MCM

The MCM is a statistical framework that calculates possible outcomes
when input parameters are randomly varied within a specified range
using agivendistribution®. When used for fNRB, adoption, usage and
stacking rates, the MCM generates values within our defined limits,
following the distribution defined in each factor’s section, assuming
independence (see ‘Limitations’ section). We specified the simula-
tiontorun 10,000 times, randomly generating new values for each of
these factors and calculating an associated emission reduction. We
acknowledge the inherent uncertainty within our factors and bound
eachonewithinaliterature-derived range. We take this approach over
other methods of error propagation given the inherent uncertainty
and imprecision in the ranges within the literature. Johnson et al., for
example, propagated error as they had direct field measurements
for their study site for fNRB, EFs and fuel consumption. Without this
level of precision for each carbon offset location, we take a higher
level, although less precise approach. However, as discussed, we make
methodological decisions that result in likely underestimation of the
amount of over-crediting.

Estimating over/under-crediting
We estimate the over-crediting across our sampled portfolio in three
ways. To estimate the total over-crediting of our sample, we estimate

each project’s over-crediting across analysed monitoring reports, apply
that value to each project’s total issued credits and compare our total
ER estimates with their total issued credits (Fig. 3 and Supplementary
Table 5). For the projectsin our sample that have not generated credits
(seethesectiononsampling), we use their estimated annual emission
reductions from their project design documents. We then splice the
results by methodology-project type combination (Fig. 3) and then
by country (Supplementary Fig. 3).

Second, we average over-crediting by project across our sample
(Supplementary Table 6). Finally, we take an average of our data points
at the highest level of granularity, that is, at the level of the monitor-
ing report or stove type within a monitoring report (Supplementary
Table7).

We construct Cls around the total amount of over-crediting by
finding the standard deviation across the total over-crediting by project
based off the average MCM for all and for the specific factor analysis.
These Clsbecomelarger within the subanalyses due to smaller sample
sizes. Negative lower bounds of the Clare afunction of large standard
deviations due to specific project values and smaller sample sizes. Note
that, within this over-crediting reporting framework, under-crediting
isindicated by avalue between 0 and 1, not negative. We thus limit the
lower limit of Cls to zero.

To extrapolate to the entire cookstove market, we take the total
rate of over-crediting for each methodology-stove combination found
above, and then apply these rates to the total amount of credits issued
foreachmethodology-stove combination. Thus, we find that the whole
market is over-credited 10.6 times weighting by methodology-stove
combination.

Commercial credits

Afew of our sample projectsincluded some stoves used for commercial
purposes (restaurants, schools and so on), representing asmall fraction
of these projects’ total credits. We do not adjust commercial stoves’
adoption, usage or stacking rates, or baseline/project fuel consump-
tion. There are still barriers to adoption, usage and ending stacking
for commercial institutions; however, the literature on these rates is
limited®, and thus an area for future research.

Limitations

Our study has some limitations that must moderate our conclusions.
This analysis does not cover 100% of projects under the five studied
methodologies. We cover 40% of the market, and projects in 25 coun-
tries; however, we attempted to have a fully representative sample
across methodologies, location and project type. We were limited to
projects that were transparent enough to provide their exact calcula-
tions or stove-days within their monitoring or validation reports. All
factors involve some amount of uncertainty, which we address with
the MCM for some factors. We were limited by the details provided by
the projects and the standards. For example, numerous projects did
not specify the rural or urban setting or more specific administrative
units, whichisimportant for fNRB.

Finally, akey limitation in our work is that we assume that all fac-
torsareindependent. Thisisanappropriate assumption for all factors,
potentially except for adoption, usage and stacking. For example, there
isnoevidenceintheliterature that fNRB or EF is correlated with stove
adoption; however, there could be correlation with stove adoption and
usage. This correlation, however, would be highly context dependent
and probably time variant (thatis, ahousehold’s relationship with and
useof anintervention hasbeen shown to change over time). In creating
the distributions for adoption, usage and stacking, we create ranges
of uncertainty, since rates of adoption, usage and stacking have been
reasonably well studied and there is an established literature that we
draw from. Unfortunately, the correlation between these rates has not
been well established and would require less grounded assumptions.
Thisisalso areason that we pursue triangle distributions as we hesitate
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tomake definitive claims on the underlying distributions, opting rather
to simply present that the literature has established general ranges
for these values as described above. Given this context, we therefore
assumeindependence of all factors. Thisis alimitation of our work, but
onethat probably leads to more conservative findings. This is because
incorporating the covariance between adoption, usage and stacking
would further limit the input distribution of these factors and thus
shrink our reported Cls. Thus, our reported ranges provide more cov-
erage. We further feel comfortable with this methodological decision
giventhe other areas that probably resultin underestimation, as above.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability
All data and code are publicly available online at https://github.com/
agillwiehl/GillWiehl_et_al_Pervasive_over_crediting.

Code availability
All data and code are publicly available online at https://github.com/
agillwiehl/GillWiehl_et_al_Pervasive_over_crediting.
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Study description We conduct a comprehensive, quantitative quality assessment of carbon offsets comparing cookstove offset methodologies and
projects to published literature and our own analysis. We (1) discuss the accuracy of all estimation factors used (or not addressed) by
the four most prominent cookstoves offset methodologies (GS-TPDDTEC17 , GS-Simplified18, CDM-AMS-1I-G19, and CDM-AMS-I-E20)
and the recent GS-Metered21 methodology (Table 1) (past and current versions) drawing from published literature and our own
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addressing ranges of uncertainty using the Monte Carlo Method (MCM), and compare those results with actual credit issuance across
eight methodology/stove type categories. We (3) suggest a specific set of methodological reforms to generate high-quality credits. In
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(1) GS-Firewood, (2) GS-Simplified-Firewood, (3) GS-Charcoal, (4) GS-LPG, (5) CDM AMS-II-G-Firewood, (6) CDM-AMS-II-G-Charcoal,
(7) CDM-AMS-II-E-Ethanol, and (8) GS-Metered-Pellet (WHO Tier 4+ Biomass Pellet Stove). Our sample covers 40% of all issued
credits on the VCM from these methodologies (as of May 10th, 2023). We have no reason to believe that these projects are not
representative of the entire pool of cookstove credits on the VCM. The 31 GS projects in our sample represent 46% of the covered GS
methodologies credits on the VCM. The 16 AMS-II-G contain 25% of that methodologies’ credits.

Sampling strategy In March 2021, we identified the 15 countries with the most credits from cookstove projects on the market and for each country
selected the projects with the most credits for each methodology. For the GS-TPDDTEC, GS-Simplified, and CDM-AMS-II-G projects,
we chose projects that posted at least one monitoring report and provided their exact calculations and the stove days. There were
very few projects under AMS-I-E and GS-Metered and the only one that had been issued credits was also credited under AMS-I-I and
so was not included in our sample. For these two methodologies, we selected all registered projects that provided enough
information to recreate offset credit calculations on a stove-day basis for individual stove types. We included these methodologies
because they offered different methods for monitoring stove usage and fuel consumption, and because of the greater potential
emission reductions and health benefits from fuel switch projects that these protocols accommodate. We also added additional
projects as needed to ensure that our sample covered all types of fuel transitions, with the exception of electric stoves. There were
no issued projects actively deploying an electric stove, and the only listed electric project under GS Metered had no files available.
We also do not include GS Metered’s most recent methodology update which allows for the participation of more complex cooking
devices such as pressure cookers, in a new option called “specific consumption”. See supplemental methodology equation
information.

Additionally, we randomly selected 10 small/medium sized projects from GS-TPDDTEC (4), AMS-II-G (4), and GS-Simplified (2) to
ensure that our sample was representative of both large and small projects. We investigate the relationship between the amount of
over/under crediting and project size and find a slight negative relationship between amount of over-crediting and total verified
credits (evaluated on the log scale; see supplemental Figure S1). This trend is not statistically significant and the R-squared is very
low, but it indicates that our approach of focusing on large projects may have led to lower estimates of over-crediting.

Data collection The first author obtained all data from the publicly available databases from Gold Standard (SustainCert) and Verra's registry.
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process.

Data exclusions No data were excluded from the analysis once the sample was established.
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Improved forest management (IFM) has the potential to remove and store large
quantities of carbon from the atmosphere. Around the world, 293 IFM offset
projects have produced 11% of offset credits by voluntary offset registries to date,
channeling substantial climate mitigation funds into forest management projects. This
paper summarizes the state of the scientific literature for key carbon offset quality
criteria—additionality, baselines, leakage, durability, and forest carbon accounting—
and discusses how well currently used IFM protocols align with this literature.
Our analysis identifies important areas where the protocols deviate from scientific
understanding related to baselines, leakage, risk of reversal, and the accounting of
carbon in forests and harvested wood products, risking significant over-estimation
of carbon offset credits. We recommend specific improvements to the protocols
that would likely result in more accurate estimates of program impact, and identify
areas in need of more research. Most importantly, more conservative baselines can
substantially reduce, but not resolve, over-crediting risk from multiple factors.

KEYWORDS

improved forest management, IFM, offsets, offset protocols, offset methodologies, forest
carbon accounting, offset quality criteria

1. Introduction

Forests play a critical role in meeting greenhouse gas mitigation objectives with their
potential to store large quantities of carbon and to act as an ongoing sink removing carbon from
the atmosphere (Griscom et al., 2017; Fargione et al., 2018; Austin et al., 2020). Forest climate
change mitigation activities generally fall into three broad categories: conserving existing forests;
increasing forest extent through reforestation, afforestation, and agroforestry; and changing the
management of existing forests to increase carbon in forests and forest products (improved
forest management—IFM). Opportunities for increasing carbon sinks generally fall within the
latter two categories, while forest conservation is focused on protecting existing forest carbon
storage. Forest carbon activities can also have a range of ecosystem and societal co-benefits,
including maintaining and enhancing biodiversity and providing forest products (Kremen and
Merenlender, 2018; Asbeck et al., 2021).
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Around the world, 293 carbon offset projects to date have
channeled substantial carbon funding into improved forest
management (So et al, 2023). Offsets are seen as a critical source
of funds for IFM and an important alternative mitigation option
to high-cost and hard-to-abate sources of emissions. This paper
examines how well currently used IFM carbon offset protocols
align with the scientific literature on carbon accounting, forest
management, and land use change and how they can be amended to
more accurately estimate program carbon benefits.

Studies suggest that IFM has the potential to increase carbon
stocks by 0.2-2.1 Gt COze/year globally (Griscom et al., 2017; Roe
et al., 2019; Austin et al,, 2020) without compromising the fiber
and ecosystem co-benefits provided by managed forestlands. IFM
includes a broad range of practices that increase carbon in forests and
forest products (see Ontl et al., 2020; Ameray et al., 2021; Kaarakka
et al, 2021 for detailed reviews of the range of IFM practices).
For example, extending rotations can increase carbon stored on the
landscape with continued or increased timber production for forests
managed below maximum productivity (Sohngen and Brown, 2008;
Foleyetal,, 2009; Nunery and Keeton, 2010). Reduced-impact logging
in tropical forests can reduce forest degradation and increase or
preserve soil carbon stocks, making forestry more sustainable and
the conversion to agriculture less likely (Sasaki et al., 2016; Nabuurs
et al., 2017; Ellis et al., 2019). Improved forest management can also
make forests less susceptible to future carbon reversals from wildfire,
drought, and pests (Anderegg et al., 2020).

In regulatory and voluntary carbon offset markets, carbon
registries establish offset protocols that define project eligibility
criteria and methods for monitoring and calculating the carbon
impacts of each participating project. The registries also require
third-party verification and issue offset credits. Each offset credit
should represent one metric ton of carbon dioxide (tCO;) emissions
reduced or removed from the atmosphere. The protocols set
the standard for the quality of the carbon offsets and their
design allocates carbon financing toward eligible project types.
Offset quality—the degree to which offset credits represent real
emissions reductions and removals—is determined by protocol rules
around additionality (would the project activities have occurred
without the offset income?), counterfactual baselines (what would
have happened without the offset income?), leakage (does the
project cause increased emissions outside of project accounting
boundaries?), durability (is the risk that stored carbon will be
released back into the atmosphere managed and accounted for?),
and carbon accounting (are the methods for monitoring and
calculating carbon stocks, fluxes, and process emissions accurate
and conservative?).

Peer-reviewed and non-peer-reviewed studies of IFM offset
projects and protocols have shown evidence of over-crediting and
non-conservative methodological rules. Studies of the California Air
Resources Board (ARB) forest offset protocol found that the protocol
is likely to significantly over-generate credits due to its methods
for assessing project baselines (Badgley et al., 2022b; Coffield et al,
2022), leakage (Haya, 2019), and risk of reversal (Anderegg et al,
20205 Badgley et al., 2022a), as well as to create incentives counter
to long term carbon stability in fire-prone areas (Herbert et al., 2022).
Several peer reviewed and investigative case study analyses of projects
using different IFM protocols identified substantial over-crediting
(van Kooten et al., 2015; Elgin, 2020; Koberstein and Applegate,
2021).
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Offset quality is essential for four main reasons. First, polluters
often purchase offsets instead of directly reducing their own
emissions. When used this way, offsets do not reduce emissions
but rather trade where emissions reductions occur. When more
offsets are generated than the program’s actual climate benefits, they
can reduce overall climate action. Second, when forest carbon is
used to offset fossil fuel or other greenhouse gas emissions, offsets
trade a known quantity of emissions with a much less certain and
less durable quantity of reductions or removals (IHaya, 2010; Haya
et al., 2020). Third, the protocols send investment signals into the
offset market sectors. If protocols result in over-crediting, climate
mitigation funds will be over-allocated into less valuable activities.
Fourth, over-crediting also creates a credibility problem for the offset
market as a whole, undermining its ability to continue to direct
private funds into effective climate mitigation. It is therefore critical
that IFM protocols reflect current science and conservatively account
for uncertainties.

To our knowledge, no study has yet comprehensively compared
IFM offset protocols to the science of carbon accounting, forest
management, and land use change to assess offset quality at
the protocol level. The objective of this study is to qualitatively
compare the IFM offset protocols against the scientific literature
on quantifying IFM carbon impacts, with a particular focus
on additionality, baselines, leakage, durability, and forest carbon
accounting. Each section and our concluding discussion describe
specific ways that the protocols can be improved to avoid over-
crediting and to effectively support improved forest management
practices that increase carbon storage in existing forests.

1.1. Background

Three voluntary offset market registries have generated the vast
majority of IFM offset credits globally to date—American Carbon
Registry (ACR), Climate Action Reserve (CAR), and Verified Carbon
Standard (VCS). Each has offset protocols generating credits for
voluntary use. All three also act as registries for the California Air
Resources Board (ARB) offset program, hosting ARB-approved offset
protocols and managing the monitoring, reporting, and verification
processes for offset credits that can be used by California emitters to
meet the state’s cap-and-trade emissions targets.

Most IFM protocols were developed by interested stakeholders,
including project developers, before the registry put them through
a public vetting process. A list of the protocols reviewed for this
study, along with the number of projects and credits issued by each, is
shown in Table 1. We reviewed all IFM protocols with credits issued
on voluntary market registries as of March 2022. While this analysis
focuses on voluntary offset registries, governments also issue tradable
credits from improved forest management projects, such as the UK
Woodland Carbon Code.

Forest projects accounted for 30% of the total offset credits
issued by voluntary registries in 2022 (Figure I, top panel; So
et al, 2023), mostly from REDD+ [Reducing Emissions from
Deforestation and (forest) Degradation], which is the primary type
of avoided deforestation offset (21% of 2022 credits), IFM (6%), and
afforestation/reforestation (3%). IFM projects have generated 193
million offset credits since the first credits were issued in 2008. This
represents 28% of the total forest-based offset credits and 11% of all
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TABLE 1 IFM protocols reviewed.

Registry Protocol

Number of

10.3389/ffgc.2023.958879

Credits
issued to
date

Countries

projects

Protected Forest (VM0010)

ARB U.S. Forest Protocol 127 154,782,386 Us.
ACR IFM on Non-federal 44 12,057,942 U.Ss.
U.S. Forestlands
CAR CAR-U.S. Forest Protocol 29 13,549,474 Us.
CAR-Mexico Forest Protocol 90 1,099,403 Mexico
VCS Conversion from Logged to 13 5,871,632 Australia, Canada, China, Malaysia,

Romania, U.S

IFM in Temperate and Boreal 4 4,397,168
Forests (VM0012)
Rotation Extension (VMO0003) 3 384,492
Conversion of Low Productivity to 1 509,540
High Productivity
Forest (VMO0005)

Total unique projects (counting projects that switch registries only once) 293 192,652,037

Number of IFM projects that have been issued credits, credits issued, and countries hosting projects under each protocol, current through the end of 2022.

offset credits generated. While 293 IFM projects in seven countries
have been issued offset credits, nearly all issued credits (94%) were
in the United States and most (80%) are registered under the ARB
compliance offset protocol (Figure 1, lower panel). Further, IFM
projects generated close to half of all offset credits from projects in
the United States.

To date, most IFM offset credits across all registries have been
generated for reducing forest carbon losses by significantly reducing
harvesting compared to the chosen baseline scenarios. While some
projects support the types of activities highlighted in the literature as
having high IFM potential—e.g., improving forest health for greater
productivity and resilience, extended timber rotations, and reduced
impact logging—so far the majority of credits are from activities that
more resemble conservation and avoided degradation than IFM.

All protocols assess project impacts and the number of credits
generated as the difference in carbon emissions and removals in
the baseline scenario compared to actual levels. As relevant to
the particular type of activity, all protocols take into account the
major sources of carbon emissions and sinks affected by IFM
projects—onsite carbon loss from logging and forest treatments,
forest growth, process emissions (e.g., from equipment), and carbon
held in harvested wood products. All protocols include procedures
for reducing credits generated by an uncertainty deduction, and
all set a proportion of credits aside in an insurance buffer pool
which can be used to cover reversals such as from fire. Projects
that reduce harvesting compared to the baseline also account
for estimated displacement of timber harvesting to other lands
(leakage). These carbon accounting factors are all discussed in the
following section.

2. Review of quality criteria
2.1. Additionality and baselines

A project’s baseline represents land management that most likely
would have occurred in the absence of the offset program and is
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the scenario against which a project’s carbon impact is measured.
The “true” baseline (counterfactual) is inherently uncertain, because
once a project takes place, the baseline cannot be observed. Baseline
choice has a large effect on the number of credits issued, so baseline
credibility and conservativeness are important to the quality of
offset credits (Griscom et al., 2009).

For IFM projects, it is hard to distinguish additionality from
baselines. Unlike most types of offset projects that involve a
single action in time, such as building a landfill gas capture
system, IFM involves a change in practice over the project lifetime.
Additionality (would the project activities have occurred without
the offset income?) and baselines (what would have happened
without the offset income?) are closely related questions. ARB and
CAR protocols combine them and treat all divergence from the
baseline as additional, while ACR and VCS use separate baseline and
additionality assessments (Table 2).

2.1.1. Summary of literature on IFM offset project
baselines

Badgley et al. (2022b) documented that most ARB projects define
their baseline at, or very close to, the minimum level allowed by the
protocol. For most projects the minimum allowed baseline is the
regional average carbon stock density for the forest type. Badgley
et al. found that many participating projects are composed of species
with greater carbon stocks than the regional/forest type average as
defined by the protocol. Because carbon stocks often change gradually
over space but the minimum baseline is defined regionally, there
is a strong incentive to enroll lands with naturally higher carbon
stocks than the regional average. Badgley et al. estimated that this
has led to over-crediting of close to 30% across the study’s projects
compared to what would have been credited if a more refined method
was used to determine the minimum allowed baseline. Coffield et al.
(2022) used remote sensing-based datasets to compare the outcomes
of 37 California-based ARB IFM offset projects with similar “control”
lands. They found lack of evidence that the offset program influenced
land management and therefore lack of project additionality. van
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FIGURE 1
Current trends in forest-based carbon offset markets (based on data from So et al,, 2023). The upper panel shows the breakdown of credits issued by
project type for forest and non-forest carbon offset projects. The lower panel shows the trend in IFM credit issuances by program/registry.

Kooten et al. (2015) investigated a large VCS IFM project in British
Columbia that assumed a “lumber liquidator” counterfactual—that
an alternative forest owner would have aggressively logged the forest.
van Kooten et al. found that in this case, the chosen baseline
created substantially more carbon credits than would have been
generated if a more likely sustainable management scenario was used
as the baseline.

Qualitative research also has consistently identified problem
areas in baseline setting. Several studies identified asymmetric
information as a pervasive, inherent problem in baseline setting
for IFM projects. Asymmetric information creates uncertainty for
the program administrator and third-party verifier but not the
project developer, who implements a project with full information
(van Kooten et al., 2009; Asante and Armstrong, 2016; Gren
and Allilu, 2016). For example, one study highlighted the trend
of pulp timberland acquisitions by real estate investment trusts
(REITs) and timber investment management organizations (TIMOs),
who aggressively harvest and then sell the land to carbon project
developers (Gifford, 2020). The project developers can report a low
baseline carbon stocking as a result of the recent harvesting. This is
an example of how a complex management history and asymmetric
information make accurate baseline-setting difficult.

One study documented how program administrators deflated
baselines in order to reduce barriers to entry in IFM projects.
The study quoted one project developer stating that “if baselines
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are set too high, many potential projects will not be viable for
participation” (Ruseva et al., 2017). To the best of our knowledge,
Anderson et al. (2017) is alone in finding “strong evidence of
additionality” of projects under ARB’s IFM protocol and suggests
that baseline/additionality criteria may be too strict and may impede
projects with “multiple desirable features.” However, an expanded
discussion by the authors suggested that they based their assessment
on their observation that some rather than all projects are likely
to be additional (Anderson and Perkins, 2017). Their survey of
landowners with IFM projects showed that 5 of 17 (29%) self-
reported that they were either not confident or unsure whether
the offset credits generated by their projects “represent additional
carbon sequestration that would not have happened without the
forest offset program.”

2.1.2. Description of the protocols
2.1.2.1. ARB and CAR-U.S. protocols

ARB and CAR-U.S. protocols define the baseline as the average
onsite carbon stocks over a modeled 100-year baseline management
scenario that should be no lower than the minimum baseline level
allowed (Figure 2). Typical baselines are set at around 30% below
initial carbon stocks (calculated from Badgley et al.,, 2021), and just
above common practice (Badgley et al., 2022b). The ARB and CAR-
U.S. protocols only require that the baseline scenario is financially
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TABLE 2 Overview of how IFM protocols treat baselines and additionality.

Registry Baseline setting Additionality

ARB/CAR- | 100-year baseline model
Us. - Aligned with legal and other obligations
- Must be financially feasible
- Not lower than common practice if initial stocks are
above common practice
- Otherwise, typically at initial stocks
Standardized approach to additionality—any forest carbon above
the baseline is considered additional.
CAR- Initial carbon stocks standardized approach to additionality—any
Mexico forest carbon above initial carbon stocks is considered additional.
ACR Economic baseline: assume | Project-by-project:
harvest to the level that - financial barriers,
maximizes net present - exceed common practice,
value (NPV) over - exceed regulation
many rotations
VCs Different baseline Project-by-project:
approaches (e.g., NPV and - not most financially beneficial
historical management) option or experience other barriers,
- exceed common practice

feasible and complies with all legal and contractual requirements.
Further, the chosen baseline scenario does not need to be shown to
be the most feasible or likely without offsets.

Setting the baseline below initial or historic carbon stocks raises
an over-crediting concern. Instead of being credited for taking
action, the forest owner is credited for not taking action that would
have reduced the carbon stocks on their lands. In other words,
the assumption is that in the absence of offset payments, the land
owner would change their management practice in a way that
releases carbon. Non-additional crediting has arguably been the most
significant quality challenge for carbon offsets generally (Cames et al.,
2016; Haya et al, 2020). For the majority of IFM projects with
baselines below historical levels, additionality assessment is even
more challenging because it is being tested for not taking an action.

In addition, timing of credit generation against the baseline is
another quality concern for the majority of these projects. Although
baselines are derived from modeled scenarios that are intended to
represent realistic harvesting over time (decreasing solid orange line
in Figure 2), in the 1st year of the project, project credits are issued
against the 100-year-average baseline, which usually represents a
sharp, unlikely drop from initial carbon stocks (flat dotted orange
line in Figure 2). Thus, even in cases where the baseline is an accurate
reflection of the true without-offsets scenario over decades, a large
proportion of credits are generated in the Ist year of the project for
reductions that will actually take place over a much longer period of
time. In effect, this means that future reductions can be used to offset
current emissions.

2.1.2.2. CAR-Mexico protocol

By using ton-year accounting, the CAR-Mexico protocol is
structured differently from all other protocols discussed in this paper.
Under this approach, the project developers decide on the length
of time they commit to maintaining credited carbon stocks, ranging
from one to 100 years. A chosen term of 100 years earns full credits
without discounting. Any shorter commitment earns a fraction of the
calculated carbon impact such that a 1-year commitment earns 1% of
the calculated carbon benefits, and a term of 50 years earns 50%.
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Using initial carbon stocks as the baseline is more conservative
than other protocols and reduces over-crediting risk. However,
flexibility in the term of the commitment increases risk of non-
additional crediting. For example, terms that match rotation
lengths can potentially earn offset credits without any change to
harvest schedules.

2.1.2.3. ACR protocol

The ACR protocol uses net present value (NPV) to set the
baseline. Project baselines are typically set to a 20-year crediting
period and based on a 100-year NPV-maximizing harvest schedule.
In general, the approach of setting the baseline as the scenario that
maximizes NPV is sound for landowners who seek to maximize
profit over a long term, like industrial forest owners who have
access to reliable markets. However, this method may poorly predict
the management decisions of other landowners who may manage
for multiple goals like ecosystem or recreation benefits (Butler
et al., 2016). Even where landowners wish to maximize long-term
profit alone, irregular market demand may push them to shift their
management away from what a simple NPV analysis would predict
(Keegan et al, 2011). For example, small plantation owners in
the U.S. Southeast currently have limited access to wood markets
and, as a result, have older trees, on average, than is economically
optimal (Grove et al., 2020). In addition, NPV calculations are
based on internal costs, which can be difficult for verifiers
to verify.

2.1.2.4. VCS protocols

The VCS IFM protocols use multiple approaches to baseline-
setting, including historical baselines, legal baselines, common
practice baselines, and baselines based on documented management
activities. Therefore, there are multiple pathways for establishing
a baseline within a single protocol, and these approaches
can be applied with more or less rigor. Such flexibility is
logical given the diversity of lands that might seek to enroll.
However, they also allow project developers to pick the most
advantageous baseline, which may lead to over-crediting. Such
flexibility means potential offset credit buyers must conduct
enhanced diligence to determine how appropriate the chosen
baseline is.

VCS wuses two additionality tools for its forestry projects
which both closely mirror the Clean Development Mechanism
(CDM) approach to additionality testing. Landowners must
demonstrate that the project is not the most cost-effective
land management approach or that other barriers would have
prevented the landowner from carrying out the land management
credited under the offset project. The land owner must also
demonstrate that the credited land management approach is
not common practice. In general, these tests have proven to
be insufficient in ensuring the additionality of CDM projects
(Haya, 2010; Cames et al, 2016), leaving additionality to be
assessed primarily with baseline-setting as with the ARB and
CAR-U.S. protocols.

2.1.3. Persistent issues and baseline
recommendations

Where good data on forest harvest exists, baseline uncertainty can
potentially be reduced and conservativeness increased by developing
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FIGURE 2

A sample ARB project and baseline scenario based on a project in Oregon (ACR 260). The pattern shown is similar in many other IFM offset projects. "A"
represents the credits generated in the 1st year of the project from the difference in actual onsite carbon stocks compared to the 100-year-average
baseline. "B" represents the credits generated in years 2 through 5 of the project from forest growth.

baselines on historical practice, initial carbon stocks, similar lands
with “dynamic” baselines, and NPV for landowners where NPV is
reasonably predictive with some restrictions.

When NPV is used as the baseline, project developers should
describe their capacity to harvest at this level and also the market
conditions and mill capacity to absorb this harvest. Project developers
wishing to use NPV can justify their case by demonstrating that they
have a strong history of harvesting on similar lands, or better yet, can
demonstrate a history of NPV harvesting on that project property.
For projects that cannot demonstrate NPV-type harvest schedules,
NPV is likely inappropriate.

Baselines that reflect current carbon stocking of the participating
parcel are usually more conservative than broad regional averages.
Such baselines only credit removals through growth.

When past management actions are used as baselines, statistical
land use models can be used to provide quantitative estimates on the
likelihood of harvest given a project’s characteristics (Lewis, 2010).
Such models can be used to create credible baselines and importantly,
these models can be used to simulate alternative baselines which
might reflect different market conditions (Radeloff et al., 2012).

The use of dynamic baselines is similar to control plots in
experimental science. In this system, properties similar to the
offset property in past management, market conditions, ecosystem,
landowner type, etc., can be used as the baseline for offset projects.
Matching methods developed for causal inference can be used to
create comparison sets (Andam et al., 2008; Ferraro and Hanauer,
2014). Each year, the carbon values of the offset and the baseline
properties can be compared, and credits can be issued on the basis
of this comparison.

An advantage of dynamic baselines is that by observing similar
properties in each year, changing market conditions can be integrated
into baselines. For example, consider an offset in an area where
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mill capacity falls dramatically. Under static baselines, the offset
would continue to generate credits, even though in reality there
may be no market for timber in the area. Conversely, if a new
technology increases the profit of harvesting, more credits could
be granted. Dynamic baselines solve this problem by accurately
reflecting baseline conditions relative to the project in pre-defined
time periods. Such baselines might be particularly useful in areas
where markets are in rapid flux, where forest managers cannot show
that they have historically managed for NPV, or where land use is
rapidly changing.

With all of these options, adverse selection might still lead
to over-crediting. Because landowners or project developers will
always know more than registries and verifiers about what would
have happened without the offset income, adverse selection is a
persistent issue. Statistically, adverse selection can be thought of
as an unobserved variable that is correlated with the treatment
decision (project enrollment) and the outcome (forest harvest). If
this unobserved variable is correlated with increased enrollment
and decreased forest harvest, the baseline is an overestimate of the
true counterfactual. For example, this might be the case where a
landowner has a strong conservation ethic and prefers to preserve
rather than cut down their trees. A case like this can lead to over-
crediting, because such a landowner is unlikely to harvest, even in the
absence of the program.

Using historical forest harvest data can help to control conditions
that lead to adverse selection, especially if these conditions do not
change over time. For example, in the case of a conservation-minded
landowner, if they have held similar preferences in the past, a baseline
that takes into account their historical harvest levels would not over-
credit (even though we cannot measure their land management
philosophy). At the same time, a baseline based on regional averages
or NPV alone would likely over-credit.
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However, while historical baselines can help to account for
unobserved variables that do not change over time, they cannot
account for cases where the unobserved variable is not static.
An example of this could be when a property is inherited or
purchased by a new landowner. The application of a historical
baseline for a property that had been harvested, but was
purchased by a conservation NGO and then later enrolled in
an offset program could lead to over-crediting because the true
counterfactual for the new landowner is different than from the
past landowner.

Dynamic baselines cannot directly account for the problem
of adverse selection. To the extent that similar properties also
have similar unobserved variables, then matching may reduce the
impact of adverse selection. However, there is limited empirical
evidence for this. Indeed, using nearby non-enrolled parcels as
“control plots” could actually increase the effect of unobserved
variables: if some parcels enroll and others do not, then it
may precisely be an unobserved variable that is influencing this
self-selection, biasing the dynamic baseline in favor of over-
crediting.

2.2. Leakage

The Intergovernmental Panel on Climate Change [PCC (2007)
defines leakage as “the unanticipated increase or decrease in
greenhouse gas (GHG) benefits outside of the project’s accounting
boundary as a result of the project activities.” Three types of leakage
are relevant for forest-based offset programs: activity leakage, output
market leakage, and land market leakage (Meyfroidt et al., 2020).
The latter two types of leakage are collectively referred to as market
leakage. Activity leakage occurs when mobile factors of production
(labor and capital) are no longer needed in the offset program area
and are reallocated to similar activities outside of the program area.
Output market leakage occurs when changes in harvesting inside
the project area affect timber prices and change harvesting outside
the project area by non-participating forest managers. Land market
leakage occurs when changes in timber harvesting on offset project
lands changes the value of timber land relative to other land uses and
provides incentives for land conversion into managed timber land or
from timber land into other uses.

There is no broad agreement on how offset registries should
incorporate leakage into their IFM protocols. The approach taken by
the protocols is to deduct credits from a project based on a specified
leakage rate. The protocols differ in the leakage rate applied, when
and how it is applied, and whether the protocols account for activity
leakage explicitly. Each of these aspects of leakage is discussed below
and summarized in Table 3.

2.2.1. Market leakage rate

All protocols have a mechanism for deducting leakage when
timber harvesting is lower in a project relative to the baseline. All
protocols use a leakage rate that reflects the assumed percent of onsite
carbon loss (or gain) from a change in timber harvesting due to the
offset projects that are lost (or gained) in other forests to which the
harvesting is displaced.

ACR applies a 10% leakage rate if the project reduces harvesting
by 5-25% compared to the baseline, and 40% if reduction in
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harvesting is more than 25% compared to the baseline. In the
ARB, CAR-U.S., and CAR-Mexico protocols, leakage is deducted
at a constant rate of 20%. Leakage rates used by all of the VCS
protocols reviewed vary based on the carbon density, defined as
the ratio of merchantable biomass to total biomass, of the forests
where the displaced harvesting is assumed to occur compared to
the forest enrolled in the carbon project. If harvesting is expected
to shift to a forest with a ratio of merchantable biomass more than
15% lower than the project forest, a higher leakage rate (70%) is
applied; if the destination forest produces more than 15% more
merchantable biomass, relative to the project forest, a lower leakage
rate applies (20%); if displacement occurs in a similar forest type,
a 40% leakage rate is applied. VCS’s extended rotation protocol
(VMO0003) also prescribes a 10% leakage rate if the rotation extension
is <10 years and the harvest reduction over this time frame is
<25%. VCS protocols exclude international leakage from their
deduction formulas and allow for project-specific justifications for
the application of a 0% leakage rate.

The academic literature has estimated forest carbon leakage
using two general methods. Partial and general equilibrium models
are complex optimization models based on economic theory
of how markets function and calibrated to real-world data.
Behavioral parameters, such as supply and demand elasticities, are
drawn from the economic literature. These models are designed
to capture the interconnectedness of different markets. General
equilibrium models capture all economic flows within an economy,
while partial equilibrium models usually focus in more detail
on a subsection of the overall economy. Equilibrium models
are generally used for ex-ante economic and policy analysis.
Causal econometric models, which are an ex-post evaluation
methodology that use statistical techniques to evaluate programs,
have been utilized to assign causal attribution to leakage from
other project types (e.g., Roopsind et al, 2019), but not IFM
programs or projects. Challenges in applying causal inference
methods to IFM include difficulty in observing a plausible harvesting
counterfactual and the challenge of isolating program effects when
so many IFM offset programs are currently being implemented with
different rules.

Studies estimating leakage rates from reducing harvest activities
have found a wide range of plausible leakage rates depending on
different locations, spatial scales, time horizons, and methodological
approaches. Some studies focused on national IFM programs
(primarily in the United States), while others focused on global
estimates. Studies in the United States context showed that leakage
rates are generally higher than those commonly used in the protocols.
In an econometric study of the effects of an 85% reduction in harvest
on public lands in the Pacific Northwest of the United States during
the 1990, Wear and Murray (2004) found substantial evidence of
output market leakage as softwood lumber prices increased by 15%.
They estimated that nearly 84% of the timber harvest restriction
shifted to unrestricted areas. Of that 84% leakage, they found that
43% in the region, 15% in other U.S. markets, and an additional
26% in Canadian markets. Using a general equilibrium model, Gan
and McCarl (2007) estimated leakage rates from U.S. forest offset
programs to be in the 75-78% range, including both domestic and
global leakage.

One challenge in applying rates from the published literature
to the protocols is that most, rather than quantifying leakage in
units of carbon, estimate leakage of another metric like harvested
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TABLE 3 Summary of leakage treatment in IFM protocols.

Protocol

Market

leakage rate

Leakage
timing

Can leakage
be positive?

How leakage
is deducted?

10.3389/ffgc.2023.958879

Accounts for
market
leakage?

Monitors for
activity
leakage?

ACR 0, 10, and 40% Consistent No % reduction in total Yes Yes, landowner
credits issued must demonstrate
that there is no
activity leakage
beyond de minimis
levels
ARB 20% Inconsistent No % of difference Yes No
between project and
CAR-U.S. 20%* Inconsistent Yes, but only to earn baseline onsite Yes No
back past carbon harvested
CAR-Mexico 20% Consistent leakage deducted Yes No
VCS—VMO0010 0, 20, 40, and 70% Consistent No % of net emissions Yes Yes, landowner
from harvesting in must demonstrate
the baseline that there is no
activity leakage
VCS—VM0012° 0, 20, 40, and 70% Consistent No % of difference Yes
between project and
VCS—VMO0003 0 and 10% for short Consistent No baseline emissions Yes
extensions, 0, 20,
40, and 70%
otherwise
VCS—VMO0005 0, 20, 40, and 70% Consistent No % of net carbon Yes No
stock change in the
baseline

#Except version 3.0 used a sliding 0-80% scale depending on how much harvesting was reduced compared to the baseline.
bVM0012 also allows projects in North America to apply the CAR leakage deduction (20%). Based on leakage formula in Murray et al. (2004).

wood products (Wear and Murray, 2004) or economic welfare (Gan
and McCarl, 2007). Murray et al. (2004) and Murray et al. (2005)
applied modeling frameworks that estimate carbon leakage directly.
Murray et al. (2004) showed that domestic leakage rates (ignoring
international leakage and focused on carbon instead of timber) for
forest offset set-aside programs in the United States can vary from
16 to 68% depending on where the offset occurs in the country
and carbon density of the protected forest. Murray et al. (2005)
also conducted extensive carbon leakage analysis of forest sector
carbon programs but did not focus explicitly on improved forest
management is the focus of the protocols reviewed here.

Sun and Sohngen (2009) used a global economic optimization
model and found that set-aside programs applied globally, which
permanently reduced the land available for forest harvest, resulted in
leakage rates of 47-52%, depending on the specific land taken out of
production. Several studies in countries other than the United States
showed significant variation in IFM leakage rates. Kallio and Solberg
(2018) estimated leakage rates of 60-100% from harvest reduction
projects in Norway. While the model had a relatively limited temporal
and carbon accounting framework, it found that the variation in
leakage rates is driven by the degree of harvest reduction, the type
of forest product considered (e.g., pulpwood vs. sawlogs), and the
forest product supply elasticity. By contrast, Sohngen and Brown
(2004), estimated leakage rates of 2-38% for a Bolivian forest set-
aside program. The country-to-country differences were likely driven
by the country’s integration into global wood product markets.

Based on findings from the literature and factors identified
in Murray et al. (2004), leakage risk is likely to be highest in
tight timber markets with responsive supply and in regions where
non-participating land can produce similar timber products. One
important caveat is that the economic equilibrium models used in the
academic literature assumed that all actors have perfect information
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and as a result may slightly overestimate leakage risk in practice
when markets are slower to adjust. More research is needed to update
and refine understanding of leakage in IFM carbon projects. One
particularly important area of future research is in leakage from
short-term harvest deferrals.

2.2.2. Activity leakage

There is variation in how the protocols consider market vs.
activity leakage. CAR and ARB do not distinguish between market
and activity leakage; any activity leakage is effectively included in
the 20% market leakage rate. ACR and VCS monitor activity leakage
separately. Under both of these registries, if production declines
by more than 5% relative to the baseline, the landowner must
demonstrate that no leakage occurs on other lands they manage or
operate outside of the offset project. Landowners can demonstrate
that no activity leakage occurs with historical harvesting records, or
forest management plans prepared at least 2 years prior to the start
of the project showing no change in harvesting on non-project lands
with the implementation of the offset project. ACR includes a third
option where landowners can demonstrate that they are not engaging
in activity leakage if all lands owned by the landowner are certified as
sustainable, such as by the Forest Stewardship Council (FSC).

These requirements prevent the most flagrant violations of
activity leakage, but there are plausible cases when activity leakage
might still occur. For example, a landowner could write a forest
management plan with increased levels of harvesting and then
enroll part of their lands in a carbon project 2 years later. As
another example, FSC certification does not prevent any increase
in harvesting, and thus activity leakage could easily occur on FSC-
certified land. On the other hand, cumbersome activity leakage rules
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may prevent timberland owners from being able to enroll portions of
their forest holdings as carbon projects due to the inability to manage
unenrolled lands in response to changing wood product markets.

2.2.3. Timing of the leakage deduction

In addition to market leakage rates, the timing of the leakage
deduction can have large effects on the number of credits issued.
Prior research found that the ARB and CAR-U.S. protocols tend
to greatly over-credit at the start of each project, due to a timing
mismatch in the construction of the baseline scenario (Haya, 2019;
Haya and Stewart, 2019). Most ARB IFM projects start with carbon
stocks far above estimated baseline levels; initial carbon stocks 40—
50% higher than baseline levels are typical (Haya, 2019). This is based
on the assumption that without the offset program, timber would be
aggressively harvested, reducing onsite carbon stocks substantially.
This initial onsite carbon above the 100-year-average baseline is
credited in the first reporting period, promptly generating a large
number of credits without requiring any change in land management.

However, the displacement of harvesting (leakage) associated
with that large reduction in harvesting is not all deducted in the
project’s lst year, but rather is deducted evenly over the 100-year
life of the project. This results in over-crediting at the start of the
project, which is gradually paid back over the project life. We are
not aware of any academic literature that has examined the correct
timing of harvest displacements in timber markets. A conservative
approach would apply the leakage deduction in the year that harvest
was assumed to occur in the baseline and is credited by the project.
Haya (2019) estimated that this correction would reduce the number
of credits generated by the ARB protocol by 35%, and if the correction
were combined with a higher leakage rate of 40-80%, crediting would
be reduced by 51-82%. Levels of over-crediting would be even higher
if reversals were not adequately monitored and compensated for after
the end of the final reporting period in which credits were issued
(Haya, 2019). The CAR-Mexico, ACR, and VCS protocols do not have
this timing issue.

Leakage can also result in positive carbon outcomes when the
project increases timber harvesting, thus leading to less harvesting
elsewhere. None of the protocols account for reverse leakage from
increased harvesting compared to the baseline, which is a form of
conservativeness built into the protocols. Only the CAR protocols
allow for reverse leakage to be counted if cumulative leakage from
the project start is positive. While accounting for leakage annually is
more conservative, cumulative leakage accounting may create more
incentive for forest owners to decrease harvesting temporarily and
conduct thinning to enable increases in harvesting later from an
older, better managed forest.

2.2.4. Recommendations on leakage

Leakage is a complex economic phenomenon that is both hard
to quantify and likely varies considerably across many dimensions,
including IFM project type, location, and supply and demand
conditions. The risk of over-crediting due to leakage would be
reduced considerably if baselines were set more conservatively as
described above. More conservative baselines that involve no or little
difference in harvesting compared to the project would involve lower
estimates of leakage, and so uncertainty in the leakage rate would have
less impact on the number of credits generated.
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ARB and CAR-U.S. protocols, which attribute leakage evenly over
100 years, are likely to over-credit significantly in the 1st year of each
project that chooses a baseline lower than initial carbon stocks (which
is the case for most projects). This source of over-crediting can be
easily removed if leakage were deducted at the same time that the
onsite benefits of reducing harvest are credited.

Current literature does not provide much guidance on the
appropriate leakage rate to apply in specific contexts. Generally,
the literature supports higher leakage rates than are currently used,
although there are only a few studies that are mostly decades old
and based on national or global economic equilibrium models or
statistical evidence from large policy changes. For projects that
reduce harvesting permanently, a higher leakage rate than those
used by current protocols would be conservative given the large
uncertainties. However, there is a risk that large, immediate leakage
deductions may discourage extended rotation projects with only
temporary leakage risk. This may be partially remedied without over-
crediting by assuming leakage plays out over several years. This would
strike a balance between the ARB and CAR-U.S. protocols (which
average baseline harvesting, and therefore leakage deductions, over
100 years), and ACR, VCS, and CAR-Mexico protocols (which deduct
leakage immediately). In addition, assessing leakage cumulatively
would better reflect the impact of projects that defer rather than
reduce harvesting. Currently only the CAR protocols credit projects
for reverse leakage when increased harvesting compared to the
baseline is likely to cause less harvesting elsewhere. These credits
can be earned if cumulative emissions from leakage over the project
lifetime are still positive. Lastly, discretion for projects to choose
the leakage rate, as offered by all VCS protocols reviewed, has the
potential to lead to under-counting leakage impacts.

2.3. Durability

Carbon stored in ecosystems is inherently impermanent. Forest
carbon can be released through natural occurrences like fire, drought,
disease, and wind, and through human actions like harvesting and
land use conversion. Protocols address these risks of reversal with
commitments to maintain carbon storage over a designated period
(the project term), incentives to design projects to reduce reversal
risk, and recourse if reversals do occur.

The project term describes the length of time during which
a project is contracted to maintain credited carbon stocks. Some
protocols create incentives for forest management that reduces
reversal risk. All registries host an insurance buffer pool to replace
credits if a reversal does occur. Buffer pool contributions are designed
to cover the calculated likelihood that those carbon stocks will be
reversed, i.e., re-emitted to the atmosphere. Programs and projects
vary widely across project term, risk of reversal, and reversal recourse.

The reviewed protocols have varied project terms that range from
a year to a century (Table 4). The CAR-U.S. and ARB forest offset
protocols have the longest project terms: 100 years from the date of
credit issuance. By contrast, other protocols define the project term
from the project start date rather than from the last credit issuance.
For example, a VCS project with a term of 30 years may generate
credits in year 20 that are only guaranteed for the remaining 10 years.

For large registries, buffer pools can be made up of a large,
diverse pool of credits that offer significant risk mitigation for

frontiersin.org


https://doi.org/10.3389/ffgc.2023.958879
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org

Haya et al.

TABLE 4 Durability terms and buffer pool contributions (+ one standard
deviation) across offset protocols.

Minimum Recourse

term

Registry

ACR 40 years* 23.5 & 2% buffer pool, for both intentional

and unintentional reversals

ARB 100 years 16.1 =+ 2.8% buffer pool reversal risk
assessment includes unintentional and
intentional reversals; intentional reversals

must be replaced with similar credits

CAR-U.S. 100 years 7.7 £ 2.6% buffer pool, intentional reversals

must be replaced

CAR-Mexico 1 year 8% buffer pool, primarily for unintentional
reversals but can be used at the discretion of

CAR

VCs 20 years*® 17.4 +£ 11.4% buffer pool, for both intentional
and unintentional reversals. Verra is the only
registry that allows buffer pool credits to be
returned to the salable credit pool as the risk
of reversal within the project lifetime

diminishes over time.

*From project start date, not the date credits are issued. Verra is considering extending the
monitoring of reversals into the post-crediting period for compensation by the buffer pool.

individual projects. Each protocol has a different approach to
allocating buffer pool credits. Intentional reversals can include, for
example, negligence on the part of the project developer or active
harvesting. Unintentional reversals include natural reversals, like fire
and disease, and human-caused reversals that are outside the control
of the project operator. Notably, the ACR and VCS buffer pools can
be used to cover both intentional and unintentional reversals, while
ARB, CAR-U.S., and CAR-Mexico buffer pools can only be used
to cover unintentional reversals. Under these protocols, intentional
reversals must be replaced. VCS allows a portion of buffer pool credits
to be returned to the salable credit pool if the risk of reversal within
the project lifetime can be shown to decline over time.

2.3.1. Do the protocols adequately ensure
durability?

Project terms are highly variable across protocols, but even the
longest term (100 years) does not constitute a truly permanent offset
equivalent to reducing fossil fuel emissions. Forest credits used to
offset fossil fuel emissions convert carbon permanently stored as
fossil fuels into carbon stored in trees in the short-term carbon cycle.
If the end of a project term represents a reversal event, then non-
permanent carbon storage (like all IFM projects) can more accurately
be understood as delaying, not fully neutralizing, emissions (Herzog
et al., 2003). Decisions about the appropriate duration of carbon
storage fundamentally depend on assumptions about the future,
and academics have called the default choice of 100 years “political”
(Archer et al., 2009; Allen et al., 2016). In practice, project terms in
IFM projects can range from 1 to 100 years, and there is not yet a
widely adopted framework for comparing these different terms. Even
taking for granted that these projects do not represent permanent
offsets, questions remain about whether the current approach
(relying on buffer pools) can achieve the promised durability.

1 https://verra.org/wp-content/uploads/2021/12/LTRMS-Public-Consultati
on.pdf
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Three key limitations of buffer pools could critically undermine
their usefulness. First, none of the reviewed protocols take climate
change into account in estimating buffer pool allocations and so
may not reflect increasing risks of reversal over decadal time scales.
For example, the ARB protocol for U.S.-based projects includes
a buffer allocation of 2-4% for fire, 3% for biotic risks, and 3%
for “other episodic catastrophic events” (e.g., drought). However,
because annual acreage of forest fires in the United States is projected
to quadruple by the end of the century even under a moderate
emissions scenario (Anderegg et al, 2022), current buffer pool
allocations may prove insufficient on the basis of wildfire risk alone.
If recent wildfire trends continue in the United States, the entirety
of the buffer pool for existing ARB projects will be consumed well
before its intended lifetime is up (Badgley et al., 2022a). The ACR
and VCS protocols have similarly low buffer allocations for natural
disturbances, although no systematic assessment of these buffer pools
have been conducted in the academic literature. A proposed VCS risk
calculation tool may remedy this by using Climatic Impact Drivers
(CIDs) to project increased risk.?

Second, some registries may not have a sufficiently diversified
offset portfolio to effectively mitigate risk through the buffer pool
mechanism. Such systemic risks may arise when a large proportion
of projects in a registry are similar and/or exist in a constrained
geographic area or ecological type. For example, the ARB compliance
offset pool, which is composed mostly of IFM projects entirely in the
United States (Badgley et al., 2022b), may be exposed to systemic
forest risks that decrease the efficacy of the buffer pool as a risk
mitigation tool.

Third, a buffer pool is defined by the quality of its constituent
credits. Buffer pools composed of low quality credits have little
value. Extensive work has shown systematic issues with additionality,
baselines, leakage, and carbon accounting for land-based offset
projects across protocols (e.g., Haya, 2019; West et al., 2020; Badgley
et al, 2022b). Further, the ACR protocol allows project developers to
put credits into the buffer pool from any ACR project (not just the
project under consideration), which creates a perverse incentive to
fill the buffer pool with low-value, potentially non-additional credits.

2.3.2. Recommendations on durability

Broadly, climate change is expected to push forest systems toward
younger, shorter, less carbon-dense forests (McDowell et al., 2020).
These future forests are expected to have higher rates of mortality due
to climate-exacerbated disturbances, making the carbon they store
less durable (Anderegg et al., 2020; McDowell et al., 2020). Many
types of disturbances are expected to increase in both frequency and
severity. Offset registries should incorporate these increasing risks
into the rules defining buffer pool allocations. If possible, reversal
risk should be defined in a spatially explicit way to reflect the fact
that different types of risks vary tremendously depending on the
location, species composition, and stand structure (Anderegg et al.,
2020). Further, existing protocols give minimal incentive to reduce
disturbance hazards and could be updated to more actively reward
management activities like prescribed burning, species selection, and

2 https://verra.org/wp-content/uploads/2019/02/Risk-Report-Calculation
-Tool-Guidance_DRAFT_v0.1.pdf
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thinning that increase resistance to reversals (Stephens et al., 2020;
Herbert et al., 2022).

New time accounting frameworks have been proposed to clarify
the value of shorter project terms. These fall into two broad
categories: vertical and horizontal stacking of offset credits. Vertical
stacking approaches, which include ton-year accounting like that
used by the CAR-Mexico protocol, involve purchasing multiple
short-term credits upfront to offset emitted CO,. The multiple
approaches to vertical stacking can have highly varied results
depending on which assumptions are made (Levasseur et al.,, 20125
Groom and Venmans, 2022) and have been criticized for simply
postponing climate impacts (Carton et al., 2021). Horizontal stacking,
sometimes called offset rental or leasing, involves repeat purchasing
of offset credits after they expire or after a reversal occurs (Herzog
et al., 2003), which, if adequately enforced, could ameliorate some of
the challenges of short durability terms.

2.4. Carbon accounting

Carbon accounting in the context of IFM protocols includes
a variety of measurement and estimation techniques that attempt
to accurately and precisely quantify carbon stocks in biomass and
harvested wood products, as well as changes in these stocks that
result from project activities (Table 5). Major sources of uncertainty
in estimating onsite carbon stocks in the biomass pools fall into
four categories: (i) accuracy of measurements in the field; (ii)
choice of allometric models (including selection of wood density
values and root:shoot ratios); (iii) sampling uncertainty related
to plot size; and (iv) sampling uncertainty related to statistical
representativeness of the plots within the whole landscape (Chave
et al., 2004; Temesgen et al, 2015). For the soil and litter pools,
substantial uncertainty exists around both the processes of organic
carbon cycling, as well as accurately quantifying highly variable
carbon stocks across space. Lastly, uncertainty surrounding carbon
benefits from harvested wood products primarily relates to life cycle
considerations, such as duration of use or potential climate benefits
from product substitution.

All protocols include estimation of carbon stocks in aboveground
and belowground biomass, with the exception of the VCS protocol
for the Conversion of Logged to Protected Forests (VM0010), which
presumes that root biomass is likely to remain constant or moderately
increase. Typically, when a carbon pool is excluded from project-
level carbon accounting, the decision is justified by an assumption
that the change in the pool will be negligible under approved project
activities, or will result in net carbon accumulation and thus can be
excluded for conservative estimation. For example, in the context
of the soil carbon pool, the stock is only estimated and included
in project emissions to subtract losses from disruptive management
activities or site preparation from a project’s carbon benefit. Carbon
pools with relatively smaller stocks compared to living tree biomass,
such as standing or lying dead biomass or aboveground non-tree
vegetation, are included or excluded on the basis of whether the
activities eligible under the protocol are likely to have significant
impacts on these stocks.

We discuss the protocol methods for estimating carbon in
aboveground biomass, belowground biomass, soil carbon stocks,
and harvested wood products in the following sections. Further, we

Frontiersin Forests and Global Change

11

10.3389/ffgc.2023.958879

identify several accounting practices that may be uncertain or yield
systematic errors in carbon accounting.

2.4.1. Aboveground biomass

The protocols employ standardized approaches to measurement
of aboveground carbon stock changes. High level-guidance
from the IPCC tends to distinguish between “stock change”
vs. “flux” approaches to measuring carbon sources and sinks.
While “flux” approaches measure GHG exchanges to and from
forested systems, “stock change” approaches quantify carbon
stocks across pools as well as the changes in them. The protocols
that we reviewed primarily use stock change approaches, which
include plot-based inventories with extrapolation to the project
area, field measurement of trees, and use of allometric equations
(which describe non-linear relationships between a tree’s biomass
and its more easily measured parameters, such as its height
and/or diameter).

The protocols tend to provide appropriately rigorous, high-level
guidance on inventory design under a stock change approach that
aligns with recommendations from the [IPCC (2019). Forest structure
and composition (and thus aboveground biomass) can be highly
variable. The protocols allow flexibility in carbon accounting such
that project developers can adapt methods to local conditions and
efficiently conduct monitoring, reporting, and verification. Protocols
allow either permanent or temporary sample plots (ACR, ARB) as
well as stratified random or systematic random plot designs (CAR-
U.S.). Both approaches can produce unbiased and precise estimates
of aboveground carbon stocks, but will depend on local forest
structure and composition as well as the field inventory design used.
IFM projects in regions with fewer relevant datasets may use less
appropriate allometric equations and thus less robust estimates of
aboveground biomass (Yuen et al,, 2016). Depending on the methods
used, overestimation of aboveground carbon stocks can occur
(Clough et al., 2016), but this is likely to be less consequential to the
overall validity of a forest carbon project than other considerations
(e.g., baselines and leakage).

Methods for quantifying forest carbon stocks and their changes
are rapidly evolving, including through the integration of field-based
methods and remote sensing. Although challenges associated with
accurately measuring changes in below-canopy forest structure for
some remote sensing types (e.g., optical imagery) may limit their
application to IFM projects (Asbeck and Frey, 2021), we expect
technological advances to improve its future utility. However, a full
discussion of these future opportunities is out of scope of this study,
and we refer the reader to other reviews of the topic (Goetz and
Dubayah, 2011; Xiao et al., 2019).

2.4.2. Belowground biomass

Belowground biomass refers to living roots, typically comprising
15-25% of total living biomass in a forest (Jackson et al., 1996). The
belowground biomass pool does not include soil carbon, microbial
carbon, or dead roots (although living roots contribute directly to
each of these other pools via complex processes including root death,
root exudates, and interactions of mycorrhizal fungi). Belowground
biomass estimation models vary widely across protocols. Because
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TABLE 5 Summary of carbon pools in IFM protocols.

10.3389/ffgc.2023.958879

Protocol Carbon pool
Aboveground Aboveground Belowground Standing Lying o]l Wood
treebiomass non-tree biomass carbon products
biomass (in-use)
ACR Included Included Included Included/ Optional Excluded Excluded Included
optional
ARB Included Included Included Included Excluded Excluded Included/ Included
excluded®
CAR-U.S. Included Excluded Included Included Excluded Excluded Included® Included
CAR-Mexico Included Included® Included Included Excluded Excluded Excluded? Excluded
VCS VM0010 Included Excluded Excluded Excludeds Excluded’ Excluded Excluded Included
VCS VM0012 Included Excluded Included Included Included Excluded Excluded Included
VCS VM0003 Included Excluded Included Conditional® Conditional Excluded Excluded Conditionalf
VCS VM0005 Included Excluded Optional Included Included Excluded Excluded Included

2Soil carbon must be included in the Offset Project Boundary if (1) Site preparation activities involve deep ripping, furrowing, or plowing where soil disturbance exceeds 25% of the Project Area over

the Project Life, or (2) mechanical site preparation activities are not conducted on contours.
bIncluded for estimating site preparation emissions.
“Included for estimating site preparation emissions.

dSite preparation with deep ripping techniques may require suspension of forest carbon credits for a number of crediting periods directly proportional to the area of the site impacted.

¢Dead wood stocks can be excluded unless the project scenario produces greater levels of slash than the baseline and slash is burned as part of forest management. If slash produced in the project

case is left in the forest to become part of the dead wood pool, dead wood may be excluded. Project proponents may elect to include the pool (where included the pool must be estimated in both the
baseline and with project cases) as long as the dead wood pool represents <50% of total carbon volume on the site in any given modeled year.
fThe protocol provides an approach for accounting for this pool, but also allows for exclusion of wood products if transparent and verifiable information can demonstrate that carbon stocks in wood

products are rising faster in the project case than in the baseline or are decreasing faster in the baseline than in the project case.

&Dead wood from logging (slash) is included in the baseline.

empirical measurement of belowground biomass is difficult and time-
consuming (requiring excavating, cleaning, sorting, and weighing
roots), belowground biomass is estimated indirectly based on
aboveground biomass measurements. The IFM protocols estimate
belowground biomass using allometric equations or root:shoot
ratios, which are inherently unable to capture detailed natural
variation and, additionally, may introduce systematic errors by being
inappropriately matched to the system in question (Ledo et al., 2018).
Root:shoot ratios assume that belowground biomass occurs in a fixed
ratio to aboveground biomass, whereas allometric equations allow for
non-linear relationships.

VCS protocols tend to provide the greatest flexibility in ratio
selection for belowground biomass estimation. VCS establishes
basic criteria for eligible models, including peer-review, appropriate
parameterization, and consistency with the original scope of
the study. Regions with more abundant literature documenting
root:shoot ratios enable developers to select estimates that produce
the greatest number of credits. For example, VM0003 allows for use
of the standard root:shoot ratios cited in Cairns et al. (1997), or
any root:shoot value from research literature or national inventories
with comparable climate and forest type. VMO0012 is more stringent,
requiring the use of the Cairns et al. ratios unless project-specific
measurements have been taken. VM0010 is the only protocol that
excludes belowground biomass entirely.

Both CAR and ARB require that projects in Washington,
California, and Oregon use the Cairns et al. ratios. For other
contiguous states, CAR and ARB protocols provide region-specific
component ratio methods (which further divide aboveground and
belowground biomass into subcompartments). ACR requires use of
USFS merchantable volume equations tailored for region and species,
which are then extrapolated to belowground biomass using ratios in
Jenkins et al. (2003).

Frontiersin Forests and Global Change

Because relatively little empirical belowground biomass data
exists for validating either the allometric or root:shoot ratio
approaches, it is not well-understood which of these approaches
is preferable, what magnitude of error they may introduce, and
whether they systematically over- or underestimate belowground
biomass according to vegetation type, region, or climate regime
(Xing et al., 2019). Across protocols, the Cairns et al. (1997) and
Jenkins et al. (2003) reviews underpin nearly all belowground
biomass estimates in IFM projects. Efforts to “spot-check” the
validity of these simple modeling approaches have sometimes
revealed large errors: for example, Xing et al. (2019) used empirical
data to reveal that a root:shoot ratio approach overestimated
belowground biomass in a Canadian poplar forest by between 18
and 42%.

2.4.3. Soil carbon

Soils comprise 56% of the carbon stock within managed
ecosystems across the United States, and 80% of the terrestrial carbon
pool globally (Lal, 2008; Domke et al., 2017). IFM protocols rarely
require the measurement or estimation of soil organic carbon (SOC)
stocks and fluxes due to the assumption that changes in the soil pool
are negligible relative to credit volumes and due to the considerable
expense and logistical challenge of measuring the soil carbon stock
accurately and comprehensively (Paustian et al, 2019). ACR and
VCS IFM protocols fail to account for advances in soil science, and
potentially omit declines in SOC caused by certain IFM practices.
In some instances this omission could enable over-crediting by
neglecting substantial losses in soil organic matter that are likely not
recuperated during the crediting period (Johnson and Curtis, 2001;
Jandl et al., 2007; Noormets et al., 2015; Johnson and Henderson,
2018). A growing body of literature indicates that site preparation and
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ongoing management can cause significant disturbance to soil stocks,
especially in litter, organic, and topsoil carbon pools, partially eroding
the benefits of biomass stock increases (Jandl et al., 2007; Achat et al.,
2015). In the crediting context, the primary consideration should be
whether soil disturbance and SOC stock declines under IFM exceed
the baseline.

Some IFM practices, such as extended rotation and retention
of coarse woody material, are unlikely to yield significant or
persistent changes in the soil carbon stock, and may prevent
SOC losses that may have occurred under the baseline (Mayer
et al, 2020). In contrast, mechanical site preparation, such as
thinning, planting, removal of brush or shrubbery, or partial
harvesting, may have significant and long lasting negative
impacts on the SOC pool (Walmsley and Godbold, 2010; Zhang
et al, 2018). The CAR and ARB protocols most appropriately
and conservatively include these fluxes by requiring that
projects with site preparation, harvesting, or treatment (deep
ripping, furrowing, or plowing where soil disturbance exceeds
25% of project area or is not done on contours) estimate
the loss of soil carbon as a product of biomass removal,
mineral soil exposure, and frequency of disturbance. Estimated
carbon stocks and losses are calculated using predetermined
coefficients, which are determined by the soil order, harvesting
intensity, disturbance frequency, site treatment, and tree
type composition.

This is aligned with a growing body of evidence demonstrating
that harvesting can yield losses between 8 and 11% in the top
meter of soil (James and Harrison, 2016). Similarly, thinning and
removal of dead biomass reduce organic matter inputs, compact
topsoil, mix soil layers, and reduce the total SOC stock (Mayer et al.,
20205 Kaarakka et al., 2021). These impacts are most substantial in
the organic layer and topsoil (0-10cm) even under conventional
thinning practices, demonstrating losses of ~25 and 5% of total
SOC stock 10 years after management, respectively (Achat et al.,
2015). SOC stocks are not homogenous and can be considered
relatively recalcitrant or labile depending on the degree to which
the carbon is mineral-associated or particle-associated organic matter
(Lavallee et al., 2020). On average, the top 20 cm of forest soils in the
United States contain ~230 tCOj/ha (Cao et al., 2019), thus a loss
of 15% of this stock across only 20% of the project area may reduce
total project credits on the order of 7 tCO;/ha. For context, across
the 74 projects reviewed by Badgley et al. (2022b), credit issuances
averaged 73 tCO;/ha, implying an average project could over-credit
by 10% or more without violating CAR or ARB SOC stock estimation
requirements. However, this is only relevant to crediting outcomes
if the SOC stock under IFM declines more substantially than the
baseline, which is unlikely in projects that involve a reduction
in harvesting.

Only CAR and ARB allow for the inclusion of the SOC pool,
and require it if the stock is likely to decline due to site preparation
disturbances or other management activities. Appropriately, none
of the IFM protocols include an option for additional crediting
from increases in SOC. All VCS and ACR IFM protocols presume
that impacts on soil carbon would be negligible or positive
relative to the baseline. To rigorously incorporate the impact
of SOC losses within IFM projects, protocols would need to
quantify not only the impact of project management practices,
but also the alternative impact to the soil carbon stock under the
baseline scenario.
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2.4.4. Harvested wood products (HWPs)

The harvest of biomass for use in wood products is included
in all reviewed IFM protocols with the exception of the CAR-
Mexico protocol, whose projects are not expected to significantly
alter the production of wood products. The ARB, ACR, CAR-U.S.,
and VCS protocols all offer detailed methodologies for estimating the
carbon stock stored in wood products. The methodologies require an
estimate of the carbon stock for both baseline and project HWPs. In
general, they follow a similar process where project proponents must
estimate (a) the volume of timber removed in the project and baseline
scenarios, (b) the merchantable carbon in these HWPs, the carbon
loss due to mill processing, and (c) the decay of HWP carbon in final
products and landfills over a 100 year horizon. This decay rate varies
based on the lifetime of the product category.

For example, in ARB and CAR-U.S. projects, carbon in HWPs
is annualized across a 100-year decay function to generate a HWP
“storage factor.” This means that each year, carbon flowing into the
HWP pool is immediately discounted to its 100-year average value. In
other words, a large portion of carbon reduced in the forest as a result
of harvesting is assumed to instantaneously decay. Since much of
that carbon is actually released over decades rather than immediately,
for the first 50 years of the project, if the project harvests less than
that projected in the baseline scenario carbon, which is the case for
most IFM projects, benefits and credits are overestimated. ACR and
VCS protocols use similar “storage factor” approaches for estimating
carbon in HWPs.

All of the protocols we reviewed exaggerate the emissions
associated with the production of HWPs by ignoring their
displacement of other fossil-intensive alternatives. Substitution
benefits are typically high for construction-based materials, such as
steel or concrete (Smyth et al, 2017; Geng et al., 2019) and vary widely
for energy products, such as biomass used to generate electricity and
heat, based on the product displaced (Cabiyo et al., 2021). Ignoring
these benefits results in some over-crediting and also shifts protocol
incentives toward projects that reduce harvesting.

2.4.5. Recommendations on forest carbon
accounting

The accuracy and precision of estimating forest carbon stocks
within IFM protocols should improve over time as measurement
technologies, inventories, allometric equations, and root:shoot ratios
improve. IFM protocols generally provide appropriate selection
criteria for plot distribution, measurement, and carbon stock
estimation and distribution methods. The accuracy of a given site’s
carbon stock estimate is likely to be most significantly impacted by
the availability of regionally tailored and species-specific allometric
equations and root:shoot ratios to approximate the impact of
IFM practices on biomass distribution. Accounting for carbon in
harvested wood products is more straightforward than estimating
carbon in the ecosystem, and unnecessary over-crediting in the early
decades of a project could easily be avoided by modeling HWPs in a
temporally realistic way instead of immediately discounting them to
their 100-year “storage factor.” Lastly, the protocols should account
for potentially significant and lasting losses in soil carbon pools as a
result of disruptive site preparation and management methods. While
CAR and ARB have already incorporated literature-driven methods
to account for reductions in the soil carbon stock of a project, more
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research is needed to understand how specific practices, species, and
soil types respond to interventions.

3. Discussion and conclusions

Carbon offsets have the potential to direct substantial funds
into improved forest management, helping realize the potential for
forest management to sequester carbon and achieve a range of other
environmental and societal benefits. Carbon offset quality matters.
Offsets are designed to compensate for known GHG emissions,
reducing the overall cost of meeting an emissions target. If they
generate more credits than their actual impact, they can reduce and
obscure the efficacy of climate change mitigation efforts. In this paper,
we compare the offset protocols that have generated offset credits
from IFM globally with literature on quantifying carbon impacts
from IFM activities. Focusing on all major elements of carbon
accounting—baselines, additionality, leakage, durability, and carbon
pool quantification—we document shortcomings of each protocol,
and suggest specific ways they could be improved to reduce the risk
of over-crediting.

The most important area for reducing over-crediting is changing
the way baselines are determined. All protocols, except for CAR-
Mexico, offer substantial flexibility in setting project baselines. When
there is flexibility, project developers have a financial incentive to
choose the option that generates the most credits. ARB and CAR-
U.S. allow the developer discretion to use any modeled baseline that
is financially, legally, and contractually feasible, and not below the
minimum allowed baseline, which is defined as the regional average
for most projects. With that discretion, most developers choose
baselines at or very close to minimum allowed levels (Badgley et al.,
2022b).

Similarly, for the ACR protocol, baselines are defined as
the scenario with the highest net present value (NPV) for the
landowner. While NPV is a conceptually accurate way to predict
land management for industrial forest owners, it is not a good
predictor for many landowners seeking to manage for multiple uses,
like recreational or ecosystem benefits. Further, it can be difficult for
verifiers to assess NPV claims due to information asymmetries. All
four VCS protocols provide developers with flexibility in choosing
the baseline scenarios. Only the CAR-Mexico protocol prohibits
baselines below initial carbon stocks, but the ability for project
developers to choose any crediting period between 1 and 100 years
increases the risk of non-additional crediting.

In the current market, flexible baseline setting rules have resulted
in a large portion of credits being generated from claims that
projects prevent forest carbon loss with large reductions in timber
harvesting. These projects look more similar to conservation or
avoided degradation projects than to improved forest management.
While these baselines might be accurate for some projects with
potential for real climate benefit, the flexibility all protocols give can
lead to significant over-crediting.

Several changes to the protocols could result in more accurate
and conservative baselines. Baselines set at current levels or past
practice for the particular parcel (not for a broad regional average)
or with dynamic baselines or NPV for some forest lands are
more conservative than current methods that have systematically
resulted in aggressive harvesting baselines. Choosing baselines at
or close to initial carbon stocks, and avoiding the deep baselines
currently used allows landowners to be credited for changing their
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land management practice (compared to the past, present, or other
similar lands dynamically), rather than for not changing it. Avoiding
aggressive harvesting baselines would also lessen over-crediting from
leakage and harvested wood product accounting and improve the
effectiveness of reversal buffer pools by improving the quality of the
credits in them.

NPV baselines are justifiable for industrial timberland owners
who can show a history of management consistent with NPV and who
have steady access to contract labor and mills. Dynamic baselines,
while unproven in the market, offer a number of advantages because
they can adjust to market conditions over time. However, until
dynamic baselines are applied to real-world settings, their strengths
and weaknesses may not be completely understood.

All of these baseline setting methods still risk over-crediting due
to adverse selection. Adverse selection can occur because landowners
that do not need to change their forest management practice to earn
offset credits are the most likely to participate and earn credits against
standardized rules, undetected due to information asymmetries.

While setting more conservative baselines is likely to remedy
a large portion of over-crediting risk under current protocols, we
identified several other areas where the current protocols could be
better aligned with the scientific literature.

One important correction to the ARB and CAR-U.S. protocols
is to fix a contradiction in the baseline scenario. Currently, in the
Ist year of a project, landowners are rewarded for the difference in
onsite carbon stocks between actual onsite carbon stocks and the
often much lower baseline level, while deductions for leakage and
carbon in harvested wood products in that year are based on 100-
year average harvest rates. A straightforward correction is to assume
levels of harvesting in the baseline that match any assumed drop in
onsite carbon stocks. In order to avoid discouraging projects that
extend rotations by reducing harvesting for short periods, leakage
deductions could be applied over several years, and all protocols
could account for positive leakage cumulatively rather than annually
when harvesting is larger in the project than in the baseline scenario.
Similarly, protocols could avoid over-crediting by crediting against
temporally explicit HWP decay functions rather than using static
HWP “storage factors” for a given time period.

The science on leakage is not yet robust enough to develop
rules that satisfactorily address leakage risk from projects that reduce
harvesting. The protocols have opted to apply low leakage rates,
which are generally inconsistent with the scant literature available.
It would be prudent to apply higher leakage rates until new data and
methods can be developed to support a more refined approach.

The protocols likely under-allocate credits to the buffer pool,
in large part because they do not adequately address the increasing
risk of reversal due to climate change. Larger buffer pool deductions
along with regularly updating the protocols based on the latest
science would help to address this issue. Protocols may also consider
incentivizing, and avoid dis-incentivizing, practices that reduce
carbon in the short run but increase resilience in the long-run, like
thinning and fuels treatments that reduce the risk of catastrophic
wildfire (Hurteau et al., 2011; North and Hurteau, 2011; Herbert et al.,
2022).

Finally, methods for estimating onsite carbon stocks in the
protocols allow for a great deal of flexibility. If implemented properly,
current rules are sufficient to ensure high integrity. However, this
flexibility also allows for less accurate carbon accounting, including
through the use of reference literature for allometric equations
and root:shoot ratios that may not be appropriate or conservative
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for the project under development. While the implications of this
flexibility have not yet been systematically studied in the context of
IFM projects, it appears to be relatively less consequential than the
baseline, leakage, and durability issues identified above.

These changes will significantly reduce the risk of over-crediting
and bring protocols more in line with the scientific literature.
Still, we highlight one persistent challenge with ensuring the
quality of IFM offset credits: uncertainty in the true baselines. Our
recommendations reduce, but do not eliminate, the risk of over-
crediting from baseline choices. Due to the inherent uncertainty in
true baselines, baseline setting rules necessarily involve a tradeoff
between false positives and false negatives (Trexler et al., 2006).
If baselines err on the side of inclusiveness, allowing projects to
choose baselines well below initial carbon stocks can accommodate
worthwhile projects on lands at risk of degradation or conversion, but
this flexibility also allows lands not at high risk of being degraded or
converted to choose similar baselines, leading to over-crediting (false
positives). Choosing more conservative baselines as we recommend
means that some valuable projects will earn fewer credits than
their true climate impact and some opportunities for real climate
mitigation will be missed (false negatives). The greater the baseline
uncertainty, the greater the tradeoff between false negatives and false
positives. Setting the baseline at the average, given uncertainty, is not
sufficient to avoid over-crediting because of information asymmetry
and adverse selection.

Another potential solution to the inevitability of adverse selection
(and more broadly, the incentive for project developers to take
advantage of flexible rules to choose the option that results in the
most credits), is to build more sources of under-crediting into the
protocols so that if over-crediting occurs for any particular project,
the integrity of the portfolios of projects under a protocol as a whole
is not compromised.

If a higher burden of evidence for quality was required across
the whole offset market, the number of credits generated by each
project would shrink, and the price would go up. Poor quality of
IFM and other project types keeps offset prices lower than what
is needed to effectively drive mitigation without over-crediting.
Expected growing demand in the voluntary market and constrained
supply will likely push carbon prices higher in the future allowing
offsets to play a larger role in driving real change with more
accurate protocols.

IFM has a large potential to reduce emissions and sequester
carbon through forest restoration, conservation of ecologically
important forests, increased stand productivity through changed
management, extended rotations of working forestlands, restoration
of degraded forests, and reduced-impact logging. Carbon offsetting
has the potential to create meaningful incentives to achieve this
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Recent allegations of widespread over-crediting in the voluntary carbon market (VCM) have raised questions of whether the dominant revenue model of
offset standards bodies financially incentivises those involved to maximise issuance while compromising integrity.

Recent allegations of widespread over-crediting in the voluntary carbon market (VCM) have raised questions of whether the dominant revenue model of offset standards bodies financially
incentivises those involved to maximise issuance while compromising integrity.

The environmental integrity of carbon offsets in the VCM has come into focus in 2023 after media articles and academic papers alleged numerous instances of over-crediting within Verra-

registered REDD+ avoided deforestation undertakings (https://carbon-pulse.com/188182/) and Gold Standard (GS) and CDM-developed clean cookstove projects (https://carbon-pulse.com/195650/) .

This has caused some VCM participants to halt credit sales (https:/carbon-pulse.com/189380/) from affected projects and deepened an ongoing loss of buyer confidence (https://carbon-pulse.com/181420/) in
REDD+ offsets — as reflected in lower credit prices (https:/carbon-pulse.com/195450/) and activity (https:/carbon-pulse.com/195192/) — though registries have contested the accuracy of the investigations

(https://carbon-pulse.com/189728/) , and Verra has pledged to undergo (nttps://carbon-pulse.com/191924/) a sweeping revamp of its practices that predates recent media reports.

A common thread underlying offset issuances across the VCM is registries’ revenue models, wherein self-regulated firms get paid through their business of issuing verified emissions reduction
(VERs) credits based on methodologies for which they charge fees to approve.

Most registries that function as non-profit organisations issue carbon credits while operating on a $/credit revenue model, ratcheting up issuance fees as they award VERs.

The more credits the certifiers pump out, the more money comes back to them in fees, boosting their coffers and potentially providing a financial incentive to overlook problems that could
interrupt that income stream, in turn risking irreputable damage to efforts many see as crucial in tackling emissions.

“The $/credit fee structures encourage maximum credit issuance and financially discourage efforts to restrict over-crediting, so this revenue model — whether for-profit or non-profit — contributes

to core structural problems in the voluntary carbon markets,” Danny Cullenward, research fellow with American University’s Institute for Carbon Removal Law and Policy, told Carbon Pulse.

Pricing per credit can vary, and publicly advertised fees are garnered through the life of an offset project that uses registry-approved protocols and methodologies to calculate the number of VERs

eventually doled out.

Carbon Pulse has assessed registry issuance fees for the four main VCM standards bodies — Verra, GS, American Carbon Registry (ACR), and Climate Action Reserve (CAR) — along with related

fees to review methodologies, validate, verify, and convert units (see table below).
ISSUES WITH ISSUANCES?
Elias Ayrey, co-founder and head scientist of offsets rating agency Renoster, estimated VCM over-crediting to sit at around 75% of total issuance.

A total of nearly 1.5 billion VCM credits have been issued thus far according to the Climate Focus dashboard, with Verra’s Verified Carbon Units (VCUs) making up nearly 1.1 bln — or 71.7% —
of total offsets distributed.

GS follows with a 16.5% share of the VCM, ACR with a 6.1% market share, and CAR with 5.2%.

Verra’s net assets nearly quadrupled (https:/carbon-pulse.com/194038/) between 2019 and 2021 as carbon credit issuances spiked, with levies from the organisation’s various carbon a nefits

standards amounting to $37.5 mln for the firm in 2021 — some 92% of its revenue — according to financial statements.
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In the US, registered non-profits are required to reinvest profits at the end of the year into growth, not pay dividends to shareholders, and lack an executive compensation scheme typically seen in

for-profit organisations.
“Non-profit status is a tax status, not proof of ethical behaviour or aligned incentives,” Cullenward noted.

While increased revenue might not directly factor into worker pay-cheques or shareholder dividends, a healthy income from maximum issuance would still be welcome to a non-profit in securing
business, while offering salaries capable of attracting and retaining top talent.

Maximising revenues could also be tempting as these entities seek to invest in developing and enhancing their offerings, or look to maintain and grow their market share and influence in an

increasingly competitive marketplace.
Analysis firm AlliedOffsets tracked 17 registries that list offset projects spanning 150 countries, signalling the heightened competition that the historic ‘big four’ have come under of late.

Over-crediting issues aren’t just recent developments, however. SourceMaterial’s recent investigation identified 2011 filings in Verra’s registry showing how developer South Pole had estimated
52 mln tCO2 abatement from its Kariba REDD project in Zimbabwe (VCS ID 902), with Verra ultimately signing off on a revised figure of 197 mln (nttps:/carbon-pulse.com/189380/) .

In response to Carbon Pulse inquiries, Verra CEO David Antonioli said that the firm had not considered switching away from the present $/credit revenue model.

“If someone were to show up and write me a cheque to run the organisation on a yearly basis for many years to come, certainly we’d consider it, but the reality is that you’ve got to keep the lights

on, and you’ve got to be able to hire good people,” Antonioli added.

Jamie Ballantyne, Gold Standard director of marketing and communications, similarly defended the offset certifier’s revenue model, citing the absence of any philanthropic, government, or
private actor that would fund private companies towards a commercial market mechanism.

“The standard model for certifying commodities is a levy per unit,” Ballantyne said in an extensive emailed statement to Carbon Pulse.

Ballantyne detailed that Gold Standard saw no evidence that its current fee model incentivised over-crediting, while outlining safeguards put in place such as independent approval of
methodologies by a non-remunerated Technical Advisory Committee (TAC) and independent certification decision making.

Ballantyne also highlighted Gold Standard’s membership of ISEAL Alliance — a leading voice on governance in sustainability systems.

Mary Grady, president and CEO of the Environmental Resources Trust (ERT) at Winrock International — ACR’s operator — also referred to the $/credit model as being common practice across

global carbon markets.

“While we are always open to exploring new approaches, we are not aware of any alternative revenue models that would be acceptable in the market, nor do we believe that an alternative would
be free from similar criticism of incentivising certain outcomes,” Grady said, refuting the notion that $/credit revenue models were to blame in over-crediting.

ACR does not earn activation fees on the offset volumes associated with credit deductions for uncertainty, leakage, or buffer pool contributions, but rather only on emission reduction or removals

credits that are issued and eventually activated for transfer or retirement, Grady noted.

Additionally, all ACR methodologies are approved through a blind, scientific peer-review, independent process to ensure the rigour in the carbon accounting, and all projects are independently
verified by an accredited validation and verification body (VVB) for conformance with the ACR standard and applicable methodology, Grady reiterated.

While ACR states it issues offsets for free, the firm’s $0.15/offset activation fee for ACR-issued credits, in addition to $0.02/offset in transfer fees and $0.02/offset in retirement fees, are

essentially $/credit fees generated through the issuance/retirement process.

CAR has not responded to Carbon Pulse questions by time of press on whether the $/credit issuance model facilitates over-crediting.

“ARACE TO THE BOTTOM”

Although registries point to numerous safeguards built in the system to suppress the perverse incentive to over-credit, critics see deeper flaws with the process.

“I think in either a [for]-profit model or a non-profit model, if your payment depends on something that requires your own assessment that’s just a basic problem,” said Peter Riggs, director at

non-profit climate justice advocacy Pivot Point.

The current revenue model enables and is what drives what Riggs called a “race to the bottom”, which he believes reveals companies that are complicit in that kind of behaviour, but also
showcases companies that avoid holding questionable, “crap credits”, instead opting for higher quality offsets.

Thomas Day, researcher at think-tank NewClimate Institute, echoed Riggs’ sentiment that the $/credit revenue model facilitates the race to the bottom mentality.
“The business model of $/credit for offsetting claims was supposed — in theory — to lead to the maximum implementation of mitigation projects in the most cost-effective manner,” Day said.

“In reality, it creates a race to the bottom for the integrity of carbon credits and the credibility of offsetting claims; over-crediting is just one of the many ways in which this [issue] manifests,” he
added.

Incentives lie not just with project developers creating protocols and methodologies, the non-profit registries remunerated by approval of protocols and offset issuance revenues, but everybody

involved in the system getting paid for certifying offsets, Renoster’s Ayrey argued.

“Project developers, put forward their own numbers, verifiers considered independent, get paid, of course, by the project developers to do this verification, and there’s no real incentive for them
to find flaws,” he said.

In Cullenward’s view, the absence of any meaningful VCM regulatory framework or enforcement agenda was more important, but the $/credit business model was still a factor that encouraged
this race to the bottom.

“I see the methodologies and revenue models as symptoms of broader quality problems, not the root causes of those problems. That said, a system in which financially inte larket

proponents write their own rules, subject to ‘oversight’ from registries that take per-credit fees, is one in which no one has an incentive to protect the atmosphere,” Cullenward stated.
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However, Franck Gbaguidi, senior analyst, energy, climate & resources at political risk consultancy Eurasia Group, held a slightly differing opinion that the $/credit revenue model was not a

factor per se causing over-crediting.

“The underlying issue is threefold: unreasonable and imperfect baseline assumptions that are triggering over-crediting, lack of methodology standardisation among VCMs that is further fuelling

over-crediting, and insufficient review and monitoring of current methodologies,” Gbaguidi told Carbon Pulse in an emailed statement.

The Integrity Council for the Voluntary Carbon Market (ICVCM) this month intends to publish (nttps://carbon-pulse.com/188196/) its Core Carbon Principles (CCPs) and Assessment Framework for
identifying high-quality carbon credits.

Existing offset standards bodies will need to receive accreditation both at the programme level and crediting level in order to receive CCP certification.
POTENTIAL SOLUTIONS
While the $/credit issuance model has dominated over the lifespan of the VCM, several observers offered potential fixes that could reduce the risk of over-crediting going forward.

Laurie Wayburn, president at non-profit conservation land trust Pacific Forest Trust, said the offset registries that provided accounting to compliance systems had some level of oversight that was

the basis for being more reliable.

For example, California regulator ARB has its own set of compliance protocols to vet registry offset credits (ROCs) from ACR and CAR for eligibility under the state’s WCI-linked cap-and-trade
programme, though researchers recently found substantial over-crediting (https://carbon-pulse.com/194477/) within the scheme’s improved forest management methodology.

Wayburn proposed a system similar to the US “ENERGY STAR” programme, which would likely be developed and maintained by the US Environmental Protection Agency (EPA), even for
international projects.

The US EPA awards ENERGY STAR certification to products that meet certain criteria of energy efficiency, scoring 75 or higher on EPA’s 1-100 scale.

This would mean registry-approved methodologies would have to pass a quality test prior to credit distribution, and have a layer of oversight on issuance levels.

Riggs suggested minimising the role of intermediaries in the VCM issuance process as a means to reduce the incentives that promoted over-crediting.

The key term, Riggs stressed, was “disintermediation”, which contrasted against the $/credit revenue model of offset certifiers.

Riggs believed the frontier for innovation was in formulating agreements with community monitoring protocols, and that part of the reporting was not just about carbon but about livelihoods.

Carbon indicators, biodiversity indicators, and livelihood indicators, all in one package was a solution Riggs floated, with the involvement of Indigenous people to co-design and co-manage these

products in ways that were consistent and enhancing of their livelihoods.

“The scale needs to tip towards the Article 6.8 non market approaches, with a global registry, all transactions taking place on a public registry, no dark trades, and better limits on retirement or

encouraging retirement, but also the subsequent use of credits,” Riggs suggested.

Article 6.8 is a yet-to-be-operationalised provision that recognises non-market cooperative approaches among nations to promote mitigation and adaptation, with specifications for a web-based
platform to record and exchange information on non-market cooperation.

In this scenario, Riggs was of the view that there would be less need for registries’ skill in external verification of carbon, but the standards’ community engagement and land management
competence would remain relevant.

Steve Suppan, senior policy analyst at non-profit advocacy Institute for Agriculture and Trade Policy (IATP), believed a shift to jurisdictional crediting with no more individual offset issuances —

but rather an averaging of credits — would drive more standardisation in the VCM.

A more robust use of buffer accounts could also have some impact on balancing instances of over-issuance, Suppan added.

To Renoster’s Ayrey, the solution to reduce VCM over-crediting was simple.

“Somebody needs to be paid throughout the process to be financially incentivised to find issues with these projects or issues with the protocols” Ayrey said.
As an example, Ayrey pointed to Google’s bug bounty programme that paid hackers to submit flaws in the software giant’s applications.

“I think the fundamental question is whether incumbent registries are capable of raising the bar, given their long history in, and financial commitment to, problematic market segments, or whether

it will take new entrants to change the dynamics,” Cullenward concluded.

Gbaguidi said there was still a large consensus among VCM market participants that non-profits were best placed to run VCM registries given their legal status, longstanding advocacy efforts,
and internal know-how.

“But their credibility will be undermined if overestimation issues continue to arise,” Gbaguidi cautioned.
“This threat will lead many registries to pause, regroup, and work toward more high-quality, high-integrity credit schemes. They will do so because their very existence is at stake.”

Non-exhaustive registry fee breakdown:

ACR
Verra
https://americancarbonregistry.org/how-| CAR
(https://verra.org/wp- GS
Fee Category it-works/membership/acr-fee- ((https:/lwww.cli i ve.org prog
ds/P inttp | orglfees)
° ° lacr-fe it ry- resources/program-fees/)
Fee-Schedule_v4.1.pdf)
2021.pdf)
|Account fees $500 account opening || $1,000 account annual $500 account opening 5500 account set up
$0.10/credit, max |$2,500 account reactivation $500 annual account FGSOO reactivation
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ANALYSIS: Do offset registry revenue models offer perverse incentives to over-credit? « Carbon Pulse
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Summary. Many companies have begun to look into credits to offset their
emissions as a way to support their net zero goals as their target years get closer
and closer. As it stands, the carbon credit market is too small to bear the brunt of

reducing companies’ impacts on the... more

In the absence of government regulations requiring dramatic
reductions of greenhouse gas (GHG) emissions that are causing
climate change, a growing number of companies are adopting
“net zero” targets. More than one third of the world’s 2,000 largest
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publicly held companies have declared net zero targets according
to Net Zero Tracker, a database compiled by a collaboration of
academics and nonprofits. These targets typically entail public
commitments to reduce GHG emissions through measures such
as process modification, product reformulation, fuel switching,
shifting to renewable power, investing in carbon removal projects
— and a pledge to zero-out their remaining emissions by
purchasing carbon offsets, also known as carbon credits. Carbon
credits are financial instruments where the buyer pays another
company to take some action to reduce its greenhouse gas
emissions, and the buyer gets credit for the reduction.

As companies creep closer to their net zero target years, many
have already begun purchasing carbon credits. The market for
carbon credits is projected to grow 50-fold within a decade, from
nearly $2 billion in 2022 to nearly $100 billion by 2030, and as
much as $250 billion by 2050, according to Morgan Stanley. But
navigating the world of carbon credits creates brand risk because
the market remains immature and complex, with wide variation
in project types, developers, location, and cost, resulting in
unclear quality, transparency, and credibility.

Companies routinely choose to purchase rather than produce
goods and services that other companies can create more
inexpensively, and this decision doesn’t often attract the
attention of activists or the media. Not so for carbon mitigation:
Activists are vocal about how companies choose to meet their net-
zero goals. Corporate carbon mitigation plans viewed as overly
reliant on buying carbon credits rather than making carbon
reductions to their own operations and supply chains risk being
accused of not being sufficiently serious about decarbonization
and seeking to “buy their way out” of meaningfully achieving
their goals. In part, this is because the carbon credit market is far
too small to accommodate the dramatic carbon reductions
necessary to meet companies’ net-zero goals or for the world to
reduce GHG emissions by 45% by 2030 and reach net zero by
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2050 that the UN claims is necessary to avoid the worst effects of
climate change by limiting the global average increase to 1.5
degrees Celsius. Questions about credits’ credibility abound,
including whether they deliver on their promise to reduce GHGs,
whether any such reductions will endure, and whether the project
would have occurred even without the sale of carbon credits.
From John Oliver’s claim that “offsets are bullshit” to the
Guardian calling some carbon credits purchased by Disney,
Gucci, and Shell “largely worthless,” some offsets receive charges
of “greenwashing” — environmental performance claims that
outstrip reality. That’s hardly the reputation boost firms seek.

Yet, the voluntary carbon market has the potential to drive
billions of dollars over the coming decade into climate solutions,
creating along the way an estimate of cost-of-carbon in goods and
services. What’s the best way to participate in the market when
carbon credits claiming to avoid or remove one metric ton of GHG
range in price from nearly $2 per ton to $1,800 per ton? Which
types of credits are considered to be the highest quality, and thus
least likely to lead your company to be named and shamed?
Despite the emergence of standards and registries meant to inject
confidence in the market, many quality concerns remain. Leaders
need guidance to apply due diligence to decisions regarding the

carbon credit market.

What projects create carbon credits?

Carbon credits are created from projects that avoid the generation
of GHG emissions or that remove GHGs from the atmosphere.
These projects include “nature-based solutions,” such as
reforestation and regenerative agriculture efforts, and
“engineered solutions,” such as combusting methane emitted
from landfills to generate electricity and direct air capture.

Examples of Carbon Credit Projects
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This table illustrates the differences between nature-based and engineered solutions

for both carbon emissions avoidance and carbon removal.

Carbon emissions

avoidance
NATURE- Preservation of forest land to
BASED avoid its conversion into
SOLUTIONS farmland
ENGINEERED Carbon capture and storage
SOLUTIONS of GHGs from smokestacks

at coal- and natural-gas-
fueled power plants and
other types of factories

New solar-and wind-power
plants that substitute for
fossil fuel electricity

Combustion of stockpiles of
ozone-depleting substances
that would otherwise leak
into the atmosphere

Combustion of methane
emissions from landfills

Source: Varsha Ramesh Walsh and Michael W. Toffel

Carbon removal

Regenerative agriculture
practices that sequester
(embed) atmospheric carbon
into soils and vegetation

Direct air capture of GHGs
from the atmosphere with
deep-well storage

Some companies focus only on some of these types. Microsoft, for

example, invests only in carbon removals. Others create a

portfolio across the spectrum, such as Delta’s $137 million

investment in carbon credits that include REDD+ (reducing

emissions from deforestation and forest degradation) avoidance

credits, avoidance credits from solar and wind-power projects,

and removal credits including afforestation and carbon capture

and storage.
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Who are the players?

Unlike with stock exchanges, carbon credits lack widely adopted
standards and large centralized marketplaces. This makes it
difficult to find, understand, and compare carbon credit projects.

Instead, leaders have to navigate a maze of various standards and
players with frustratingly overlapping roles. There are numerous
carbon credit registries and standards bodies that provide
minimum requirements for various project attributes and in some
cases list projects that meet their own standards.

e Carbon credit verifiers, also known as
validation/verification bodies (VVBs), assess whether
projects meet certain standards. They range from global
companies to niche players that focus on just one type of

project.

e Carbon credit brokers and marketplaces connect buyers
with project developers. Some list projects they helped
finance and develop, raising the potential for conflicts of

interest.

e Carbon credit ratings agencies assess carbon credit
projects along various dimensions, including but not
limited to the attributes featured in standards. They tend to
sell their ratings via a subscription model to prospective
credit buyers. These ratings agencies provide much-needed
transparency and convey key attributes of the projects they

rate.

With so many players and many standards, it’s no wonder
companies find it difficult to navigate the landscape. The
Voluntary Carbon Markets Integrity Initiative or Oxford Net-Zero
Aligned Offsetting Principles provide holistic carbon credit and
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offsetting principles and are a great place for leaders to start, but
even these are updated periodically to keep pace with the
changing landscape.

Examples of players in the carbon credit marketplace

e Carbon credit registries and standards bodies: VERRA’s
Verified Carbon Standard (VCS), Gold Standard, Climate
Action Reserve, American Carbon Registry (ACR),

Puro.Earth, and Isometric

e Carbon credit and offsetting principles: Integrity Council
for the Voluntary Carbon Market’s Core Carbon Principles

and Oxford Net Zero-Aligned Offsetting Principles
e Carbon credit verifiers: SCS Global Services and DNV

e Carbon credit brokers and marketplaces: 3Degrees,

Cloverly, Lune, Patch, South Pole Group, and Terrapass

e Carbon credit ratings agencies: BeZero, Calyx, and

Sylvera

What makes for a high-quality carbon credit?

It’s crucial to understand the key dimensions that differentiate
the quality and brand risk associated with different types of
credits. While the most reputationally sensitive organizations
might choose to pursue high quality along all dimensions, others
are more willing to make tradeoffs. Some buyers prefer credits
related to their industry — such as food companies that prefer
nature-based approaches in agriculture — and are willing to
accommodate higher permanence risk, or the risk that a project’s
climate benefits might only be temporary rather than permanent.
Some companies prefer credits generated from newer
technologies, hoping that early purchases encourage them to
continue developing their technology to scale up and reduce their
costs.
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While standards bodies and registries have attempted to clarify
what quality means, they have not kept up with the pace of
innovation and explosive growth of the carbon credit market.
Some of the older methodologies have accumulated limited proof
of climate impact, and projects with novel technology are
meanwhile trying to measure and communicate their climate
impact with scientific rigor. The proliferation of standards has
created conflict and confusion.

Below, we describe five attributes that constitute high-quality
carbon credits and discuss the co-benefits.

Additionality

This refers to the idea that the carbon credit project would not
have occurred without the expected revenue from selling the
carbon credit. For a project to be additional, the revenues from
selling the carbon credits must play a decisive (“make or break™)
role in the project developer’s decision to implement the project.
Evaluating additionality is often subjective: Projects are reviewed
by registries, scientists via the peer review process, and third-
party evaluators to determine if the project can demonstrate
financial, technological, or institutional additionality.

For an example where additionality is clear, consider startup
Heirloom Carbon Technologies. It uses limestone to extract
carbon dioxide from the atmosphere and relies on the promise of
carbon credit revenues to fund its capital-intensive process.
Stripe Climate and other leaders in the carbon dioxide removal
space have expressed high confidence that Heirloom’s carbon
credits exhibit additionality. For some companies, such as Google,
additionality is the main attribute they look for when selecting
carbon credits. “If Google hadn’t invested in an offset project, it
wouldn’t have been built. We want to make sure that those tons of
carbon wouldn’t have been avoided or sequestered hadn’t it been
for our investment,” said Anna Escuer, the lead for water and
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carbon at Google. She also noted that additionality enables
companies to claim “that it was [their] money that really made
that project happen.”

One caution: Additionality can be a moving target. Innovations
that reduce technology costs and public policies such as new
subsidies can mean some types of projects to no longer meet
additionality tests. For example, a particular project developed a
few years ago that passed additionality tests and thus created
carbon credits might, if launched today, become profitable even
without selling credits — meaning it would not be additional,
thus would not be able to issue carbon credits.

The takeaway: Pay close attention to additionality claims.
Carbon removal projects are more likely to be additional because
their carbon credits more clearly depend on credit revenue.

Quantification

This refers to the method a project uses to determine the volume
of carbon dioxide reduced, avoided, or removed. Carbon credits
are supposed to represent one metric ton of carbon dioxide
equivalent gas. How do we know that the quantity reported by a
project is accurate? Project methodologies define standard
quantification approaches, and these are used to establish both a
baseline scenario — how much GHG emissions would be released
without the project — and to estimate how much less GHG
emissions result due to the project, which determines how many
carbon credits the project generates.

Often, project developers describe in their calculations any
deviations they made from those standard approaches to reflect
unique aspects of their process. Even the most rigorous of projects
tend to require some degree of estimation. Projects address this
by highlighting potential discrepancies and building adequate
buffer pools. Carbon credit buyers can also mitigate the risk of
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overestimating carbon benefits by purchasing more credits than
they need in order to build in a buffer for reduction claims such as
achieving net zero targets.

The takeaway: Understand the quantification risks that your
carbon credit projects entail, including any deviations and
discrepancies from standard quantification approaches, and
develop strategies to mitigate those risks, such as overpurchasing
or building in a buffer pool.

Leakage

This is the risk that emissions avoided or removed by a project are
pushed outside the project boundary. For example, if you are
paying to avoid deforestation, does the project’s cordoning off
some land simply shift the deforestation pressure to adjacent
land? Do projects that entail the destruction of stored ozone-
depleting chemicals spur the manufacture of new ozone-
depleting chemicals that wouldn’t have otherwise been
produced? High-quality projects account for many potential
sources of leakage and quantify their impact into the number of
credits they generate.

The takeaway: Similar to quantification, look for projects that
take leakage into account and develop a sound approach to
incorporating it into your quantification estimates. Assessing
these project-specific details requires technical expertise that
credit buyers can invest in or can ascertain from assessments
provided by carbon credit rating agencies.

Permanence risk

This refers to the possibility that the GHG emissions avoided or
removed from the atmosphere as a result of a carbon credit
project might be temporary rather than permanent benefits, with
a “reversal” resulting in such carbon being released into the
atmosphere. For example, consider carbon credits sold based on



the emissions avoided because a project prevented some hectares
of forest from being cut down. It can be quite difficult to estimate
the probability that the forest will never be cut down — or
perhaps catch fire — in the future, either of which would undo the
project’s carbon benefits. On the other hand, carbon credits
created from a project that utilizes direct air capture and stores
that carbon in a sealed well are very likely to remain there
indefinitely.

Many standards set the permanence target as 100 years, with
Frontier Climate setting the most stringent standard: 1,000 years.
Carbon credits with very high confidence of permanence — that
is, that exhibit low permanence risk — exist but are in short
supply and tend to be quite expensive. Due diligence efforts
should assess the likelihood that policymakers might authorize
and even encourage policy changes that can override today’s
permanence claims, such as future policies that foster the
development of lands previously conserved via carbon credit
projects.

To manage permanence risk, some carbon credit providers
include a form of insurance: They set aside a percentage of the
carbon credits generated by a project to hold in reserve and offer
as compensation if reversals occur. Alternatively, buyers can self-
insure by purchasing more credits than they currently need.

The takeaway: When purchasing carbon credits with
permanence risk, buyers can manage reversal risk — that carbon
benefits might turn out to be temporary — by purchasing
insurance or by self-insuring, and should include this insurance

cost when comparing carbon credits.
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Vintage

This refers to the year that credits were issued by the project.
Buying credits that were recently issued and/or that were
generated from projects that were recently launched increases the
odds that your funds will go towards organizations that are
actively innovating and launching projects. In addition, these
credits are more likely to have met more stringent voluntary
certification standards, which in general have become more
rigorous over time as scientific knowledge has evolved. In fact,
some crediting schemes — such as the aviation sector’s CORSIA
program — only allow for project vintages starting at 2016.

The takeaway: Recent vintage carbon credits can take advantage
of improved standards and can reward and encourage active
project developers focusing on high-quality credits.

Co-benefits

Some carbon credit projects not only avoid or remove GHG
emissions; they also provide co-benefits such as reducing health
problems, enhancing biodiversity and water quality, and creating
jobs. For example, the Yagasu Project that restored mangrove
forests in Sumatra, Indonesia to sequester carbon also created a
village revolving fund and empowered women to serve in
management roles and to participate in town hall meetings to
discuss local business development.

Such co-benefits can provide tangible publicity benefits to credit
buyers. For example, Infosys describes the co-benefits of
investing in biogas and cookstove carbon credit projects in India
as generating “over 2,400 jobs” that benefit “more than 102,000
families.”

Purchasing carbon credits with co-benefits can also provide
confidence that your funding had social and environmental
impact. Equinor, which recently bought carbon credits in
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partnership with Sylvera, strategically chose a portfolio of
different types of carbon credit projects, prioritizing those with
co-benefits.

The takeaway: Carbon credit projects that produce co-benefits
can offer enhanced reputational benefits and diversify the impact
of the project — but don’t eliminate the need to understand
carbon credit quality.

With the enormous growth in companies’ use of carbon credits to
meet their sustainability goals and carbon footprint reduction
targets, there is an increasingly wide range of projects that are
generating carbon credits from which to choose. Companies
should choose the carbon credit strategy that best meets their
objectives. Purchasing high-quality credits reduces the risk of
negative publicity and greenwashing charges and bolsters the
odds that the carbon you think you are avoiding or removing is
actually being avoided and removed — in both the short and long
terms.

Editor’s note (12/22/23): CarbonPlan, which does not create or sell
ratings of credits or offset projects, has been removed from the list of
carbon credit ratings agencies.

VW

Varsha Ramesh Walsh is the Founder and
CEO of Offstream, a platform for seamless
carbon compliance management, and has
worked on carbon removal solutions at Indigo
Agriculture and Patch.


https://www.sylvera.com/blog/customer-story-equinor
https://www.sylvera.com/blog/customer-story-equinor
https://hbr.org/search?term=varsha%20ramesh%20walsh&search_type=search-all

Michael W. Toffel is the Senator John Heinz
Professor of Environmental Management at
Harvard Business School, host of the HBS
Climate Rising podcast, and co-lead of the HBS
Online Business and Climate Change course.

Recommended For You

How ENGOs Can Support Corporate Climate Change Efforts

Accounting for Carbon Offsets

Creating High-Impact Coalitions

PODCAST
Can Remote Surgeries Digitally Transform Operating Rooms?



https://hbr.org/search?term=michael%20w.%20toffel&search_type=search-all
https://hbr.org/2023/10/how-engos-can-support-corporate-climate-change-efforts?ab=at_art_art_1x4_s01
https://hbr.org/2023/07/accounting-for-carbon-offsets?ab=at_art_art_1x4_s02
https://hbr.org/2022/03/creating-high-impact-coalitions?ab=at_art_art_1x4_s03
https://hbr.org/podcast/2023/09/can-remote-surgeries-digitally-transform-operating-rooms?ab=at_art_pod_1x4_s04

Received: 21 January 2022 Accepted: 28 February 2022

DOI: 10.1002/aepp.13254

& AAEA WILEY

SUBMITTED ARTICLE

Challenges to voluntary Ag carbon markets

Oranuch Wongpiyabovorn' | Alejandro Plastina' |
John M. Crespi'?

!Department of Economics, Iowa State Abstract
University, Ames, Iowa, USA strac

2Center for Agricultural and Rural The credibility of agricultural carbon credits will play a

Development, Iowa State University, critical role in the determination of payments received
Ames, lowa, USA by farmers through voluntary carbon markets. This
Correspondence article analyzes the major challenges from both the

Alejandro Plastina, Department of demand and supply sides to voluntary agricultural car-
Economics, Iowa State University, 478E

bon credit programs and serves as a resource to
Heady Hall, 518 Farm House Lane, prog

Ames, IA 50011-1054, USA. researchers, producers, policymakers, and other stake-
Email: plastina@iastate.edu holders who seek a comprehensive analysis of the
Funding information challenges that still face this market despite recent
Center for Agricultural and Rural positive developments in global agreements.

Development at Iowa State University;

USDA National Institute of Food and KEYWORDS

Agriculture, Grant/Award Number:

. agriculture, carbon credits, carbon market, carbon removal,
Hatch Project IOW04099

greenhouse gasses

Editor in charge: Daniel Petrolia
JEL CLASSIFICATION

Q20, Q28, Q58

In a market economy, prices carry signals for both producers and consumers. When green-
house gas (GHG) emissions are costless to the emitter, there is little incentive to incorporate
the environmental and social costs imposed by the emissions (the externalities) into the
emitter's decision-making process (internalize the externalities). The World Bank's Carbon
Pricing Dashboard (World Bank Group 2021) lists 65 carbon’ pricing programs around the
world, including mandatory and voluntary emissions trading systems (ETSs), GHG taxes,
and combinations of ETS and taxes, covering 21.5% of GHG emissions worldwide and gener-
ating $53 billion in revenue. In the United States, two mandatory ETSs are currently in
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place (California's cap-and-trade program and the Regional Greenhouse Gas Initiative), and
one is scheduled to launch in 2023 (Washington's cap-and-invest program). Additionally,
11 voluntary agricultural carbon credit programs have started or are in the pilot period
(Plastina & Wongpiyabovorn, 2021).

Arguably, the successes of voluntary carbon markets thus far have ranged from modest to
none. An example of the latter is the Chicago Climate Exchange®, which was closed in 2010
after 7 years of activity due to lack of trading volume and very low carbon prices. An example
of the former is the Kyoto Protocol,’ in legal effect for 37 nations since 2005 and stalled since
2012 when the Doha Amendment could not be approved. The Kyoto Protocol was plagued with
uncertainties on how to avoid double counting of emissions reductions and on how participat-
ing nations could generate and use certified emission reductions (CERs)* to meet the Kyoto
target.

Nevertheless, voluntary carbon markets received a strong boost from the leaders of almost
200 nations in December 2021 through the Glasgow Climate Pact,” subscribed at COP26 and
intended to initiate the transition from the old Kyoto Protocol regime to the instruments of the
2015 Paris Agreement.® In particular, the Pact proposes a new carbon crediting mechanism
based on standardized modalities, procedures, and guidelines (MPGs) to issue and report the
use of carbon credits from emission-reducing activities (UK Government 2021). This new mech-
anism, the United Nations Framework Convention on Climate Change (UNFCCC), is expected
to increase international cooperation and transparency, and help countries achieve their
national climate action plans under the Paris Agreement via trade of international carbon
credits and linking of existing emission trading systems (ETSs).” The bodies that supervise CERs
and the UNFCCC mechanism will meet in 2022 to start to deliver the rules for the new projects
and the processes for transitioning existing projects into the new system under the Paris
Agreement (UNFCCC, 2021).

If nations are now mostly in agreement on the MPGs for generating carbon credits, a goal
that eluded the parties to the 2015 Paris Agreement, voluntary carbon markets may overcome
much of their previous participation disincentives. Standardization and agreed-upon metrics
for practices and outcomes could translate into an opportunity for the agricultural sector
worldwide, as agricultural practices could be adapted to reduce GHG emissions (e.g., using
nitrogen stabilizers or nitrification inhibitors to avoid the release of nitrous oxide from fertili-
zation applications into the atmosphere in crop production) and to remove GHGs from the
atmosphere (e.g., switching from conventional tillage to no-till crop production, or using
cover crops) in conformity with the new UNFCCC mechanism.

While the current supply of agricultural carbon credits is very limited, the number of volun-
tary programs to generate carbon credits in the agricultural sector grew rapidly in recent years,
in tandem with “net zero” GHG emissions pledges from nations and corporations (Black
et al., 2021). However, since carbon credits and offsets are credence goods,® scaling up voluntary
agricultural carbon markets faces multiple challenges, even if the standardized MPGs are
adopted by all voluntary carbon programs. This article analyzes the major challenges from both
the demand and supply sides to voluntary agricultural carbon markets and presents four
possible scenarios for those markets in the United States.

The remainder of the article is organized into four sections describing demand and supply
challenges, parallelisms between carbon markets and organic markets, and alternative scenarios
for agricultural carbon, followed by brief concluding comments.
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DEMAND-SIDE CHALLENGES

Issues that can undermine a market for credence goods are well known in economics. Where
labels or certification are used to verify a claim on a credence good, markets fail in the presence
of difficult-to-verify claims, misunderstood or poorly worded labels, the lack of clear, consistent,
and uniform guidelines across certifying parties, a lack of trust for certifiers (especially when
these are not independent third-parties), and label proliferation (the existence of too many
labels in a market or on a good leading to confusion about competing claims). Economists
already know much about these issues, as they have examined them in other areas.
Giannakas (2002) and Bonroy and Constantatos (2015) examine information asymmetries in
the organics markets and conclude that a viable market must have viable certification and
undermining of the labels could do great damage to the industry. When Bithas and
Latinopoulos (2021) elicited consumers’ willingness to pay for carbon sequestration in a stated
preference experiment of forest product consumption, they asserted to the respondents that the
carbon truly was being sequestered, something that may only be inferred in a real market. In
the absence of verification, adverse selection (Akerlof, 1970) may lead to a market failure over a
carbon sequestration claim. As is seen in the variety of third-party certifiers in the carbon
sequestration market today, the need for verification is already understood.

Consumers would likely not trust the manufacturer to correctly self-report carbon seques-
tration because it is arduous for consumers to detect whether a firm's suppliers follow carbon
sequestration processes—search costs to verify a label are indeed large barriers (Teisl &
Roe, 1998). Certification agents (public or private) who specialize in such detection are neces-
sary in cases where the labels signal the production methods, regional sourcing, environmental
impacts, safety, or quality of a good. The absence of the label for a desirable attribute creates a
“lemons problem” (Akerlof, 1970) where consumers who have a higher willingness to pay for a
carbon credit cannot detect the attribute in the absence of a label and will not believe it in the
absence of certifier credibility. The market can fail not because of a lack of demand but because
of a lack of information. Caswell and Mojduszka (1996) and Marette and Roosen (2011) delve
into this issue in the case of food labeling, Crespi and Marette (2003) and Crespi and Marette
(2005) examine the issue in the case of public labels and eco labels, respectively, while Roe and
Sheldon (2007) and Roe et al. (2014) examine the literature on credence good labels in general.

Without government-backed standards, we should expect questionable carbon claims and
an increase in competing claims, so-called “label proliferation.” Kiesel and Villas-Boas (2013)
and Marette (2014) explore this issue, which arises when products and markets contain multi-
ple labeled attributes. The concern here is a different type of market failure where consumers
become so overwhelmed by competing messages that they lower their willingness to pay for an
attribute because of the noise. Label proliferation leads to a “crowding out” of desirable attri-
butes similar to Akerlof's lemons problem. In short, in the absence of standards and verifica-
tion, buyers of carbon credits and the downstream consumers of credit buyers' products or
services may be reticent to assign much value to a GHG sequestration or emission reduction
claim.

Another challenge in voluntary carbon markets is that entities promising net zero emissions
or specific GHG emissions targets usually place the target date a decade or more into the future.
While such behavior makes sense from a planning perspective, it also allows those entities to
commit some investments at the time of the initial announcement and then postpone further
investments until near the target date. The disconnect between long-term voluntary goals and
short-term annual purchases of carbon credits or investments in carbon credit generation could
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result in pent-up demand in years of large announcements, followed by years of low demand
and prices, and high demand again in target years. Such cyclicality, combined with the multi-
year processes required to produce agricultural credits, could generate incentives to discontinue
carbon sinking practices and disrupt the supply of carbon credits prior to the target years.

Although not currently a barrier to the development of agricultural carbon markets, the car-
bon footprint of the whole system involved in generating carbon credits, including issuance and
tracking of the serial numbers for each project in the carbon registries, along with financing
projects and trading credits, could become a concern for consumers of carbon credits or the end
products or services where carbon credits are applied to reduce their carbon footprint. For
example, West and Marland (2002) find that the carbon stored in soil organic matter by
reduced-tillage is offset by the GHG emissions into the atmosphere through increased produc-
tion, transportation, and application of chemicals. Another example is that an afforestation pro-
gram under carbon markets in a specific region could result in net losses in stored carbon
because of the intensification of agricultural production in unregulated regions (Haim
et al., 2016). Carbon programs that use energy-intensive accounting and verification systems
(e.g., “proof of work” consensus systems in blockchain technology) might generate net positive
carbon emissions, and could become less desirable than carbon programs with smaller GHGs
footprints. High-quality carbon credits require that leakage (i.e., the increase in GHG emissions
outside of the carbon project as a consequence of the generation of a carbon credit) be
prevented in the process that leads to their issuance and use.

SUPPLY-SIDE CHALLENGES

Related to the credence attribute of carbon credits, farmers may be reticent to change produc-
tion practices in order to generate carbon credits of unknown value. Likewise, in the face of an
uncertain market, lending institutions may be reticent to fund producers who possibly need
specific assets for the production methods applied in the generation of carbon credits.

Accurate measurement and verification of carbon credits from agricultural and forestry
activities are typically difficult and costly (van Kooten, 2008). Collecting soil samples and mea-
suring soil organic carbon is currently the most accurate way to gauge the amount of carbon
stored in the soil, but it is too costly and time-consuming to be widely used (Castagné
et al., 2020). Data collection from satellite mapping and remote technologies may provide an
accurate calculation of soil carbon at a lower cost. However, this method is still lacking in terms
of roughness, soil moisture, and vegetation cover, which would lead to less robust estimation
although advances to the systems are being developed (Angelopoulou et al., 2019).

Voluntary carbon programs currently follow different protocols based on different models to
calculate how much carbon is sequestered through the implementation of agricultural practices
(Plastina, 2021). For example, while CIBO Impact uses the System Approach to Land Use Sus-
tainability model to calculate carbon credits, Nori and the Soil and Water Outcomes Fund use
the COMET-farm model, and Ecosystem Services Market Consortium (ESMC) uses the
DeNitrification-DeComposition model and the Operational Tillage Information System model
to calculate carbon credits. The complexity involved in comparing potential carbon credits gen-
erated by one specific practice in a particular farm across programs could discourage objective
technical comparisons of programs and result in farmers choosing programs with the best
customer service rather than the highest potential profitability.
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Non-additionality is one of the major risks making conservation programs cost-ineffective.
Agricultural conservation practices are considered to yield additional environmental gains only
if they would not have been adopted without payment. Estimating additionality for selected
agricultural practices, Claassen et al. (2018) conclude that the adoption of three off-field struc-
tural practices (filter strips, riparian buffers, and field borders) and the elimination of fall appli-
cation of nitrogen fertilizer was highly additional, while the adoption of conservation tillage
was only moderately additional. Sawadgo and Plastina (2021) estimate that cover crops were
moderately additional and that over half of farmland in cost-share programs funded cover crop
acreage would not have been planted without payments. The 11 voluntary agriculture carbon
credit programs analyzed by Plastina and Wongpiyabovorn (2021) require additionality to gen-
erate a carbon credit. However, not all programs require that farmers change their production
practices since programs use a wide array of benchmarks to determine what is additional or dif-
ferent: some programs require a change of practices with respect to past practices on the same
field, while others require that practices in the field be different from common practices in the
area (even if the same practices have been implemented for many years in the field under
consideration).

Permanence is a major driver of carbon credit quality. Carbon credits generated from Land
Use, Land-Use Change, and Forestry (LULUCF) face natural risks such as fire, disease, pest
outbreaks, and other natural disasters. In the past, some issued offsets were lost because of
emissions reversal. For example, the California Air Resources Board (CARB) retired 178,642
credits from a U.S. Forest project due to unintentional reversal on September 12, 2017
(CARB, 2022). Generating high-quality credits with long-lived carbon storage in the soil is a
costly process due to the required changes in farming practices that sometimes reduce
productivity—even if temporarily—and the costs to verify and certify the carbon sequestration.
For example, no-till could reduce crop productivity, particularly in cooler and/or wetter climatic
conditions due to surface residues and lower soil temperatures (Ogle et al., 2012). According to
Gramig and Widmar (2018), farmers in Indiana who have never adopted conservation tillage or
no-till would require almost a $40 per acre increase in net revenue to implement no-tillage,
while individuals who previously used conservation tillage would be willing to adopt with no
payment. Gramig and Widmar (2018) also find that an additional $10.57 per acre is needed to
enter the program with a multi-year contract that does not allow them to change their tillage
practices during the contract term. Having a carbon project certified to generate high-quality
carbon credits according to the Gold Standard registry can cost $5000 in one-time validation
fees and $3500 per year in annual verification and registry fees (Gold Standard, 2021); large
fixed costs could unintentionally impact the market structure of carbon credits (Crespi & Mar-
ette 2022). Furthermore, Plastina and Wongpiyabovorn (2021) report that when contracted
practices are temporarily discontinued due to factors external to the farm (e.g., weather), some
voluntary agricultural carbon programs impose penalties associated with skipping payments for
the discontinued practices until reinstated (Soil and Water Outcomes Fund, CIBO Impact) or
until additional gains in carbon sequestration are observed (ESMC, Indigo), while at least two
initiatives do not report having any penalties for permanent disadoption (Gradable, Bayer).

In the present environment of burgeoning agricultural carbon programs, little attention is
paid to the potential effects of alternating adoption, opportunistic adoption, and partial adop-
tion on the total area under conservation practices (Pannell & Claassen, 2020), let alone their
limiting effects on the development of voluntary carbon markets. Carbon reversal from dis-
adoption of conservation practices can occur when a participant of a carbon program stops
using the contracted practice when the contract expires. Jackson-Smith et al. (2010) studied a
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single watershed in Utah from 1992 to 2006 finding that 66% of crop production practices
implemented were still maintained in 2007, while 32% of the discontinued practices were driven
by farmers exiting farming or selling land for nonfarm development. Using county-level data
from the 2012 and 2017 U.S. Censuses of Agriculture, Sawadgo and Plastina (2022) evaluate
regional patterns of adoption and disadoption of conservation practices in the United States.
They estimate that national disadoption rates in cover crops and no-till averaged 15.60% and
39.38%, respectively, between censuses. Plastina and Sawadgo (2021) report that 11% and 33%
of the counties in Iowa, Illinois, and Indiana disadopted cover crops and no-till, respectively,
reducing their areas in those conservation practices by 25% and 13% between 2012 and 2017. If
these percentages are indicative of the probability that farmers participating in voluntary car-
bon programs could temporarily discontinue contracted practices and trigger penalties from
carbon programs, those findings suggest that farmers planting cover crops and using no-till
would face non-trivial probabilities of being penalized over the life of a multi-year carbon
contract.

Even within a credible verification and certification system mitigating uncertainty in the
conversion of agricultural practices into carbon credits, suppliers of agricultural carbon credits
will face competition from other suppliers of carbon credits generated in forestry, geological
carbon sequestration, ethanol production with carbon capture and sequestration, landfill meth-
ane capture and destruction, and multiple other sources. The quality of credible agricultural
carbon credits, dependent mostly on the degree of additionality and permanence of the carbon
sequestration, will play a critical role in the determination of payments received by farmers (via
direct sale of credits to end users and brokers or indirectly via carbon programs that sell credits
to investors).

The cyclicality in demand for carbon credits due to strategic behavior by entities with volun-
tary GHG emissions targets could, as explained above, generate price signals in the early stages
of the cycle incentivizing farmers to enroll in multi-year carbon programs, generating an over-
supply of credits and a decline in credit prices when demand drops in the middle of the cycle.

Although outside the context of carbon programs, multiple studies examine barriers to
adoption of conservation practices and suggest that a diverse combination of economic and
agronomic factors, social norms, perceptions of government programs, farm characteristics,
land tenure factors, and knowledge-related factors pose barriers to conservation adoption
(Nowatzke & Arbuckle, 2018; Prokopy et al., 2008, 2019; Ranjan et al., 2019).

A further barrier to participation in carbon programs is the lack of transparency in the price
discovery mechanism for participating farmers. Farmers and ranchers interested in carbon pro-
grams are currently being offered anywhere between $10 and $40 per acre to implement prac-
tices that will generate carbon credits, but prices will be subject to market fluctuations beyond
pilot programs (Plastina & Wongpiyabovorn, 2021). In March 2020, the CME Group began trad-
ing CBL Global Emission Offset (GEO) futures contracts. The aim of these futures contracts is
to help manage risk in carbon prices and establish a global pricing benchmark for the voluntary
emissions offset market (CME Group, 2021a). In August 2021, the CME Group also started trad-
ing futures contracts for offsets generated from agriculture, forestry, and other land use, called
Nature-Based GEO (N-GEO). To ensure the transparency of N-GEO futures, only the offsets
from Verra's Verified Carbon Standard for Agriculture, Forestry, and Other Land Use projects
and/or the Climate, Community, and Biodiversity Standards are accepted for trading (CME
Group, 2021b). As of January 19, 2022, the prices of GEO and N-GEO futures expiring in
December 2022 were $8.16 and $16.07 per metric ton of carbon dioxide-equivalent (MtCO2e),
respectively. Trading volumes in December 2021 averaged 102 and 172 contracts per day
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(equivalent to 0.1 and 0.17 million MtCO2e) for GEO and N-GEO futures, respectively, with an
open interest of 2460 and 6792 contracts at the end of the month. The lack of “hard” caps on
GHG emissions in voluntary programs and the small number of carbon credits traded, the cycli-
cal pattern of demand for carbon credits, and the resulting lack of volatility to attract specula-
tors that inject liquidity in the market are major reasons to be skeptical about the ability of
GEO and N-GEO futures to serve as a pricing benchmark for voluntary agricultural offsets
(Wongpiyabovorn et al., 2021).

Conservation practices not only sequester carbon and reduce GHG emissions, but they also
benefit farmers by reducing soil erosion, improving water infiltration, soil water storage, and
soil quality. In addition, cover crops and proper nutrient management could improve water
quality by reducing nitrate leaching and phosphorous runoff to nearby water bodies. However,
the co-benefits from adopting these practices are uncertain and take time to develop. For exam-
ple, while no-till can be profitable depending on crop rotation and location (Al-Kaisi
et al., 2015, 2016; Pendell et al., 2007) and might increase the incentives to use corn stover for
ethanol production (Petrolia, 2008), its adoption might take more than 5 years to yield reduced
soil erosion and sediment loss to water and wind and increase water-storage capacity (Toliver
et al., 2012). If policymakers choose to incentivize farmers' participation in carbon and ecosys-
tem services programs through subsidies or cost-share programs, it is important to keep in mind
that uniform payments across geography and/or based on adopted practices are not cost-
effective to deliver desirable environmental outcomes (Khanna, 2017). Secchi and Jones (2021)
propose that the government use subsidies to support long-term or permanent practices, such
as land retirement and reforestation due to their associated water quality and habitat co-bene-
fits, rather than investing in carbon capture and storage projects at ethanol plants.

As long as buyers of agricultural carbon credits perceive differences in the quality of
credits generated through alternative protocols, it can be expected that some programs will
gain market share, affecting systemic risks for farmers and credit buyers (Plastina &
Wongpiyabovorn, 2021). The risk to farmers could be partially mitigated through the stan-
dardization of equivalences for carbon farming practices across programs, and the intro-
duction of transferable partial and full credits across protocols. However, the risk of a
shorter-than-expected permanency of a carbon credit triggered in the event that a program
exits the market and farmers who sold credits through that program discontinue the practices
before the expiration of the retention period is only partially mitigated in a few programs
through retained carbon credits. Credit reversals are a liability for which there is no insurance
policy currently available.

Finally, since geopolitical borders are less relevant for the global atmospheric balance of
GHGs than for trade, agricultural producers in different countries will face different incentives
even if the law of one price holds for carbon credits. Carbon farming will tend to attract more
attention in countries with weaker exchange rates and lower real incomes, and with more
carbon-intensive agricultural practices. For example, the carbon program Boomitra —supported
by the CGIAR, Yara International, and Chevron, among others- has the mission to remove
GHGs from the atmosphere at scale and at the lowest cost, by focusing most of its projects on
developing countries: farmers under the international poverty line burning crop residues in
open fire pits for cooking and heating are not only able to generate carbon credits from chang-
ing agricultural practices but also from adopting “clean cooking” practices (i.e., using stoves
and modern fuels).’ These farmers could not only remove or avoid comparatively more units of
CO2e emissions per acre than farmers in developed countries but also do so at a lower cost in
U.S. dollars and with a relatively larger boost to their real household incomes. Depending on
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the relative costs of measuring, verification, and reporting systems across countries, farmers in
developing countries could capture a substantial market share of the global market for agricul-
tural carbon credits at the expense of farmers in developed countries.

A WAY FORWARD FOR VOLUNTARY AG CARBON
PROGRAMS

A textbook example of overcoming a market failure for credence goods is the case of
U.S. organic markets before and after certification. Prior to specific standards for production,
the market for organics was very small with lenders reluctant to finance operations. Once stan-
dards were set and claims were verified, many farmers overcame their reluctance to join the
industry, consumers overcame their distrust of product claims, wholesalers overcame their reti-
cence to broker the goods, retailers devoted space to the items, and lenders had a greater under-
standing of the needs of producers in this new market (Giannakas, 2002; Jones et al., 2015;
Klonsky & Smith, 2002; Kostandini et al., 2011).

In the international arena, the Glasgow Climate Pact described in the introduction intends
to set the standard for the international trade of carbon credits. In the United States, a major
piece of legislation in support of increasing transparency and standardization in voluntary agri-
cultural carbon programs is the Growing Climate Solutions Act of 2021 (GCSA), passed by the
U.S. Senate on June 24, 2021. If ratified by the U.S. House of Representatives, the GCSA will
assist farmers, ranchers, and private forest landowners with participating in voluntary carbon
markets and adopting conservation practices. Particularly, the legislation will provide the
U.S. Department of Agriculture (USDA) authority to create a GHG Technical Assistance Pro-
vider and a Third-party Verifier Certification Program. Although the bill does not specify any
details about carbon markets, it instructs the Secretary of Agriculture to provide necessary defi-
nitions of the markets and determine the rules for the certification program (Crespi &
Tidgren, 2021). An effort to standardize or create equivalencies to the amount of carbon credit
generated by the same practice in the same farm across private programs would add transparency
and reduce systemic risks for participants.

ALTERNATIVE SCENARIOS FOR AG CARBON

Considering the functioning of voluntary carbon markets and the challenges described in the
previous sections, we propose four possible scenarios for the future of voluntary agricultural
carbon credits, based on the level of corporate demand for and the value of agricultural carbon
credits received by farmers. Depending on the international implementation of MRV systems,
the four basic scenarios can be combined to represent mixes of vertically differentiated (high
vs. low quality) agricultural carbon credits in the global carbon market.

Scenario 1: Carbon farming is the next cash crop
If corporate demand for carbon credits is high and sustained, and agricultural carbon credits

are traded at high values, then the carbon market will generate a valuable and stable source of
revenue for participating farmers. A credible MRV system for agricultural carbon credits is
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necessary to achieve this scenario, as well as limited competition from industrial carbon sinks,
forestry, and other sources (either via limited quantities at similar prices, or via a segmented
market for carbon credits with different prices).

This scenario assumes large-scale adoption of practice changes according to production pro-
tocols that generate high-quality credits, and puts the agricultural sector at the forefront of
global warming mitigation. Sustained demand for agricultural carbon credits and widespread
farmer participation would result in liquid markets with moderate price volatility supported by
robust financing and adequate risk-management services for farmers and purchasers of credits.
Scenario 1 would be reinforced by the development of complementary value chains for low-
carbon commodities that trade at a premium over conventional commodities, as well as by
articulated protocols that would allow producers to migrate across carbon programs.

Scenario 2: Low-hanging fruit only

If corporate demand for carbon credits is high but the perceived quality of agricultural carbon
credits is low, then agricultural carbon markets will likely be small and underdeveloped. A nec-
essary condition for Scenario 2 to exist is that competition from other sources of low-value car-
bon credits be limited. Scenario 2 is likely to occur in the absence of a credible MRV system for
agricultural carbon credits, resulting in participants implementing only the least-cost practices
to generate carbon credits and most likely those practices that would be implemented even in
the absence of carbon payments. Market liquidity would be low, with high volatility around
low average prices with limited financing and risk-management services for farmers and
purchasers of credits.

Scenario 3: Taxpayers fund carbon farming

If corporate demand for carbon credits is low but participation in voluntary carbon programs is
highly subsidized (directly through cost-share programs to implement certain practices, or indi-
rectly through crop insurance premium deductions, tax credits, or green financing backed with
public bonds), to the extent that market prices for carbon credits become of secondary impor-
tance to farmers, then an inefficient market for agricultural carbon would develop, funded by
present and future taxpayers. The focus of participating farmers and suppliers would turn to
comply with regulations to receive government payments or subsidies (rent-seeking behavior),
and the cost of administering carbon programs would be largely absorbed by the sponsoring
government agencies.

A low corporate demand for carbon credits could stem from a weak MRV system or high
competition from other sources of carbon credits. Market liquidity would be low, with high vol-
atility around low average prices, and limited private financing and risk-management services
for farmers and purchasers of credits. Scenario 3 would be unsustainable in the long run.

Scenario 4: Unsustainable carbon farming

If corporate demand for carbon credits is low and the perceived quality of agricultural carbon
credits is low, resulting in low credit prices and possibly, but not necessarily, including adverse
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selection or moral hazard in the marketplace, then agricultural carbon markets will likely col-
lapse. A low corporate demand for carbon credits could stem from a weak MRV system or high
competition from other sources of carbon credits. A limited adoption of conservation practices
will likely generate high volatility around low average agricultural credit prices and steer
farmers away from carbon markets. There would be limited private financing and risk-
management services for farmers and purchasers of credits. Scenario 4 would be unsustainable
in the short run.

CONCLUDING COMMENTS

This article discusses the current state of voluntary agriculture carbon markets (with a focus on
the United States), analyzes the major challenges from both the demand and supply sides to
voluntary agricultural carbon credit programs and provides an assessment of four possible sce-
narios for the future of agricultural carbon. It serves as a resource to researchers, producers,
policymakers, and other stakeholders who seek a comprehensive analysis of the challenges that
still face this market despite recent positive developments in global agreements.
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ENDNOTES

! Because GHGs have different global warming potentials, all pricing programs express the covered GHGs in car-
bon dioxide-equivalent (CO2e) units. For example, nitrous oxide (the most prevalent GHG emission in crop
production) has a global warming potential equivalent to 298 times the global warming potential of carbon
dioxide (Intergovernmental Panel on Climate Change, 2007).

N

Although the CCX was designed to have binding emission targets for its participants, participation itself and
the choice of the baseline emission level were voluntary (Intercontinental Exchange, 2011). By contrast, the
California Air Resources Board (CARB) regulates power plants’ participation and GHG emissions caps in the
fully mandatory California cap and trade system (CARB, 2015).

w

As in the CCX, the Kyoto Protocol mandated target emission levels for each participating nation, but participa-
tion itself was voluntary. For example, the United States of America did not participate in the Kyoto Protocol.

IS

The Clean Development Mechanism (CDM) of the Kyoto Protocol allowed participating nations to invest in
emission reduction projects in developing countries and earn CERs that could be used to offset emissions in
the investing nation and meet its Kyoto target. The CDM was the first global environmental investment and
credit scheme for GHG emissions reduction.

The Pact sets the basis to develop new market and non-market mechanisms to help countries achieve their
national climate action plans under the Paris Agreement (United Nations Climate Change, 2021). The market
mechanisms include (a) guidance to recognize the bilateral transfer of greenhouse gas (GHG) emission reduc-
tions between countries, and (b) the adoption of modalities, procedures, and guidelines (MPGs) for a new
mechanism to issue carbon credits from emission-reducing activities. The non-market mechanism consists of a
work program to help countries and their institutions to cooperate in climate change mitigation and adaptation
activities, as well as on sustainable development and poverty reduction.
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o

The Paris Agreement to the United Nations Framework Convention on Climate Change (UNFCCC) attempts
to limit the global average temperature increase to 2°C (3.6°F) above pre-industrial levels, with a preferable
goal of 1.5°C (2.7°F), by reducing international GHG emissions (UNFCCC, 2015). In 2020, Parties to the Agree-
ment embodied their updated national climate action plans in their Nationally Determined Contributions
(NDCs) for climate mitigation.

7 Currently, the California ETS is linked with Québec's ETS, and Switzerland's ETS is linked to the EU ETS. Fol-
lowing Brexit, the UK implemented its own UK ETS, and the new UNFCCC Mechanism would incentivize its
linkage with the EU ETS.

8 Credence goods are goods with qualities that cannot be ascertained by consumers even after consumption
(Darby & Karni, 1973). A carbon credit or offset based on a claim that GHGs have been sequestered from the
atmosphere or emissions have been avoided through certain processes is a credence good.

® Personal communication with Mr. Josh Shaeffer, Boomitra Head of Global Partnerships.
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Natural climate solutions can mitigate climate change in the near-term,

during a climate-critical window. Yet, persistent misunderstandings about
what constitutes a natural climate solution generate unnecessary confusion
and controversy, thereby delaying critical mitigation action. Based on a

review of scientific

literature and best practices, we distill five foundational

principles of natural climate solutions (nature-based, sustainable, climate-
additional, measurable, and equitable) and fifteen operational principles for
practical implementation. By adhering to these principles, practitioners can
activate effective and durable natural climate solutions, enabling the rapid
and wide-scale adoption necessary to meaningfully contribute to climate

change mitigation.

While the general mechanisms by which plants affect climate have been
understood for over a century'>, in 2017 scientists and conservation
practitioners framed the holistic concept of ‘natural climate solutions’
(NCS) to adapt existing knowledge and experience to climate action. As
originally defined, NCS are deliberate human actions (NCS pathways)
that protect, restore, and improve management of forests, wetlands,
grasslands, oceans, and agricultural lands to mitigate climate change®.
NCS were also defined as having no net negative impact on food and
fiber supply and no net harm to biodiversity, while ensuring actions are
implemented in socially and culturally responsible ways*°.

In the past six years, interest in NCS has increased dramatically. The
conversation has tripled in size, from < 2% to > 6% of climate-related
social media traffic (see Supplementary Methods), and funding com-
mitments have doubled®. However, this pace must accelerate expo-
nentially if we are to succeed’. The Intergovernmental Panel on Climate
Change (IPCC) emphasizes that the rapid deployment of NCS (which the
IPCC calls Agriculture, Forestry and Other Land Use [AFOLU] mitigation
measures) is essential to reach net zero emissions and avoid cata-
strophic warming, but if deployed carefully and appropriately it can
deliver a third of the climate mitigation needed by 2030. However,
investments will require > $400 billion per year®, which is over nine
times the amount being spent today’.

Accompanying this uptick in interest has been a concomitant rise
in confusion and controversy. In some instances, the excitement around
NCS has led to well-intentioned but hastily and poorly designed tree

planting programs, which have rightly catalyzed heated dialog around
considerations for implementing NCS programs'. In other instances,
NCS have been dismissed as greenwashing because they are “vulnerable
to exploitation by companies that want to appear at the vanguard of
climate action".” A similar misperception portrays NCS as pre-
dominantly carbon offsetting mechanisms promoted by energy inten-
sive industries””. Another confusion arises from the overlap between
NCS and carbon dioxide removal (CDR); some NCS (for example
reforestation) do indeed remove carbon dioxide (CO,) from the
atmosphere, but others (avoided peatland conversion) avoid CO, or
other greenhouse gas emissions. Furthermore, NCS are often conflated
with other terms such as nature-based solutions (NbS), nature-based
climate solutions (NbCS) and AFOLU. Compared with NCS, NbS refer to
amuch broader set of actions that address a range of societal challenges
beyond only climate mitigation (Fig. 1)*"*; NbCS are nearly identical to
NCS but include some additional activities in engineered ecosystems
(for example, macroalgae farming'®) that have been moved further from
their natural state (Principle 1.2 below)”"®. NCS are synonymous with
AFOLU mitigation measures as defined by the IPCC®.

Perhaps another source of confusion is driven by the fact that
the NCS concept builds upon a long history of conservation science
and practice but focuses the framework on measurable climate
change mitigation. For example, the United Nations’ reducing
emissions from deforestation and forest degradation in developing
countries program (REDD+), payment for ecosystem services,

The Nature Conservancy, Arlington, VA, USA. 2Forum Nobis, lowa City, IA, USA. 3Paul G. Allen Family Foundation, Seattle, WA, USA. *Conservation
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Climate Mitigation

7

Fig. 1| Overlap of natural climate and nature-based solutions. Conceptual
diagram showing the overlap between nature-based solutions (NbS) and natural

climate solutions (NCS). While NCS focus on have a single outcome (CO, equiva-
lents; CO,e), NbS can be defined by multiple outcomes with multiple metrics.

community-based conservation programs, national government
conservation incentive programs, and other well-established and
studied interventions or programs all presumably fall under the
umbrella of NCS and provide a rich and diverse body of evidence on
advances and challenges in NCS implementation. The original NCS
study* was powerful because it explicitly estimated the climate
change mitigation potential of known and long-studied conserva-
tion interventions, providing insight on whether, which, and to what
extent natural solutions could feasibly advance global climate
change mitigation goals. One challenge that emerged from the
analysis was that there is no guarantee that past interventions and
programs were truly climate additional even though they plausibly
fit within the NCS umbrella. Meanwhile, several studies have been
conducted that provide insights on the determinants of successful
NCS projects which can inform future action .

Finally, significant confusion arises when untested NCS interven-
tions are promoted widely without a robust scientific basis. However,
recent publications have provided a mechanism for differentiating
well-tested ‘ready-to implement’ NCS pathways from emerging or
nascent pathways that require further research’,

While confusion and controversy are to be expected in a rapidly
growing field, without a clear framework for productive conversation
and reliable action, there is a concern that momentum for NCS
implementation will stall. Avoiding climate catastrophe requires
immediate NCS action®**, but to be effective, NCS must be imple-
mented equitably and sustainably. When initiatives claim to implement
NCS but fail to achieve sustainable, equitable climate mitigation, they
divert resources away from legitimate climate solutions and under-
mine public support for true NCS.

Many have commented on the risks of poorly-informed NCS
action'®"*?*¢2% but few have offered a clear path forward for real, fair
and well-informed NCS action. If the NCS movement is to scale rapidly,
the evolving NCS conversation needs normative criteria to help prac-
titioners, policymakers, researchers, and the public evaluate whether
NCS options are tangible, viable, and appropriate.

In this Perspective, we outline these normative criteria as a set of
NCS principles (Box 1 and Fig. 2) that can be used to identify NCS
actions worthy of support. These principles address problems that
contribute to unproductive confusion and controversy around climate
change mitigation. NCS foundational principles are criteria (nature-
based, sustainable, climate-additional, measurable, and equitable) that
provide a working definition of NCS based on the existing literature.
This working definition enables more effective and productive NCS
action by clarifying the boundaries of the NCS conversation. NCS
operational principles guide NCS implementation by specifying how to
apply NCS foundational principles to real-world action. These fifteen
operational principles provide guidance to policymakers and practi-
tioners so that risks can be navigated intelligently without impeding
action. Taken together, the NCS principles orient NCS activities to the
appropriate scope (Principle 1), ensure positive climate benefits
(Principle 4) and avoid negative impacts (Principles 2, 4, and 5). While
we hope the normative nature of these principles facilitates imple-
mentation by mitigating against confusion and controversy, we
acknowledge that, as with all normative criteria, they are idealized, and
the real-world complexities of conservation action will continue to
expose new uncertainties that should allow the concept to evolve
through active and adaptive action. Over time, it may be necessary to
add or adjust principles.
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Nature-based
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Climate
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Fig. 2 | The wheel of natural climate solutions. Foundational principles are shown along the outer edge of the wheel, while operational principles are the ‘spokes’ inside

the wheel. See Box 1 and main text for the full definition of each principle.

Foundational principle 1: NCS are nature-based
Principle 1.1: NCS result from the human stewardship of
ecosystems

NCS involve active management decisions that affect human stew-
ardship of ecosystems and result in net climate mitigation. An eco-
system is broadly defined to include all the living organisms, including
humans, and their interrelationships within a physical environment.
Notably, this definition includes both natural and working lands. For
example, agroforestry can lead to carbon sequestration in soil and
woody plants®® and occurs within an ecosystem involving farmers,
crops, soil, and the soil microbial community. Principle 1.1 acknowl-
edges that, despite common misconceptions of nature as something
devoid of humans, humans have shaped natural lands and waters for
millennia®.

Changes in human stewardship of ecosystems can be triggered
locally by supply-side decisions (for example, a rancher adopting sil-
vopastoral practices) or demand-side decisions (for example, an urban
resident deciding to stop eating beef). While we acknowledge the
influence of demand-side climate solutions such as diet change, shifts
to longer-lived wood products, reduced food waste, or biofuel usage, it
is beyond the scope of this paper to trace these supply and demand-
side interactions for each NCS Pathway. IPCC refers to the interacting
aggregate of supply and demand-side actions as AFOLU mitigation
measures®. Conservation International groups AFOLU mitigation
measures into people-centered (rather than ecosystem centered) NCS
Action Tracks™.

Principle 1.2: NCS do not move ecosystems further from their
natural state

Being nature-based also means that NCS stewardship does not move
ecosystems further away from their natural state than they are already.
Elements of structure, composition, and function of the unmodified,
naturally occurring system must be considered, as well as the current
land use. For example, while tree planting may be perceived as a
positive activity, replacing a natural forest by planting a plantation of
non-native tree species, even if faster-growing, would not be con-
sidered an NCS, because the natural structure and function of the
forest would be diminished as a result®. Similarly, artificial fertilization
of ocean water to stimulate algal bloom®, ocean alkalinization®*, and
kelp/seaweed afforestation® would not be considered NCS because
human intervention moves the ecosystem farther from its unmodi-
fied state.

In many cases, advocates and practitioners will need a nuanced
and dynamic understanding of an ecosystem’s natural state to decide
whether an intervention adheres to Principle 1.2. The structure and
composition of many ecosystems are transitioning as climate changes,
and some need human assistance to become more climate resilient.
Therefore, careful assessment of actions is often needed to determine
what movement away from, or towards, a natural, climate-resilient
state means in practice. For example, if there is clear evidence that a
forest ecosystem is transitioning into a grassland ecosystem in
response to climate change, then restoration NCS should be aligned
with these dynamics.
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BOX 1

The principles of natural climate
solutions

Foundational principles define natural climate solutions (NCS).
operational principles (for example, Principle 1.1, 2.1) guide NCS
implementation by specifying how to operationalize foundational
principles.

Foundational Principle 1: NCS are Nature-based.

Principle 1.1: NCS result from the human stewardship of
ecosystems.

Principle 1.2: NCS do not move ecosystems further from their
natural state.

Foundational Principle 2: NCS are Sustainable.
Principle 2.1: NCS sustain biodiversity.

Principle 2.2: NCS sustain food production.

Principle 2.3: NCS sustain fiber and wood production.
Principle 2.4: NCS sustain climate adaptation services.

Foundational Principle 3: NCS are Climate-additional.

Principle 3.1: NCS provide additional climate mitigation that
would not happen without human intervention.

Principle 3.2: NCS provide durable mitigation.

Principle 3.3: NCS are not used to compensate for readily aba-
table emissions.

Foundational Principle 4: NCS are Measurable.

Principle 4.1: NCS are quantified in terms of cumulative effects on
radiative forcing.

Principle 4.2: NCS accounting is conservative.

Principle 4.3: NCS with uncertainty ranges greater than the esti-
mated climate mitigation should be flagged as emerging.

Principle 4.4: NCS accounting avoids double-counting.

Foundational Principle 5: NCS are Equitable.
Principle 5.1: NCS respect human rights.
Principle 5.2: NCS respect Indigenous self-determination.

Foundational principle 2: NCS are sustainable
Principle 2.1: NCS sustain biodiversity

Activities that transition an ecosystem further away from its unmodi-
fied state would also fail to qualify as NCS because NCS should sustain
biodiversity. NCS can have neutral near-term local impacts, but must
avoid reductions in alpha, beta, and/or gamma diversity as is described
in the Convention on Biological Diversity**. For example, turning
agricultural residue into soil biochar stores carbon in the soil without
harming biodiversity”. In contrast, adding trees to native grasslands
may increase carbon sequestration at the expense of native grassland
diversity and thus would not qualify as an NCS*.

Principle 2.2: NCS sustain food production

NCS should sustain food production. Climate solutions will not be
durable unless food security can be provided alongside farmer and
fisher livelihoods*. Maintaining food security in the face of a growing
human population and changing diets is a complex challenge. Exten-
sive reforestation on cultivated lands and constraints on agricultural
inputs (for example, fertilizer use) can negatively impact food
security*®. However, various combinations of maintaining existing
cropland®, improving fertilizer management in ways that reduce the
cost of crop production®, implementing silvopasture to increase

livestock productivity in existing pastoral systems®?, limiting bioe-
nergy production and associated land demand****, and adopting more
climate-friendly diets enable NCS implementation while increasing
food security®.

Principle 2.3: NCS sustain fiber and wood production

NCS should sustain fiber and wood production as climate solutions will
not be durable unless rising wood product demand can be met while
maintaining forest-based livelihoods*®. Wood-based materials are par-
ticularly important to the success of sustainable climate mitigation
because, when well-sourced through selective logging and existing
forest plantations, they have much smaller carbon footprints than
building alternatives such as steel and concrete. However, unsustainable
timber exploitation that involves deforestation or that harvests forests
above a scientifically defined level of sustained yield*” would undermine
this principle and would therefore not be considered an NCS.

Principle 2.4: NCS sustain climate adaptation services

Finally, while NCS are focused on climate mitigation outcomes, at a
minimum they sustain climate adaptation services through the eco-
systems in which they are implemented. A rich literature identifies the
multitude of ecosystem and climate adaptation services that NCS can
provide, such as attenuation of floods, soil erosion, landslides, storm
surges, and the resulting human benefits***>. However, existing eco-
systems often already provide adaptation services. Any implementa-
tion of NCS should at sustain existing levels of adaptation services to
ensure adaptation is co-produced alongside mitigation.

Climate change is a significant threat to people, biodiversity, and
other ecosystem services, and NCS offer real near-term climate miti-
gation that alleviates this threat. Thus, over longer time scales, NCS
deliver positive benefits to ecosystems and people, either directly (by
providing net positive local effects) or indirectly (by sustaining the
climate stability upon which these benefits rely). A comprehensive
approach to climate change must consider both mitigation and
adaptation, and projects that provide both, as many NCS projects do,
are particularly valuable in this regard.

Note that Principles 2.1-2.4 are sensitive to scale. For example, a
100-hectare cropland reforestation NCS project may fail to sustain
food production at the project scale, but a state-wide reforestation
program may not, if any lost cropland is either marginal or accom-
modated through intensification.

While NCS does not by definition require additional non-climate
benefits, on-the-ground NCS projects are frequently implemented to
achieve multiple co-benefits. Indeed, the promise of NCS co-benefits is
often a primary motivating factor for decision-makers, especially when
juggling multiple conservation and climate priorities alongside other
sustainable development goals. Therefore, it is important for
researchers to continue compiling evidence for decision-makers to
understand whether and to what extent NCS provide co-benefits (or
involve tradeoffs).

Foundational principle 3: NCS are climate-
additional

Principle 3.1: NCS provide additional climate mitigation that
would not happen without human intervention

NCS provide additional climate mitigation that would not happen
without human intervention. Additionality is traditionally assessed in
reference to a ‘business as usual’ baseline scenario®. For example,
establishing a forest reserve in a remote landscape with high carbon
stocks would not count as NCS unless that landscape was threatened
by human disturbance. If that landscape is not threatened, then
reserve status does not alter the fate of the carbon stocks stored within
it. Similarly, in locations experiencing land abandonment and natural
recovery of native ecosystems, it would not be appropriate to count
pre-existing recovery as NCS, because that recovery is part of the
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Fig. 3 | Schematic representation of additionality calculations. Figure shows
how additionality (Principle 3.1) is calculated for improved forest management
projects within the Family Forest Carbon Program (FFCP)'°*'°, Increasing stocks
over time represent long term increases in timber and carbon yields predicted
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under FFCP practices, ensuring sustainability (Principle 2.3). Periodic harvests show
that FFCP is committed to maintaining working forests (Principle 1.1). Adapted from
the Dynamic Baselines infographic with permission from The Nature Conservancy.

baseline condition and not specifically associated with human inter-
vention. However, cleared land that is expected to remain cleared (for
example, as a pasture), and where a deliberate choice is made to
instead allow natural recovery, would count as NCS because human
intervention changes the trajectory of the land use. Note that this
principle applies to both avoided emissions (for example, avoided
forest conversion) and CDR (for example, reforestation) NCS.

Methods for demonstrating additionality are varied, and each
approach has strengths and weaknesses. The scientific community
that supports NCS action should commit to continuous improve-
ment focused on methodological transparency, accuracy, and effi-
ciency. For example, traditional baseline approaches to forest NCS
measurement are being updated with dynamic global monitoring
systems that can compare projects to matched control sites and
track benefits as they accrue using coordinated networks of
field measurements and improved remote-sensing technologies
(see Fig. 3)%.

Principle 3.2: NCS provide durable mitigation

NCS must also provide durable mitigation, meaning that additional
climate benefits persist over time. Durability is defined in terms of
different greenhouse gas (GHG) residence times in different pools (for
example, soil or aboveground biomass) at different scales (for exam-
ple, national or global), but should avoid binary classifications (that is,
permanent versus impermanent)**>’. The key consideration is whether
the NCS activity will provide mitigation for a long enough period to
deliver measurable, additional, net positive climate benefits®. For
example, peatland rewetting initiatives might not qualify as NCS if the
restored peatland is not maintained long enough to counterbalance

the adverse warming effect of the methane emissions pulse from
rewetting®.

Many ecosystems stewarded through NCS have proven extre-
mely durable. For example, Australia’s Daintree Rainforest has
effectively stored carbon for 135 million years, and is currently
protected as a national park®. Other ecosystems are less durable,
either due to human or environmental threats, such as conversion for
urban development or increased wildfire risk due to a warming
climate®*2. To adequately account for this variation, NCS should be
considered in the context of both the imperative to act now, and
the imperative to simultaneously build robust systems to ensure
durability over time. Enabling conditions are needed to ensure
NCS durability at adequate spatial and temporal scales; for example,
a global NCS monitoring system is needed to detect and quantify
reversals, and long-term insurance and financial systems are
needed to ‘pay back’ the atmosphere in the event of reversals. Carbon
market standards are in the process of developing these systems,
but more research is needed to calibrate these systems with
quantifiable risks of reversal®®. As with principle 3.1, durability
considerations are equally important to CDR and avoided emis-
sions NCS.

Principle 3.3: NCS are not used to compensate for readily
abatable emissions

It is imperative that NCS not be used to compensate for readily aba-
table emissions. Non-NCS strategies that reduce emissions from fossil
fuels will need to deliver the majority of the mitigation required to
meet Paris Agreement goals®®®, NCS must proceed in parallel to these
strategies. In most cases, this is unproblematic. Governments and
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other climate mitigation actors may choose to invest in or focus on
NCS for many legitimate reasons, including cost efficiency and the
multiple layers of co-benefits offered by some NCS. But when
ecosystem-based mitigation is used to offset readily abatable emis-
sions in another sector it provides no real climate benefit.

Application of principle 3.3 requires nuance and consideration of
the different venues in which climate progress is pursued (for example,
public sector commitments or voluntary carbon markets (VCM)). Dif-
ferent actors will have different views on complex questions of what
emissions are ‘readily abatable’, but establishing clear best practice
across different sectors and contexts is necessary to maintain societal
buy-in. This principle can accommodate such differences while also
serving as a foundation to resist non-credible claims. At a minimum,
parties seeking to use NCS carbon credits to compensate for unabated
emissions should be able to have a record of and target for abatement,
articulate why the emissions to be compensated are not currently
abatable, and locate the credits on a path to reach a legitimate miti-
gation goal under the Paris Agreement or applicable private sector
standards. Notably, many efforts are underway that can help cor-
porations and other entities align their emissions reduction goals with
a science-based path to limit global warming and identify ‘residual’
emissions that would not have been abated even under ambitious
decarbonization scenarios®***. These demand-side integrity programs
require further development to ensure true ‘atmospheric additionality’
of mitigation but are both necessary and sufficient to allow the pur-
chase and trade of NCS credits in a way that will accelerate rather than
delay global climate progress®.

It is possible that NCS carbon market projects will be developed
without knowing—or being able to control—how generated credits will
later be used by purchasers. This means that we need to push for
systems that enable greater transparency (for example, the demand-
side integrity programs mentioned above) so that the stakeholders
who generate the credits can better choose to whom they sell credits.
Principle 3.3 speaks directly to purchasers as key participants in the
overall solution.

Foundational principle 4: NCS are measurable
There are multiple potential NCS actions that can occur in a given
landscape and quantifying the overall magnitude of opportunity can
help to focus efforts on the actions that can offer the largest mitigation
returns. However, appropriate accounting is required to ensure that
NCS potential is consistently and clearly quantified.

Principle 4.1: NCS are quantified in terms of cumulative effects
on radiative forcing

NCS mitigation is quantified in terms of cumulative effects on radiative
forcing due to changes in stewardship of ecosystems. For consistent
comparison, radiative forcing (W m™) is converted to CO, equivalents
(COse) and, for GHGs, considered as a function of GHG flux into or out
of the atmosphere®. Avoided emissions and removals NCS are treated
equally, as their effect on the quantity of GHGs in the atmosphere is the
same. GHGs to be considered include CO,, methane (CH,4), and nitrous
oxide (N,O) fluxes. Ideally, NCS mitigation estimates also incorporate
biophysical factors that affect top-of-atmosphere radiative forcing,
including black carbon deposited from particulate matter, changes in
albedo resulting from changes in land cover, and changes in water
vapor®. These first two non-GHG factors have the potential to sig-
nificantly alter the net climate impact of NCS and thus shape where,
when, and how NCS implementation occurs. Although these factors
have been difficult to directly quantify, there is opportunity for them
to be included as the science improves. Failing to consider all climate
forcing agents could lead to adoption of NCS that have little climate
benefit. For example, tree planting in dry forest areas may appear to be
net climate positive when quantifying carbon, but actually might be
net negative after considering changes in albedo®.

To better facilitate comparisons, it is possible to translate non-
CO, climate pollutants into CO,e using established Global Warming
Potentials (GWP)%(see section 7.6 of Ref. 8). How to make these com-
parisons depends on whether one is accounting for near-term or long-
term climate impacts. To appropriately consider both near-term and
long-term climate impacts, we recommend accounting for short-lived
and long-lived climate pollutants using different GWP conversions. For
example, following IPCC guidance, GWPyo is appropriate to calculate
the climate impact of NCS over the long term and for long-lived cli-
mate pollutants such as CO, and N,O%. However, conversion equa-
tions such as GWP* are better suited to account for the climate impact
of short-lived climate pollutants, such as CH4 and black carbon®. In
this way, targets and monitoring systems for long and short-lived cli-
mate pollutants can be accounted for separately, thereby enabling
incentives to be developed appropriate to the timing of their atmo-
spheric impacts*.

Principle 4.2: NCS accounting is conservative

NCS accounting adheres to the convention of conservativeness’,
whereby data*® are considered only when sufficient evidence exists to
support their inclusion. Buma et al”. have recently assessed the
strength of the science underlying different NCS actions and show how
some NCS pathways (for example, avoided forest conversion) have
well-constrained estimates of mitigation, but others (such as avoided
benthic disturbance) include unresolved or incomplete accounting.
Sufficient evidence means that additional NCS mitigation potential
estimates are significantly different from zero with medium or greater
confidence according to the IPCC®®, New NCS pathways and activities
can be added as the science evolves and estimates improve. For
example, data on rates of urban tree cover loss in Canada enabled
estimates of the mitigation potential of maintenance of urban tree
cover in that country”, allowing this pathway to be incorporated into
NCS mitigation assessments’>. Some pathways may also delineate new
activities as more refined data becomes available. For example, global
estimates of climate-smart forestry NCS (originally termed natural
forest management) were initially calculated in aggregate*, but more
recent research has begun to parse this into specific activities such as
reduced-impact logging for climate mitigation” and liana removal™.

Principle 4.3: NCS with uncertainty ranges greater than the
estimated climate mitigation should be flagged as emerging
Determining whether a candidate NCS pathway will provide significant
mitigation requires estimating the uncertainty of the quantified NCS
mitigation. NCS with uncertainty ranges greater than the estimated
climate mitigation should be flagged as emerging. Robust and com-
plete assessments of uncertainty can and should affect decision-
making. For example, Griscom et al.*. identify reforestation as the
single largest NCS pathway based on biophysical potential (10.1 PgCO,
yrY), nearly equal to all other NCS mitigation potentials combined.
However, the 95% confidence interval is 74% of the mean estimate (7.5
PgCO, yr). If reforestation offered only 2.6 PgCO, yr, it would dra-
matically alter the implications for prioritizing reforestation globally.
Quantifying and reporting NCS uncertainty at the appropriate scale is
important to ensure that incentives are focused on actionable NCS,
and research is focused on emerging NCS"*,

Principle 4.4: NCS accounting avoids double-counting

NCS accounting should make all attempts to avoid double-counting.
For example, when estimating NCS opportunity, a given pasture
could be reforested or could have improved grazing management
activities, but not both. In contrast, some NCS pathways can be
deployed in parallel, such as agroforestry practices and biochar
application on the same agricultural land. Careful consideration of
which pathways can and cannot be applied on the same area at the
same time is necessary to avoid overstating (see Principle 4.2) or
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understating the potential of NCS on a given landscape. The original
NCS publication established a series of hierarchical rules to eliminate
double counting, described in its supporting information appendix
(see Supplementary Note 1)*. Similarly, when generating carbon
credits or reporting toward country-level or other jurisdictional tar-
gets, NCS projects should follow accounting best practices to ensure
that the mitigation they provide is not double counted within emis-
sion inventories or carbon market schemes. To avoid double count-
ing, itis helpful to use the NCS framework to categorize activities into
biomes, conservation actions, and pathways (see Supplementary
Note 1). Note that conservation pathways related to protection
measure avoided emissions, while those related to restoration mea-
sure additional sequestration. In contrast, improved management
pathways can be a mix of both increased sequestration and avoided
emissions. For example, agroforestry increases C sequestration, but
biochar and no tillage (contrary to some misconceptions)” avoid
emissions via decomposition of vegetation or avoided oxidation of
soil carbon.

Foundational principle 5: NCS are equitable

The original NCS publication emphasized that “work also remains to
refine methods for implementing NCS pathways in socially and cul-
turally responsible ways” This statement was a call for additional
research and action, but also a recognition that NCS must be equitable.
The need for a social equity lens is driven by historical and ongoing
injustices associated with management of natural resources’®”.
Vulnerable populations such as Indigenous Peoples, local commu-
nities, farmers, forest managers, coastal communities, conserva-
tionists, women, and other marginalized groups are often the least
responsible for historic emissions, bear the greatest costs and impacts
of climate change’®, and yet are often the most active and effective
NCS stewards”®,

Despite best practices in conservation around rigorous review
procedures and community consultation, recent scholarship has iden-
tified deeper equity issues in the field that persist and that have been
explored through a number of frameworks such as the capabilities
approach®®, the ‘Just Sustainabilities’ concept®, human rights®, and
Indigenous Peoples’ rights®’. This critical lens reveals a new set of chal-
lenges: while equality of participation and material outcomes remains
important, true equity may require reimagining underlying root con-
cepts to consider previously marginalized and excluded interests and
experiences. Environmentalism, conservation, sustainability, and similar
root concepts must be understood as culturally embedded and linked to
particular social identities and political choices, rather than as abstract,
inherent, and universal.

More concretely, two studies present an analytical framework that
recognizes multiple dimensions of equity, including procedural
(involvement and inclusiveness of all rightsholders and interested
parties), distributive (fair allocation of costs, benefits, burdens, and
rights), recognitional (respect for knowledge systems, values, social
norms, and rights of all rightsholders and interested parties), and
contextual (attention to power dynamics and the social conditions that
affect ability to advocate for equity on the other dimensions)®**°. Many
social equity safeguard frameworks for use with NCS have already
emerged and are being piloted®*~*2. While NCS can work toward social
equity in myriad ways, the following principles can help to deliver
socially and culturally responsible NCS implementation and meet the
basic commitment to equity.

Principle 5.1: NCS respect human rights

NCS should respect human rights. This means that NCS activities
comply with national laws and international human rights law, as
reflected in the International Bill of Human Rights***, the International
Labor Organization Fundamental Principles and Rights at Work®, the
United Nations Declaration on the Rights of Indigenous Peoples

(UNDRIP)¥, and other key conventions and sources. For example, the
use of financial and legal resources to acquire land used customarily by
subsistence farmers who lack the resources to acquire legal title might
be allowed by a national legal system but would be considered a ‘land
grab’ linked to violation of internationally recognized human rights,
and thus would not be acceptable to advance NCS*.

NCS projects should be able to demonstrate respect for human
rights. This usually means a policy foundation and a ‘due diligence’ or
assessment practice that helps an NCS project identify potential
human rights impacts. Drawing from existing practice under the UN
Guiding Principles on Business and Human Rights, NCS proponents
should strive for human rights policies”” that acknowledge human
rights frameworks, identify priority risk areas and corresponding
safeguards, and explain how people who experience a rights violation
related to NCS implementation can bring it to the attention of jur-
isdictional authorities and NCS project managers. NCS proponents
should strive for due diligence practices’ that define and continuously
assess key indicators of human rights risk and invite people directly
affected to co-create any needed mitigation strategies, thus support-
ing the multiple dimensions of procedural, distributional, and recog-
nitional equity. Further, NCS projects should mainstream gender
equity considerations®® in all design and implementation processes
and should focus due diligence and mitigation efforts on vulnerable
groups and identities.

Consistent with Principle 4.2 and the convention of conserva-
tiveness, NCS activities should not proceed in the face of allegations or
concerns about specific human rights impacts until a due diligence
system is in place to demonstrate how the impacts have been con-
sidered and addressed in a manner consistent with the multiple
dimensions of equity.

Principle 5.2: NCS respect indigenous self-determination

As a subset of human rights that particularly relates to NCS imple-
mentation, NCS should respect indigenous self-determination,
including governance, knowledge, and spirituality. As such, NCS pro-
jects should aim to enhance local leadership and decision-making for
both Indigenous Peoples and local communities generally.

Self-determination is a multi-dimensional collective right, most
clearly articulated and protected in the UNDRIP (Art. 3)¥. It includes
enumerated articles recognizing specific indigenous collective rights,
including the right to autonomy or self-government in internal or local
matters (Art. 4), the right to participate in decision-making (Art. 18), the
right to determine and develop priorities and strategies (Art. 23), the
right to territories and resources (Art. 32), the right to give or withhold
Free Prior and Informed Consent (FPIC) (Arts. 19, 32.2), the right to
protect and strengthen histories, languages, oral traditions (Art. 13),
cultures (Art. 15), spiritual and religious traditions (Art. 12), distinctive
spiritual relationships with lands (Art. 25), traditional knowledge and
cultural expressions (Art. 31), and institutional structures and practices
(Art. 34)¥. The ways in which different NCS actions might contribute to
or detract from the various social, economic, and political dynamics and
processes related to self-determination are deeply context specific'®’. In
most cases, respect for self-determination will require promoting indi-
genous leadership or deep collaboration in decision-making through-
out the design, implementation, monitoring, and benefit-sharing of any
project or program affecting Indigenous People.

Principle 5.2 requires that all NCS actors respect FPIC rights for
Indigenous Peoples, consistent with the UNDRIP. NCS actors should also
ensure FPIC for any local community that could be significantly affected.
Numerous tools are publicly available to help NCS actors understand
and ensure FPIC is carried out'”'®, The self-determination of local
communities can and should be amplified by preserving or increasing
local decision-making and control over key priorities and strategies.

It is particularly important that NCS implementation not
increase security threats faced by Indigenous People or local
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communities, nor result in dispossession or increased pressure on
communities that use land on a customary but legally insecure basis.
NCS can best avoid such outcomes by embedding respect for human
rights and self-determination into project design and implementa-
tion activities. A failure to demonstrate FPIC or address human rights
risks could make an NCS project ineligible to register carbon credits
on the compliance or voluntary carbon markets, or under the
anticipated Article 6 of the UN Paris Agreement'®® and therefore
could undermine the ability to achieve national climate goals.
Strengthened self-determination can activate critical local knowl-
edge and add valuable local experience to the global NCS learning
and science community. NCS projects that demonstrate respect,
responsibility, and equity will be more resilient, will inspire action
rather than controversy, and will better advance the climate solu-
tions that we so urgently need.

Monitoring and policy considerations

For NCS to effectively contribute to climate change mitigation, it is
critical that there exist robust systems for measuring, monitoring,
reporting, and verifying (MMRV) net emissions changes as a result of
NCS implementation. There are widespread efforts to advance these
systems, such as science and technology measurement systems for
corporate supply chain inventory accounting methods (for example,
Greenhouse Gas Protocol) and efforts to establish best practice MMRV
through global initiatives like the Integrity Council for Voluntary Car-
bon Markets (IC-VCM). These initiatives are a good start and appro-
priately recognize the need for continual improvement. There remain
important accounting uncertainties, principally in scientific best
practice for establishing the baseline/counterfactual scenario against
which NCS progress is measured, and leakage. Advanced remote
sensing, machine learning, and impact evaluation methods from other
disciplines offer rich near-term opportunities to establish a new high
bar of NCS accounting. The scientific community should strive for
consensus in best practices to give markets and policymakers the
certainty needed to support NCS implementation at large scales.
However, there remain critical uncertainties and gaps in these systems,
such as whether outcomes can be accurately quantified at large scales,
or how to align accounting across scales without double counting from
project to value chain and national inventory. It is not a foregone
conclusion that we will be able to adequately achieve the ambition of
developing high quality global MMRYV systems for NCS, but if we are to
succeed in realizing 11 Pg of cost-effective global NCS potential, a
diverse and concerted effort to accelerate the development of high-
quality global MMRYV systems for NCS is needed**".

In this vein, these NCS principles could be used to inform efforts
to achieve high quality NCS in multiple fora. In the VCM, initiatives
like the IC-VCM (focused on supply side quality) and the Voluntary
Carbon Markets Integrity Initiative (VCMI) (focused on demand side
integrity) should align updates of their rules with these principles.
Carbon buyers and investors in the VCM should ensure their market
activity aligns as well. Similarly, crediting protocols for regulatory or
compliance carbon markets should be modified to calculate project
credits based on the change in total radiative forcing, characterize
uncertainty around mitigation, demonstrate compliance with human
rights due diligence practices and indigenous self-determination,
and align with global best practice on use of carbon credits for
compliance purposes. In short, NCS credits can be used to close the
gap between readily abatable emissions and the ambition needed to
meet the Paris Agreement. But NCS credits should only be used for
residual emissions. This approach will require defining what counts
as ‘residual’ in each industry, which will need to be based either on
unit abatement cost (preferred but difficult to verify) or technology
(suboptimal, but readily verifiable). There currently exist >30 com-
pliance carbon markets ranging in jurisdictional scale from subna-
tional (for example, California’s Compliance Offset Projects) to

supra-national (the European Union’s Emissions Trading Scheme)'”’,
so the effort required to promote NCS principle adoption by even a
sizable share of these schemes will be substantial. Another poten-
tially powerful mechanism would be the incorporation of these
principles into a country’s Nationally Determined Contributions
(self-defined national climate pledges under the Paris Agreement).
This would likely take the form of voluntary individual country
commitments unless the Paris Agreement signatories make com-
pliance with the NCS principles mandatory for AFOLU commitments
in Nationally Determined Contributions.

NCS exemplar

The Family Forest Carbon Program (FFCP) is an NCS initiative launched
by the American Forest Foundation and The Nature Conservancy in
early 2020, In an effort to solve the inequitable market access of
existing forest carbon projects, the FFCP was specifically designed to
deliver measurable, additional climate mitigation (Principles 3 and 4)
in managed natural forests (Principle 1) while maintaining a sustainable
supply of timber (Principle 2) and equitable carbon revenue for small
landholders in the United States (Principle 5). Since its inception, the
FFCP team has validated an improved forest management methodol-
ogy through Verra’s Verified Carbon Standard (VCS)", and enrolled >
400 small landowners in climate-smart forestry practice agreements
on nearly 60,000 acres. The FFCP is currently undergoing VCS project
validation and initial verification, intending to deliver a first tranche of
credits to vetted buyers in early 2024. We believe that FFCP adheres to
the spirit and practice of the NCS principles, while continuing to evolve
and improve (see Supplementary Note 2).

Outstanding challenges

While we have attempted to resolve some of the persistent confusion
and controversy around NCS through the articulation of foundational
and operational principles, many real issues remain where critiques and
debates will be fruitful. First, much more work is needed to understand
and address the feasibility constraints (inputs, markets, behaviors and
attitudes, institutions, policies, and governance) that limit NCS action.
Second, many ecosystem stewards view NCS benefits in the context of a
broader set of benefits (for example, biodiversity, water, air, soil, human
well-being, climate resilience); but more work is needed to quantify
where and how NCS action can deliver these co-benefits, and where and
how there are real trade-offs. Third, continuous effort is needed to
ensure that NCS are indeed additional, especially to the extent that NCS
activities contribute credits to carbon markets. Fourth, additionality is
notoriously difficult to prove in areas with high carbon stocks and
low historic rates of disturbance (such as high forest cover, low defor-
estation zones), despite real increasing future threats; the degree and
timing of risk that these forests face needs to be better quantified to
determine the relative additionality of ongoing actions to protect
them"™, Fifth, additional research is needed to ensure that NCS miti-
gation remains durable to future disturbances, especially the droughts
and wildfires that are expected to increase with climate change. Sixth,
NCS science has, to date, largely focused on measuring NCS opportu-
nity, but to be successful, we need consistent, compatible NCS mon-
itoring systems to accurately quantify impacts and learn adaptively.
Seventh, as we expand the scale of NCS action in an adaptive manage-
ment cycle, we need a rapid global learning network to replicate suc-
cesses and prevent repeating mistakes. Finally, the NCS community as a
whole needs to demonstrate a commitment to equity by creatively and
continuously seeking ways to recognize and integrate the leadership
and, with their consent, the knowledge and experience of Indigenous
Peoples and other NCS stewards.

Conclusion
The coauthors of this paper believe it is time for NCS action. Debate
and discussion are a healthy component of applied science, and NCS is
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no exception. But the urgency of our climate predicament requires
human society to adopt a culture of adaptive management, in which
climate solutions (natural and otherwise) can adapt rapidly and
transparently, in concert with their widespread adoption. The foun-
dational and operational principles outlined in this paper are intended
to help resolve confusion to expedite action while also fostering dis-
cussion and learning focused on important outstanding questions.
Many fora are emerging for this type of productive action-oriented
NCS learning and conversation (for example, naturebase.org and
restor.eco). We hope that these principles facilitate urgent, produc-
tive, and collective action toward the widespread adoption of robust
NCS projects.
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