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Fig. 2. Full accounting of the carbon impact of intact forest loss. (A, red segments) Conventionally, only emissions from readily observed forest clearance are
considered. Forest clearance in intact forest between 2000 and 2013 led to the emission of 338 (372 to 208) Tg C. (B, orange segments) Less readily observed deg-
radation processes that follow forest clearance, including selective logging, edge effects, and defaunation, are rarely accounted for in emission estimates. We expect
that these events occurring in intact forest between 2013 and 2050 will lead to the emission of 806 (878 to 465) Tg C. (C, green stippled segments) Forgone carbon
removal—carbon sequestration that could have occurred had cleared or degraded forest areas remained intact beyond 2000—is not considered in conventional
emission accounting frameworks. If the forested area affected by clearance, logging, or edge effects remained intact beyond 2000, then it could have sequestered
972 (1604 to 331) by 2050. Full accounting of these additional factors (i.e., selective logging, cryptic emissions, and forgone enhancement) led to a 626% increase in
cumulative net carbon impact from intact forest loss. Histogram plot shows carbon impacts for the 10 countries with the highest estimated impacts.
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and occur in all moist broadleaf intact forests that became degraded (i.e.,
selectively logged or fragmented) but not cleared between 2000 and
2013 (40 million ha) (table S3). We predict that carbon losses from
defaunation will be similar in magnitude between Latin America and
Africa despite the extent of intact forest loss being much lower in Africa.
This result is due to the stronger relationship between defaunation and
carbon storage in tropical moist broadleaf forests across Africa (17).

Forgone carbon removals

We expect that, by 2050, carbon sequestration in 28 million ha of intact
forest area will be permanently altered because of forest clearance, edge
creation, or selective logging. Had this forested area remained intact, it
could have potentially sequestered 19 Tg C year ™", totaling 972 (1604 to
331) Tg C by 2050 (Fig. 2). This estimate is based on carbon seques-
tration rates in intact forests across Asia-Pacific, Africa, and Latin
America continuing at rates estimated for the 2000s (table S4) (4).
Brazil was expected to have the largest forgone removals, but high
per-hectare rates of carbon sequestration in Asian and African intact
forests will also result in large forgone removals for Indonesia and
across the Congo Basin.

Tropical tree growth could be unaffected by climate change (31),
but under some scenarios, carbon sequestration rates could increase be-
cause of decreased cloudiness (32) or carbon dioxide fertilization effects
(33) or could slow down due to higher drought frequency and drying
trends (34), increased frequency or intensity of pest outbreaks (35), or
mortality rates catching up with stagnating growth rates (36). Should
the intact forest sink in Latin America become saturated by 2030 (37)
(see Materials and Methods; fig. S1), forgone removals would drop by
31% to 674 (1025 to 311) (fig. S2). Should all tropical intact forests reach
saturation by 2030, forgone removals would reduce by 66% to 329 (531
to 117) (fig. S3). We note that the onset of saturation by 2030 is quite a
conservative assumption; many other studies indicate that the intact
forest sink could be maintained or accelerate before reaching saturation
late in the 21st century [e.g., (38)].

DISCUSSION

Climate change mitigation funding in the land sector is overwhelm-
ingly concentrated in deforestation frontiers and restoration zones (39).
There has been insufficient focus on many intact forest areas despite this
analysis, suggesting that they have very significant climate mitigation
potential (13). Recognizing how intact forest retention can deliver large-
scale emission reductions has broad relevance, because intact tropical
forests are found in at least 65 nations and represent >25% of the forest
cover in at least 18 nations. One group of countries for whom this anal-
ysis is especially relevant is those with high amounts of forest and low
deforestation rates (e.g., Suriname, Gabon, and Papua New Guinea).
These countries have thus far received little attention under REDD+
when compared to high forest cover-high deforestation countries
(e.g., Brazil and Indonesia) despite the fact that REDD+ includes, in
principle, support for the retention of tropical forests that are not under
immediate threat of direct clearance or degradation (40).

To rectify the current neglect of intact forests in global climate fi-
nance mechanisms, we encourage national governments to better ac-
count for the full carbon impact of intact forest retention. For example,
emission baselines that account for selective logging and other more
cryptic degradation processes would reduce the disproportionate em-
phasis on recent forest clearance within countries, which is more readily
observed but is concentrated at forest margins. Recent advances in

Maxwell et al., Sci. Adv. 2019;5:eaax2546 30 October 2019

modeling capacity and understanding of forest degradation trends
[e.g., (41)] are likely to improve emission baseline estimates in this re-
gard, as are innovative approaches to estimating baselines in the context
of areas with low historical rates of forest cover change. Recent examples
of such development include the way baselines were calculated for the
bilateral emission reduction agreement between Guyana and Norway
(42) and the introduction of a “stock-flow” structure to the Amazon
Fund in Brazil, which has partially decoupled domestic incentive
structures from the more restrictive international framework (43).
Furthermore, improved recognition in the scientific community that
most forest degradation processes that follow from the opening up of
intact forests will play out over a period of decades, rather than
occurring instantly, could potentially allow them to be acknowledged
and better accounted for in emission baselines.

Looking beyond current carbon accounting frameworks, national
governments and the carbon finance sector should also consider com-
plementary funding mechanisms that use innovative accounting frame-
works (13). For example, previous studies have proposed a global carbon
preservation target that would reward nations who retain standing
forests [e.g., (44)]. Among other advantages, this approach would place
a value on maintaining carbon sequestration by intact forests. Carbon
dioxide removal will be necessary to limit global warming to 1.5°C
above preindustrial levels, yet large-scale engineered solutions to carbon
removal on land are unproven and risky (45). In contrast, intact tropical
forests represent a safe and effective way to achieve meaningful carbon
dioxide removals and to neutralize emissions from other sources.

Our study is subject to several caveats, most of which suggest
that we have understated the climate mitigation benefits of intact forest
retention. We assume that no additional fire and deforestation will
occur after 2013 in parcels of intact forest loss, whereas in reality de-
forestation frontiers and wildfires are likely to expand into forested
areas where access has improved (46) or selective logging has
occurred (47). Consideration of forest clearance after 2013 would
likely increase the carbon impact of intact forest loss, given that these
events in many cases imply a near-complete and permanent loss of
biomass (48). Should additional forest clearance after 2013 replace
areas of degraded forest (e.g., selectively logged areas and new forest
edges), it could reduce our estimates of committed emissions between
2013 and 2050. However, additional forest clearance after 2013 would
likely displace forest degradation processes and subsequent emissions
into previously undisturbed forest areas and also increase the magni-
tude of foregone removals. It is also likely that we have underestimated
the extent of current road networks (and hence the extent of selective
logging) and burned area in lost parcels because the road dataset we
used omits many known roads in tropical areas (49) and many tropical
forest fires are undetected or underestimated (50). We also do not
capture emissions from peat fires (51)—a major source of emissions
from southeast Asia (52). Emissions from conventional and responsible
selective logging practices may also be conservative, given that timber
harvest rates often exceed regeneration capacity (53), driving progres-
sive degradation over time (6), and we do not model any additional edge
effects along roads also used for selective logging.

CONCLUSION

As of 2013, there were 549 million ha of intact tropical forest remaining
globally. Yet, the rate at which intact forests are being lost is increasing,
closing off opportunities for countries to use them in mitigation ef-
forts. We show that accounting for clearance alone will underestimate
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the carbon impact of intact forest loss by 84%. The climate mitigation
potential from retaining intact forests increases by at least 626% after
accounting for forgone carbon removals, selective logging, and cryptic
emissions from edge effects and defaunation. A comparable analysis for
extratropical regions is urgently required, given that approximately a
half (4) to two-thirds (54) of carbon removals on Earth’s intact eco-
systems occur outside the tropics. The climate mitigation potential of
retaining intact forests is significant, but without proactive conservation
action by national governments, supported by the global community,
this potential will continue to dwindle.

MATERIALS AND METHODS

Mapping intact forest loss and aboveground biomass

We used reductions in intact forest landscapes (2), which are defined as
predominantly forest ecosystems with no evidence of large-scale human
activity observed from satellites and a minimum area of 500 km?, to
delineate parcels of intact forest that were lost between 2000 and
2013. Ninety-three million hectares of previously intact forest were lost
in this time. “Loss” in this sense entails either outright deforestation or
fragmentation into areas smaller than the 500-km” intact forest land-
scape threshold.

We focused on intact forests that are found in the pantropics
because the majority of current planned actions to reduce emissions
from land use and land cover change will occur in this region (9). There
are also substantial differences in how biomass in tropical and extra-
tropical forests responds to natural and anthropogenic disturbances
(54), which would make a global analysis somewhat intractable. We
used a terrestrial ecoregions map to delineate lost parcels located in
tropical forest ecoregions (50 million ha) (55). Lost parcels overlapped
with three tropical ecoregions, namely, tropical and subtropical moist
broadleaf forests, tropical and subtropical dry broadleaf forests, and
tropical and subtropical coniferous forests. In cases where more than
one ecoregion was found inside a fragmented parcel, we split the parcel
into new polygons along ecoregion boundaries. We included, in our
analysis, lost parcels of >100 ha to match the spatial resolution of
aboveground biomass data for the pantropics. This reduced the total
area of lost parcels of intact tropical forest analyzed by 1.3%.

We used a synthesis map of pantropical aboveground biomass
of woody vegetation (22), which was based on two earlier datasets
(23, 24), to calculate mean estimates for biomass inside before their
loss. The biomass data, originally mapped at 1-km resolution in
forested areas for the 2000s, were resampled to a spatial resolution
of 100 m and then overlaid on lost parcels to derive mean biomass
estimates. This resampling procedure helped to extract biomass esti-
mates for smaller parcels of forest that did not completely overlap with
the 1-km pixels.

To explore the sensitivity of our results to our chosen aboveground
biomass dataset, we also derived mean biomass estimates inside lost
parcels from the two original pantropical datasets of aboveground
biomass—the Saatchi et al. dataset, which maps total carbon stock in
live biomass at a spatial resolution of approximately 1 km, and the
Baccini et al. dataset, which maps aboveground live woody vegeta-
tion carbon density at a spatial resolution of 463 m. Upper and lower
uncertainty bounds around emission estimates were based on rerun-
ning emission calculations with these two alternative biomass datasets.
Within each fragmented parcel, we applied a stepwise procedure to
estimate the respective areas suffering from a number of fates that result
in carbon emissions or forgone carbon removals (i.e., data on emission-
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causing activities were extracted at the scale of individual lost parcels of
intact forest).

Mapping forest clearance

We used satellite-derived data to map the spatial footprint of two
forest clearance processes inside lost intact forest parcels—burned area
and forest clearance. To map forest clearance, we used version 1.1 of the
Hansen et al. Global Forest Change dataset (14), which provides forest
loss information between 2000 and 2013 at a spatial resolution of 30 m.
This dataset also provides a continuous canopy cover band representing
tree cover in year 2000. Following previous studies [e.g., (46)], we used a
canopy cover threshold of 25% to delineate forested and nonforested
areas within lost parcels. We used the MCD45 burned area product
to map burned area (21). This MODIS-derived product maps the ap-
proximate date of burning at 500-m resolution using multitemporal
land surface reflectance data. Monthly burned area data were aggregated
from 1 April 2000 (the earliest available date) to 31 December 2013,
using only burned areas with the highest pixel detection confidence.
Pixels that burned multiple times during aggregation period were
treated as only having burned once in our analysis. We removed burned
areas that overlapped with forest clearance inside lost parcels to avoid
double counting forest clearance processes. Data were extracted at a spa-
tial resolution of 30 m in Google Earth Engine.

Mapping forest degradation from selective logging

The effect of selective logging on terrestrial carbon stocks likely plays a
larger-than-expected role in the climate system (15). Information about
the spatial extent and intensity of selective logging is not yet available at
the pantropical scale, but selective logging operations in the tropics rely
on networks of roads to provide access for machinery and the transport
of merchantable timber products (56). We simulated the spatial
footprint of selective logging inside lost parcels by applying a buffer
around roads mapped in the OpenStreetMap dataset (data copyrighted
OpenStreetMap contributors and available from www.openstreetmap.
org). We applied a 1-km buffer around roads to approximate where
selective logging is likely to occur in lost parcels between 2013 and
2050. The 1-km buffer size was based on previous assessments of the
relationship between accessibility and the intensity of selective
logging (57). We removed selective logging footprints that over-
lapped with nonforest areas, burned area, or forest clearance inside
lost parcels.

Selective logging footprints inside lost parcels were split into
conventional logging or responsible logging areas (table S1). We based
proportional estimates of responsible logging on nationally reported
statistics on how much of the selective logging that occurs in their
forests is responsible (58). In cases where responsible logging esti-
mates were not available for a particular country, responsible logging
proportional extents were set to mean of estimates from countries in
the same continent.

Mapping cryptic forest degradation

Forest fragmentation reduces the net amount of carbon stored at forest
edges (26). Many studies indicate that such edge effects penetrate at least
500 m, and potentially well beyond this threshold, from a disturbed site
(5, 16, 59). We therefore simulated fragmentation by applying 500-m
buffers around the spatial footprints of forest clearance inside lost
parcels. In pixels where fragmentation buffers overlapped inside a
lost parcel, only one buffer was retained to prevent double counting
edge effects. We also removed fragmentation buffers that overlapped
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