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Regrowth of tropical secondary forests following complete or nearly complete removal of forest vegetation actively
stores carbon in aboveground biomass, partially counterbalancing carbon emissions from deforestation, forest deg-
radation, burning of fossil fuels, and other anthropogenic sources. We estimate the age and spatial extent of lowland
second-growth forests in the Latin American tropics and model their potential aboveground carbon accumulation over
four decades. Our model shows that, in 2008, second-growth forests (1 to 60 years old) covered 2.4 million km? of
land (28.1% of the total study area). Over 40 years, these lands can potentially accumulate a total aboveground carbon
stock of 8.48 Pg C (petagrams of carbon) in aboveground biomass via low-cost natural regeneration or assisted re-
generation, corresponding to a total CO, sequestration of 31.09 Pg CO,. This total is equivalent to carbon emissions
from fossil fuel use and industrial processes in all of Latin America and the Caribbean from 1993 to 2014. Ten countries
account for 95% of this carbon storage potential, led by Brazil, Colombia, Mexico, and Venezuela. We model future
land-use scenarios to guide national carbon mitigation policies. Permitting natural regeneration on 40% of lowland
pastures potentially stores an additional 2.0 Pg C over 40 years. Our study provides information and maps to guide
national-level forest-based carbon mitigation plans on the basis of estimated rates of natural regeneration and pas-
ture abandonment. Coupled with avoided deforestation and sustainable forest management, natural regeneration of
second-growth forests provides a low-cost mechanism that yields a high carbon sequestration potential with multiple
benefits for biodiversity and ecosystem services.

INTRODUCTION

Carbon emissions from tropical deforestation and degradation current-
ly contribute an estimated 8 to 15% of annual global anthropogenic car-
bon emissions, further exacerbating global warming (I). National and
global efforts to mitigate carbon emissions due to land-use change, such
as the United Nations Reduced Emissions from Deforestation and Deg-
radation program, focus primarily on reducing deforestation and deg-
radation of intact tropical forests and enhancement of carbon stocks
within disturbed forests, with less emphasis on reforestation and forest
restoration (2, 3). Although deforestation in the world’s tropical regions
continues to reduce overall forest cover (4), second-growth forests (SFs)
are expanding in many deforested areas of the Neotropics (5, 6). SFs
emerge spontaneously in post-cultivation fallows, on abandoned farms
and pastures, in the understory of ecological restoration plantings, and
following assisted natural regeneration on private or communal lands
(6, 7). Natural regeneration of forests is widely considered to be an ef-
fective low-cost mechanism for carbon sequestration, particularly in
tropical regions (I, 2, 8, 9). Recent global estimates suggest that if trop-
ical deforestation were halted entirely, if mature forests remain un-
disturbed, and if new forests were allowed to continue regrowing on
deforested land, 24 to 35% of all carbon emissions from fossil fuels
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and industrial production from 2000 to 2010 could be mitigated (10).
Combined with reforesting unused agricultural land, these actions have
been estimated to yield a global net carbon sequestration potential of 3
to 5 Pg C (petagrams of carbon) per year (1, 9).

Robust estimates of the carbon sequestration potential of naturally
regrowing forests have been hampered by the lack of spatially explicit
information on the extent and age distribution of SFs (including shifting
cultivation fallows) and on the effects of climate and other envi-
ronmental factors on local rates of biomass recovery. Assessments of
carbon sequestration potential must account for effects of forest succes-
sional status, as well as effects of climate, land use, soils, and landscape
context (6). Four key sources of uncertainty have impeded robust pro-
jections of the carbon sequestration potential of naturally regenerating
tropical forests: (i) the age, longevity, and spatial distribution of regen-
erating forests and fallows; (ii) the potential for forest regeneration on
previously forested land that is currently used for agriculture, pasture, or
other nonforest land uses; (iii) the changes over time in aboveground
carbon (AGC) storage in SFs under different environmental conditions
(rainfall and soil fertility) and land-use history; and (iv) dynamics of agri-
cultural land use and length of fallow cycles (11-13).
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We reduce several of these uncertainties and estimate, for the first
time, the carbon sequestration potential of SF regeneration over the en-
tire Latin American tropical lowlands. We derive our projections using
an extensive data set on biomass recovery during forest succession (14)
and a map of estimated aboveground biomass (AGB) in 2008 derived
from wall-to-wall remote sensing coverages (15). We estimate carbon
sequestration potential under different scenarios of forest regeneration
and pasture abandonment. These projections can help guide national
policies to mitigate carbon emissions through nature-based approaches,
including passive and active restoration approaches, intensification of
pasture stocking rates (16), payment for environmental services pro-
grams, offsets as components of active restoration planning, or legal
compliance with forest legislation (17). Our study addresses four main
questions: (i) What is the area and estimated age distribution of SFs in
the lowland Neotropics? (i) What is the total predicted carbon storage
potential of naturally regenerating forests over four decades across
biomes and countries? (iii) How much carbon is sequestered under dif-
ferent scenarios of natural regeneration of pastures and persistence of
SEs? (iv) How does the carbon sequestration potential of SF regenera-
tion vary across countries?

To determine the carbon sequestration potential of regenerating
forests, we first modeled the area and age distribution of existing SFs
up to 100 years old. We used a 2008 map of Neotropical AGB in woody
vegetation (15) to infer stand age using an equation relating biomass to
climate and forest age on the basis of 43 successional chronosequences
and 1148 plots across the lowland Neotropics (14). This map provides
the most accurate spatially explicit data on forest biomass currently
available and is based on a large network of field plots coupled with
satellite LIDAR (light detection and ranging) to parameterize MODIS
(Moderate Resolution Imaging Spectroradiometer) satellite data at a
spatial resolution of 500 m (15). Additionally, we incorporated data
on the spatial extent of croplands and pastures across Latin America

on the basis of the most recent coverages available at this geographic
scale. We then projected future AGB accumulation of SFs (<60 years)
from 2008 to 2048. Our projections account for regional variation in
climatic water availability, which strongly influences rates of biomass
recovery across our study area (14).

Our projections do not assume any tree planting or assisted regen-
eration practices beyond creating conditions that permit natural regen-
eration, such as fencing or fire protection. To account for natural or
assisted regeneration on former pastures and the potential re-clearing
of SFs, we model carbon storage scenarios where only 80, 60, 40, 20, and
0% of young SFs (YSFs; 1 to 20 years) and mid-SFs (MSFs; 20 to 60 years)
and 0 to 40% of pasture areas are permitted to regenerate naturally. Ran-
domly selected second-growth areas are prevented from natural regenera-
tion, and existing carbon stocks in these pixels are reduced to the mean
level of agricultural lands in our 2008 baseline to simulate forest conver-
sion to agriculture. We do not model any changes in extent of existing
croplands, as we only consider changes in carbon storage resulting from
regeneration of existing SFs or pasture areas.

RESULTS

Estimated areas of forest and farmland and initial

carbon stocks

Our analysis showed that, in 2008, 20.1% of the 8.7 million km” of forest
and farmland in our study area (1.75 million km?) was farmland, domi-
nated by 1.2 million km” of pasture. Modeled areas of YSFs and MSFs
(<60 years) composed 28.1% (2.4 million km?) of the study area,
whereas old SFs (60 to 100 years) composed 5.3% (461,519 km?). Only
46.5% of the study area (4.0 million km®) consisted of old-growth forest
(OGEF, arbitrarily defined as >100 years; Fig. 1A and Table 1). Modeled
areas of YSFs and MSFs were distributed across all biomes and countries
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but were most extensive (2.2 million km?) in six countries: Brazil, Mex-
ico, Colombia, Venezuela, Bolivia, and Peru (Fig. 2A and table S2). In
2008, the entire study region was estimated to have a total aboveground
C stock of 85.1 Pg. Farmland accounted for 10.2% of the total 2008 C
stock (8.7 Pg), with 6.2 Pg C in pastures (Table 1). YSFs and MSFs
accounted for 18.3% (15.6 Pg C) of this total, old SFs accounted for
6.4% (5.4 Pg C), and OGFs accounted for 65.1% (55.4 Pg C; Fig. 1B
and Table 1).

Carbon sequestration scenarios
In Fig. 2B, we map the carbon sequestration scenario where 100% of
YSFs (1 to 20 years) and MSFs (20 to 60 years) in the 2008 baseline

map are allowed to regenerate for 40 years at rates predicted by post-
abandonment chronosequence studies (14). These age classes rapidly
accumulate biomass and are the most prevalent across the study
region. Under the 100% regeneration assumption, AGC stock increased
2.0-fold in YSFs and 1.2-fold in MSFs, yielding a potential total car-
bon sequestration of 8.48 Pg C over 40 years (Fig. 1C and Table 1),
corresponding to a total sequestration of 31.09 Pg CO,. This total is
equivalent to carbon emissions from fossil fuel use and industrial pro-
cesses in all of Latin America and the Caribbean from 1993 to 2014 (18).

Uncertainty estimates for total potential AGC sequestration in YSFs
and MSFs from 2008 to 2048 range from 6.7 to 10.9 Pg C. Neotropical
countries vary markedly in carbon sequestration potential (Fig. 1E) as a
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Fig. 1. Areaand carbon distributions in SFs in the lowland Neotropics. (A and B) Percentages of modeled forest area (A) and AGC stock (B) in different land
cover and forest age classes in 2008: cropland, pasture, forest <20 years (YSF), forest 20 to 60 years (MSF), forest 60 to 100 years (old SF), and forest >100 years
(arbitrarily used as cutoff for OGF). (C) AGC stocks of YSFs and MSFs in 2008 (filled bars), and their net carbon sequestration from 2008 to 2048 (hatched bars). The
total size of the bar indicates the total carbon stocks of those forests in 2048. Stacked bars are shown for five scenarios, where 100, 80, 60, 40, and 20% of the area
are allowed to recover. The hatched yellow bar below the zero line indicates the carbon loss under these scenarios due to forest conversion to pasture or
cropland in 2008, and the blue bar indicates the net sequestration potential of the different scenarios (carbon sequestration from 2008 to 2048 minus
conversion-driven carbon loss in 2008). (D) Total AGC of YSFs and MSFs over the period 2008-2048 under different regeneration scenarios. (E) AGC of YSFs
and MSFs in 2008, and their net carbon sequestration from 2008 to 2048 given 100% recovery, for each country separately. The total size of the bar indicates
the total carbon stocks (AGC) of those forests in 2048. (F) Total AGC of YSFs and MSFs from 2008 to 2048 for the four countries with the largest carbon
sequestration potential in naturally regenerating forests (see table S2 for more details).
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result of differences in the extent and geographical distribution of SFs in
wet and dry forest biomes (table S2). Brazil, by far, has the highest car-
bon storage potential in YSFs and MSFs (6.04 Pg C; 71.3%), followed by
Colombia, Mexico, and Venezuela (Fig. 1, E and F). Ten countries
accounted for 95.1% of the potential net carbon sequestration in YSFs
and MSFs from 2008 to 2048 (Fig. 1E). National differences in potential
sequestration increase over time (Fig. 1F). Mean annual rates of carbon
storage of YSFs and MSFs were greatest from 2008 to 2013, when they
potentially stored an average of 0.526 Pg C per year. These rates declined
in 2043-2048, where they sequestered an average of 0.081 Pg C per year.
Within only the first 5 years, the potential AGC stored from regenera-
tion of YSFs and MSFs (100% scenario; 2.6 Pg C) can mitigate 9.64 Pg
CO, emissions, which is more than the total CO, emissions from fossil
fuel consumption and industrial processes from all countries in Latin
America and the Caribbean from 2010 to 2014 (8.67 Pg) (18).

When less SF area is allowed to persist, the net carbon storage in
YSFs and MSFs declines proportionately from 8.48 Pg C (100% recov-
ery) to —1.16 Pg C (Fig. 1C). In the scenario where only 20% of the SF is
allowed to persist and regenerate, carbon gains are lower than carbon
losses because of forest clearing for agriculture, resulting in a net nega-
tive carbon sequestration outcome (Fig. 1C). When 40% of pastures are
allowed to regenerate, an additional 2.0 Pg C can be sequestered, regard-
less of the level of SF persistence (Fig. 3). Similar levels of carbon storage
can be achieved through different combinations of SF conservation and
forest regeneration following pasture abandonment.

DISCUSSION

Natural regeneration provides a low-cost, nature-based solution for car-
bon sequestration with enormous potential in the Neotropics. This
potential has been overlooked by the 2014 Intergovernmental Panel
on Climate Change report, which suggests that the most cost-effective
sequestration options in forestry are reducing deforestation, sustainable
forest management, and afforestation (19). These findings have major
implications for policies affecting forest land use, legal instruments, and

Table 1. Area and AGC stocks in 2008, and mean values of projected
AGC sequestration over 40 years for six land cover types: YSF (<20
years), MSF (20 to 60 years), old SF (60 to 100 years), OGF (>100 years,
arbitrarily set), pasture, and crops. Carbon gains for old SF and OGF are
not shown, because they cannot be estimated accurately. Values of net car-
bon assume zero deforestation of SFs.

2008 Net C gain (2008-2048)
Land use
Area (km?) | AGC (Pg) AGC (Pg)

YSF 1,512,668 6.9796 6.8402

MSF 925,936 8.6028 1.6366
Old SF 461,518 5.4407 —

OGF 4,043,058 55.3859 —
Pasture 1,186,260 6.1718 4.9925

Crops 558,306 25356 2.6330

Total 8,687,747 85.1163 16.1023
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economic incentives for SF regeneration, restoration, and conservation
in Latin America (20). Combined with halting new deforestation and
sustainably managing tropical forests, the significant carbon sequestra-
tion potential delivered by SFs provides essential solutions for reaching
national and international carbon mitigation targets and supports am-
bitious forest restoration goals motivated by the Convention on Biological
Diversity Aichi Targets (2010), the Bonn Challenge (2011), and the New
York Declaration on Forests (2014), which calls for ending natural for-
est loss and restoring 350 million ha of forest worldwide by 2030.

Our model of SF age and geographic distribution within the lowland
Latin American tropics yields 28% of total forest and agricultural area in
YSFs and MSFs in 2008. This percentage is higher than the estimate of
23% by the United Nations Food and Agriculture Organization, which
is not derived from mapping or modeling based on remote sensing-
based products (21). This discrepancy highlights the challenges in esti-
mating the cover of tropical SFs (6). Techniques for mapping the age
and extent of SFs at pixel sizes below 25 ha are urgently needed to pro-
vide more spatially accurate assessments of SF extent and carbon
sequestration potential at the country and regional levels (22, 23). Landsat-
based coverages of land-use change can potentially provide such in-
formation, provided that SFs are distinguished from tree and oil palm
plantations (7, 24). As forest patches are often considerably smaller than
25 ha, one limitation of our study is that mean pixel age may reflect the
mixture of different forest ages and land cover types within each pixel.
This spatial mixing may result in overrepresentation of mid-age values
and an overestimation of the areal extent of secondary forests.

The carbon sequestration potential revealed by our study is likely an
underestimate of the actual potential, for several reasons. Belowground
carbon stocks in soils and roots will add 25% or more to total carbon
storage (25), but knowledge regarding determinants of successional dy-
namics of belowground carbon sequestration is insufficient to include in
our projections (26). Our study area excludes montane areas of Latin
America, where SF is regenerating spontaneously on abandoned
farmland (5). Our estimates could be further improved using higher-
resolution spatial data, which are rapidly becoming available (27), ex-
plicitly taking local landscape matrix conditions into account (6),
accounting for belowground carbon dynamics (28), and incorporating
effects of previous land use on biomass recovery (28, 29). Future projec-
tions using more recent baseline data will rely on newer spatial analyses
of forest biomass and agricultural land use across Latin America when
these become available. Similarly, forest regrowth in the African and
Asian tropics offers substantial carbon sequestration opportunities that
are not included in our study (30-32). Our projections of carbon
sequestration during forest succession, however, do not consider
potential negative effects of climate change and extended droughts on
rates of biomass accumulation (33).

Protecting SFs from deforestation poses many challenges, including
the lack of legal definitions for SF (or lack of enforcement of existing
definitions) and the absence of effective policy instruments and eco-
nomic incentives for landowners (20). Currently, SFs are highly dynam-
ic within Neotropical lowlands; the estimated time for half of the
secondary forest to be removed within a 25 km x 25 km cell in the Bra-
zilian Amazon averaged 5.4 years (12). Scenarios of carbon sequestra-
tion based on varying rates of forest and pasture regeneration can
inform national-level commitments to restore forests through both
active and passive pathways. Maps of potential carbon sequestration
(Fig. 2B and figs. S1 to S3) provide spatially explicit guidance and realistic
expectations for Latin American countries that are developing their
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Intended Nationally Determined Contributions (INDCs) as part of
their United Nations Framework Convention on Climate Change
agreements. For example, Brazil’s INDC aims to restore and reforest
12 million ha of Atlantic Forest by 2030 and restore an additional 15 million
ha of degraded pasturelands by 2030 (34).

Governments, multinational organizations, nongovernmental orga-
nizations, and local stakeholders can leverage this climate change
mitigation potential by enabling spontaneous or assisted natural regen-

A

eration in areas with suitable ecological conditions, by providing incen-
tives to enhance agricultural productivity on degraded lands, and by
avoiding further clearance of young and old forests. Our map indicates
regions that are optimal for long-term carbon storage because of the
natural regeneration of forests, presenting low-cost and high-yield
carbon mitigation solutions. Carbon sequestration can be achieved
through protection and enhancement of young second-growth areas
and agricultural intensification on some parts of the land, judiciously

2100 years 3.,
- 60 years
20 years
. Oyears ™ 000

s
g P
= 5 R A,
e e - -

N

A

Forest age (years) in 2008

N

A

Fig. 2. Age and carbon sequestration maps of a lowland Neotropical forest. (A and B) Modeled mean forest age in 2008 (A), and the total potential
sequestered carbon in OGFs, 2008-2048 for all YSFs (<20 years) and MSFs (20 to 60 years) in 2008 (B). The gray areas are areas with no data: above 1000-m
altitude, savannas, rivers, lakes, OGFs, or urban areas. The biomes covered are moist and dry tropical forests.
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sparing other lands for restoration and forest regeneration (Fig. 3) (35).
Natural regeneration on agricultural land must comply with country- and
region-specific agendas for maintaining livelihoods and food security and
development of sustainable agricultural land use, including agroforestry.
Regenerating forests can complement protection of existing OGFs by
extending buffer zones and increasing connectivity of forest habitats.

The enormous potential of SFs has been poorly appreciated, despite
their growing extent in tropical landscapes (1). In addition to their dual
role in both climate change adaptation and mitigation (36, 37), regen-
erating tropical forests play an important role in biodiversity conserva-
tion, increasing connectivity in fragmented landscapes, hydrological
regulation, nutrient cycling, and the provision of timber, food, fuel,
and fodder to local people (6, 37). The potential carbon sequestration
capacity of natural regeneration of YSFs provides a significant low-cost
opportunity for carbon sequestration in the tropics while simulta-
neously benefiting biodiversity and production of multiple ecosystem
services, and should be incorporated explicitly into national and inter-
national carbon mitigation commitments.

MATERIALS AND METHODS

Experimental design
The study area was located within three major lowland forest biomes
(38); 83.2% of forest is in the moist broadleaf biome, whereas 16.8%

120
g
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Fig. 3. Potential AGC sequestration (in petagrams) for scenarios of
combinations of land use over four decades (2008-2048). Land-use
change combinations incorporate the percentage area of land allowed to
regenerate following pasture abandonment (0 to 40% cessation of pasture
use) and the percentage of YSF (<20 years) and MSF (20 to 60 years) areas
allowed to persist and continue regeneration (0 to 100% forest persistence).
The size of the circles indicates the potential amount of carbon sequestered.
Values in the cells indicate the magnitude of net carbon sequestered over
40 years (in petagrams), with all possible combinations of the two factors.
These scenarios account for carbon loss due to SF clearing, which can lead
to negative net carbon sequestration (red circles).
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is in dry broadleaf and caatinga biomes combined, with each of these
biomes having different percentages of secondary forest (see table S1).
Across these forest biomes, we estimated the carbon sequestration
potential of regrowing forests. Our analysis focused on carbon stored
in AGB. We did not estimate biomass stored in soils, belowground
biomass, or dead woody debris owing to major uncertainties in these
components across biomes, climate zones, and successional stages.

Our approach involved three steps and was based on the most recent
and detailed map of Neotropical forest biomass and the largest data set on
successional chronosequences compiled to date, including 1148 second-
growth plots established in 43 forest sites across the Neotropics (14). In
the first step, we estimated the areal extent of existing cleared areas and
SFs <100 years old with potential to regrow. To do so, we used a map of
Neotropical forest AGB in 2008 (15) and inferred the ages of these
forests, using an equation relating biomass to forest age, and used a
map of agricultural lands, including pasture areas in 2000 (10-km pixel
size) (39) available at www.earthstat.org/data-download and cropland
in 2005 (1-km pixel size) (40) available at www.geo-wiki.org, which
provided the percentage of land area with pasture or crops, respectively.
In the second step, we assumed that all these regrowth and agricultural
areas were allowed to regenerate spontaneously (no active restoration)
and projected their biomass accumulation for 40 years into the future,
using an equation relating forest age to biomass. In the third step, we
relaxed the assumption that all of these areas will regenerate and persist
over these projected time scales and modeled carbon sequestration sce-
narios where 80 to 20% of SF areas undergo regeneration over 40 years.
We also simulated carbon sequestration via natural regeneration over
40 years in up to 40% of pasture areas. A detailed description of the
43 study sites is provided by Poorter et al. (14).

Mapping areas of different forest ages

We modeled mean forest age and cleared forest (agricultural land use)
in the Neotropics based on a 500-m-resolution map of forest biomass
(15). Our analysis did not incorporate edge effects, such as increased tree
mortality or variation in seed rain with distance from forest sources
(41). Further, our approach did not distinguish among logged forests,
tree plantations, forests degraded from wildfire, or other disturbances,
as spatially explicit data for these cover types are not available across our
entire study region. Rather, we limited projections in our study to forests
having an initial predicted age of 60 years or less, which we divided into
young secondary forests (<20 years of age) and mid-successional
secondary forests (between 20 and 60 years of age). General statistics
were provided for forests up to 100 years of predicted age for the initial
year 2008. This threshold likely excludes most selectively logged or
high-graded forests, whereas natural forest areas that experienced inten-
sive logging are likely to have a stand biomass similar to YSFs and are
assumed to undergo similar biomass recovery processes (6). However,
estimates of forest extent and age would only be slightly affected, as
plantations currently cover only 4000 km? in Central America,
150,000 km? in South America, and 7000 km? in the Caribbean (42),
which is less than 1% of the estimated extent of YSFs (Fig. 1A). To cal-
culate our maps of forest age and AGB from 2008 to 2048, we used the
approach described below.

Our study region focused on the Neotropics, between 23.39°N and
—23.411°S [that is, the extent of the pantropical AGB map provided by
Baccini et al. (15)], and on lowland areas below an altitude of 1000 m
based on the distribution of our chronosequence sites (14), as defined
by the GTOPO30 digital elevation model available for download at
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https://Ita.cr.usgs.gov/GTOPO30, corresponding to the geographic
limits of the locations of our 43 study areas. To distinguish the differ-
ent forest types, we used a map of world ecoregions (based on potential
natural vegetation) obtained from The Nature Conservancy (38) and
selected the three principal biomes in which our 43 study sites were
located: (i) tropical and subtropical moist broadleaf forests (henceforth
referred to as moist forest), (ii) tropical and subtropical dry broadleaf
forests, and (iii) caatinga [henceforth (ii) and (iii) are combined and re-
ferred to as dry forest]. We then masked all open water bodies, including
oceans, lakes, and rivers, using datamask images from Hansen et al. (7),
which were acquired at a resolution of 30 m x 30 m and which were
used to calculate the percentage land cover within each of the 500 m
x 500 m study pixels. Urban areas were masked using high-resolution
urban maps (43, 44); see Potere et al. (45) for a discussion on accuracy
assessment. Wetlands were masked using a modified version of the
Global Lakes and Wetlands Database created by Lehner and D6ll
(46), available at http://www.worldwildlife.org/pages/global-lakes-and-
wetlands-database, which we refined through removal of areas having ag-
riculture or OGF.

The final study area was calculated as the hectares of each pixel oc-
cupying terrestrial land surface following adjustment for latitudinal var-
iation in pixel areal extent, which varied from approximately 23.27 ha
per pixel at the equator to 21.41 ha per pixel at the northern or southern
limit of our study region. All pixels were masked if any portion of the
pixel intersected an urban area. We overlaid this map with the map of
cropland and pasturelands described above. Here, we refer to both land
uses as farmlands.

Estimating 2008 AGB

To obtain AGB (in megagrams per hectare) for each pixel in our study
region, we used the Baccini ef al. (15) map for the year 2008, provided by
the Woods Hole Research Center (WHRC), which is the most recently
updated highest spatial resolution map of AGB currently available in
our study region. AGB (in megagrams per hectare) was obtained at a
pixel size of ~500 m x 500 m (25 ha). We inferred forest age from forest
biomass and local climatic conditions on the basis of a Michaelis-Menten
(MM) equation that relates biomass to mean forest age within the pixel
and climatic conditions. The MM equation contains an asymptote
parameter a that defines the AGB of OGFs and the parameter as, that
defines the age at which 50% of old-growth AGB is reached

AGB = (a x Age) / (as) + Age) (1)

We used two different data sets to estimate the parameter values for
a and asy. The WHRC map has extensive and continuous climatic
and old-growth coverage across the Neotropics, and pixels in national
parks were used to estimate the climatic dependence of the old-growth
asymptote parameter a, which indicates the maximum AGB. By
focusing on national parks only, we minimized reductions in AGB
caused by anthropogenic disturbances. The database on secondary for-
est plots [1148 plots established in 43 chronosequences across the major
environmental gradients in the Neotropics (14)] was used to estimate
the climatic dependence of parameter as, that determines the shape of
the curve, which is mostly determined by young secondary forests. The
WHRC map uses, among others, the allometric equation of Chave et al.
(47) to calculate tree biomass on the basis of stem diameter and wood
density. For this reason, we also used the same equation to calculate the
biomass for the secondary forest plots of Poorter et al. (14), versus the
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updated Chave et al. 2014 equation (48); this approach ensures
consistency with previous carbon estimates across our study area.

We estimated the climate dependence of a (for example, old-growth
asymptote) and as, (for example, age at which 50% old-growth asymp-
tote is reached) separately, using a statistical approach to select the most
parsimonious subset of four bioclimatic variables from (i) all 19 bio-
climatic variables described at www.worldclim.org/bioclim, which were
obtained at a 30-s resolution (approximately 1 km x 1 km) from
WorldClim (49) (www.worldclim.org/current), and (ii) climatic water
deficit (CWD; in millimeters per year), which was obtained from http://
chave.ups-tlse.fr/pantropical _allometry.htm. CWD is the amount of
water lost during dry months (defined as months where evapo-
transpiration exceeds rainfall) and is calculated as the total rainfall minus
evapotranspiration during dry months. This number is, by definition,
negative, and sites with CWD of 0 are not seasonally water stressed.
We also used (iii) total soil cation exchange capacity (CEC; in centimoles
of positive charge per kilogram of soil), which was used as an indicator of
soil fertility. CEC was obtained from the Harmonized World Soil
Database from http://webarchive.iiasa.ac.at/Research/LUC/External-
World-soil-database/HTML/.

To model the climatic dependence of old-growth asymptote g,
we developed a geographic (for example, biome) weighted regres-
sion approach, which enabled consideration of spatial variation in
AGB not accounted for in our selected predictor variables. We
made a random selection of 1,639,712 pixels that occurred in less-
disturbed areas (that is, parks), had 100% land cover, and were
within our biome and elevation (<1000-m altitude) criteria. For this
analysis, we used the national parks from the World Database on
Protected Areas (WDPA) downloaded in July 2015 from www.
protectedplanet.net, and pixels that intersected with protected
areas with effective protection from data provided by WDPA were
selected. As such, we likely selected pixels that had the maximum
old-growth biomass given the climatic conditions. Because of the
difference in total area of our study biomes and to avoid having
the climatic dependence of a being driven disproportionally by
one biome, we randomly selected 10% of identified pixels within
moist forest areas (n = 1,142,833) but included all identified pixels
in dry forest (n = 349,082) and caatinga (n = 147,797) biomes. We
first used a forward stepwise regression of AGB on biome and all
bioclimatic variables to identify a parsimonious subset of signifi-
cant predictor variables, which were mean annual rainfall (in
millimeters per year), CWD, soil CEC, and temperature seasonal-
ity (expressed as the SD * 100, and defined as variable “BIO4” in
WorldClim).

To identify fully intact old-growth pixels, which required ex-
cluding pixels with mixed land cover or with low AGB due to other
limiting factors (for example, flooding and fire), we ran each model
two times, removing pixels identified as outliers (for example, neg-
ative residuals >0.5 STD) during the first run. The final models for
moist, dry, and caatinga old-growth AGB were highly significant
(* =039, n = 874,222; ¥* = 0.66, n = 239,764; and r* = 0.55, n =
101,050, respectively) and highlighted the different controls over
AGB in these regions, with moist forest AGB being predicted pri-
marily by CWD and BIO4, dry forest AGB being predicted primar-
ily by CWD and CEC, and caatinga AGB being predicted by CWD
and mean annual precipitation. To validate the final map of old-
growth AGB, we used an independent group of randomly selected
points widely distributed across all biomes within our study region
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that we manually verified through recent (year 2013+) high-resolution
(<5 m x 5 m pixels) satellite imagery to be representative of intact
forest at that location, and ran a linear regression between our pre-
dicted AGB values at that location and those extracted from the
WHRC AGB map. This validation found our old-growth AGB pre-
diction model to be highly significant (+* = 0.70, n = 500). The
final model and coefficients for moist, dry, and caatinga are as
follows

a (Moist) = 370 - 0.0133 x Precipitation 4+ 0.1586
« CWD - 0.1235 * CEC - 0.0191 % BIO4 (2)

a (Dry) = 330 + 0.0053 * Precipitation + 0.1984 x
CWD - 1.6974 x CEC — 0.0084 % BIO4 (3)

a (Caatinga) = 158 + 0.0398 * Precipitation + 0.0941

+ CWD -0.8300 * CEC — 0.0018 * BIO4
(4)

To model the climatic dependence of as, we included the effects of
mean annual precipitation, rainfall seasonality (expressed as a co-
efficient of variation, and defined as variable “BIO15” in WorldClim),
and CWD (14). We then used nonlinear regression to fit Eq. 1 to the
secondary forest data, using Eqgs. 2 to 4 for asymptote a, depending on
their biome

asy = 26.4368 — 0.004927 x CWD + 0.001321 x
Rainfall — 0.290429 x Rainfall seasonality ~ (5)

We then inverted Eq. 1 to estimate for each pixel its age from AGB
Age = (asp x AGB) / (a-AGB) (6)

where age is in years and AGB is the pixel AGB provided by WHRC
2008. We used Eq. 6 to make an age map of Neotropical forests. Some
age estimates were greater than 300 years, because the observed AGB
pixel values were close to, or exceeded, those of predicted old-growth
values. For those pixels, the age was set to 300 years and AGB values
were set to the pixel AGB provided by WHRC 2008. It is important
to note that age estimates pertain to the mean value of each pixel, as
we cannot resolve forest ages at subpixel resolution. The biomass
map we used is, nevertheless, the highest-resolution map currently
available, and therefore provides the best estimate. With the arrival of
higher-resolution 30 m x 30 m land-use and biomass maps, the accu-
racy of our predictions may be further improved.

Uncertainty analysis

We performed an uncertainty analysis by calculating the bootstrapped
SDs of all parameter estimates and then used a Monte Carlo procedure
with 10,000 uniformly random selected parameter combinations within
1 SD of all mean parameter estimates for each pixel in our study region.
We then calculated the mean and SD of the predicted age of each com-
bination for each pixel. The mean value was used to create our final map
of forest age in 2008, and we calculated the total uncertainty by
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calculating the total AGB in young secondary forests (<20 years of
age) and mid-secondary forests (between 20 and 60 years of age) as
projected, as well as at the lower and upper SD value, and summed these
across pixels to provide a measure of uncertainty associated with the
total carbon sequestration potential of SFs. The pixel size of our final
AGB map is 500 m x 500 m, and we acknowledge that our pixel mean
age in many cases will be composed of different aged forests and, in
some cases, a mixture of land cover types, such as pasture, secondary
forest, and OGF. Although we did not incorporate uncertainty related
to mixed pixel land covers across our entire study region, we did con-
duct tests using hypothetical mixtures of land cover types for selected
pixels, and our results showed that variation in carbon gain from 2008
to 2048 resulting from different proportions of forest age was less than
the uncertainty resulting from the per-pixel forest age estimation,
calculated as the Monte Carlo mean and SD of each pixel’s predicted
forest age. At the local or regional scale, however, such within-pixel
variations can be considerable and may result in deviations from the
overall pattern.

For most analyses, forest age was grouped into four classes: YSF
(<20 years), MSF (between 20 and 60 years), old SF (between 60 and
100 years), and OGF (>100 years). We set the threshold age for
OGFs arbitrarily at 100 years, because we did not have data for
older second-growth plots. After 100 years, the forest is well devel-
oped in terms of species richness, structure, and biomass, although
species composition and soil characteristics may take much longer
to recover.

Projecting AGB accumulation in SFs

For subsequent analyses related to our AGB projections, we focused on
young (1 to 20 years) and intermediate (20 to 60 years) second-growth
pixels identified in 2008. For each pixel, we predicted the AGB accumu-
lation over 40 years, from 2008 to 2048. We focused on 40 years, because
calculating AGB in forests older than 100 years (that is, 60 years plus the
projected 40 years) would be extrapolating beyond the maximum SF
age of the chronosequences we used to develop the equations (15).
To calculate AGB from age for our future age distribution maps, we
used Eq. 1.

We used the projected biomass accumulation to biomass stocks and
sequestration for moist and dry forest types, countries (tables S1 and S2,
respectively), and years (see Fig. 1D for increase in carbon stock in
young plus mid-age secondary forests for the whole Latin American
study region and Fig. 1E for increase in carbon stock in young plus
mid-age secondary forests in the four countries with the largest increase
over the four decades). To calculate mean annual carbon sequestration
rates, we used net AGB change, multiplied it by 0.5 [which is the average
carbon value in dry biomass and widely used in the literature, such as by
Baccini et al. (15) on which our initial AGB estimates are based], and
divided it over the time interval considered. Because annual rates of
AGC storage vary greatly with secondary forest age, we provided mean
annual sequestration rates separately for YSF for 2008 and MSF for the
periods 2008-2013 and 2043-2048.

Analysis of natural regeneration scenarios

Natural regeneration will not always occur at its full potential because of
ecological, geographical, and socioeconomic constraints. To evaluate
the effects of reduced secondary regrowth to carbon mitigation (Fig. 1C),
we used six scenarios in which the available area allowed to follow
natural regeneration was set to 100, 80, 60, 40, 20, or 0%, and assumed
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no spatial variation in rates of biomass recovery beyond the effects of
climate. The carbon stock in the nonselected pixels (secondary forest
pixels that were supposed to be transformed into agricultural land)
was set to the average carbon stock found in agricultural land pixels,
which was calculated as the area-weighted average of crop land pixels
and pasture land pixels (49.9 Mg C ha™").

To evaluate the effects on carbon sequestration of a combination of
scenarios of reduced secondary regrowth and reduced regrowth of ag-
ricultural land (Fig. 3), we combined six scenarios of secondary forest
regeneration, both YSF and MSF (100, 80, 60, 40, 20, or 0%), with five
scenarios of areas of forest regeneration on pasture land (40, 30, 20, 10,
or 0%), which we considered realistic on the basis of recent data of forest
regrowth on abandoned pastures in Para, Brazil (50). These scenarios
can also simulate cases where natural regeneration is compromised by
former land use or lack of seed dispersal (6). We applied these filters as
described above to create Fig. 1C. The carbon stock in recovering pas-
ture pixels recovers following the modeled calculations described for
those pixels. The carbon stock in the nonselected agricultural land pixels
remained as the carbon stock that they had in 2008.

All analyses related to the development of the age-to-AGB relation-
ship were performed in R 3.1.2, and all analyses related to the spatial and
temporal modeling and mapping were performed in the Interactive
Data Language (version 8.2).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/5/€1501639/DC1

fig. S1. Carbon sequestration potential during 2008-2048 for crop areas of a lowland
Neotropical forest.

fig. S2. Carbon sequestration potential during 2008-2048 for pasture areas of a lowland
Neotropical forest.

fig. S3. Carbon sequestration potential during 2008-2048 for areas of YSFs and MSFs (in 2008),

crops, and pasture combined.
table S1. Area, carbon stocks, and sequestration potential of different land cover types in

lowland moist and dry tropical forest biomes.

table S2. Area, carbon stocks, and sequestration potential of Latin American countries.
table S3. Ranked area, carbon stocks, and sequestration potential of different land cover
types in lowland moist and dry tropical forest biomes of the top 10 Latin American
countries.
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