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INTRODUCTION

The Amazon region

he Amazon region - roughly equivalent to the 48 contiguous U.S. states -
includes an enormous forest brimming with biodiversity and many other
habitats, from expansive wetlands to canopy communities. Research to
date has already documented the value of the region to planetary health,
although much remains to be studied. However, the information now
available is sufficient to allow scientists and policy makers to address critical questions
about the health and sustainability of region today: what is the role of the Amazon
as a global carbon stock, how is the region faring under human pressures, and what
are the implications of continued habitat and biodiversity loss. This collection of five

papers published in Science Advances are powerful samples of the science needed to Thomas E. Lovejoy
understand and, perhaps, address current threats to Amazonian biodiversity University Professor of
and habitats Environmental Science and Policy

George Mason University

We include an impressive analysis by Haddad et al. (2015) synthesizing experiments
of habitat fragmentation conducted over 35 years (the oldest of which is in the
Amazon north of Manaus, started 1979), across five continents and a variety of scales DOI:10.126/sciadv.aar3677
and biomes. The results show that biodiversity within forest fragments is reduced up
to 75% and that 70% of the remaining forest in the world is within 1 km of an edge.
The Ter Steege et al. (2015) study shows that under projected trends of continuing
deforestation, up to 57% of all Amazon tree species are likely to become globally
threatened, including rare species. Research by Chazdon et al. (2016) on the regrowth
of secondary forests found that natural regeneration of second-growth forests, in
tandem with sustainably managed forests and curtailed deforestation, could provide a
low-cost route to high-carbon sequestration.

We've also included two 2017 papers that highlight situations of habitat and
biodiversity loss fueled by expanding human populations and other anthropogenic
drivers. The first, a study of forest disturbance by Tyukavina et al., documents the
extensive combined loss of primary and non-primary forest between 2000 and 2013
across the Brazilian Amazon. The second, by Estrada et al., that about 60% of primates
worldwide are threatened with extinction and 75% have declining populations, among
them many in the Amazon. Because of its size and importance to the overall health

of the planet, protection of Amazonian habitats and abundant plant and animal life is
increasingly important. This is particularly true as we better understand the role the
region in terms of global carbon stocks and hydrological cycles.

I hope that this collection will serve readers as a starting point for further exploration
of the Amazon’s resources and the potential consequences of continued habitat
destruction and declining of biodiversity. In addition, I hope the collection will drive
new questions that can help students, stake-holders, policy-makers, and the public
appreciate and eventually preserve the wondrous resources of the Amazon.

Yoo 2 R
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ECOLOGY

Carbon sequestration potential of second-growth
forest regeneration in the Latin American tropics

2016 © The Authors, some rights reserved;
exclusive licensee American Association for
the Advancement of Science. Distributed
under a Creative Commons Attribution
NonCommercial License 4.0 (CC BY-NC).
10.1126/sciadv.1501639

Robin L. Chazdon,"** Eben N. Broadbent,®> Danaé M. A. Rozendaal,”** Frans Bongers,’

Angélica Maria Almeyda Zambrano,® T. Mitchell Aide,® Patricia Balvanera,” Justin M. Becknell,® Vanessa Boukili,
Pedro H. S. Brancalion,? Dylan Craven,'®""'? Jarcilene S. Almeida-Cortez,’® George A. L. Cabral,’® Ben de Jong,'*
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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 (1). 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

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 (I, 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).

www.ScienceAdvances.org 13 May 2016 Vol 2 1501639
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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? (ii) 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
SFs? (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 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

on the spatial extent of croplands and pastures across Latin America  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

B
(C stock)

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

Crops

Pasture
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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 2.5356 2.6330

Total 8,687,747 85.1163 16.1023

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

Forest age (years) in 2008 "

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 (I). 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
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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).

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://lIta.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 Doll
(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) / (asp + 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

10

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
(* = 0.39, n = 874,222; r* = 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

www.ScienceAdvances.org 13 May 2016 Vol 2 €1501639


http://www.ScienceAdvances.org

RESEARCH ARTICLE

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 * Precipitation + 0.1586
« CWD - 0.1235 * CEC - 0.0191 * BIO4 2)

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

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

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

To model the climatic dependence of a5, 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 Egs. 2 to 4 for asymptote g, depending on
their biome

asyp = 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

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/e1501639/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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Nonhuman primates, our closest biological relatives, play important roles in the livelihoods, cultures, and religions of
many societies and offer unique insights into human evolution, biology, behavior, and the threat of emerging diseases.
They are an essential component of tropical biodiversity, contributing to forest regeneration and ecosystem health.
Current information shows the existence of 504 species in 79 genera distributed in the Neotropics, mainland Africa,
Madagascar, and Asia. Alarmingly, ~60% of primate species are now threatened with extinction and ~75% have de-
clining populations. This situation is the result of escalating anthropogenic pressures on primates and their habitats—
mainly global and local market demands, leading to extensive habitat loss through the expansion of industrial agri-
culture, large-scale cattle ranching, logging, oil and gas drilling, mining, dam building, and the construction of new
road networks in primate range regions. Other important drivers are increased bushmeat hunting and the illegal trade
of primates as pets and primate body parts, along with emerging threats, such as climate change and anthroponotic
diseases. Often, these pressures act in synergy, exacerbating primate population declines. Given that primate range re-
gions overlap extensively with a large, and rapidly growing, human population characterized by high levels of poverty,
global attention is needed immediately to reverse the looming risk of primate extinctions and to attend to local human
needs in sustainable ways. Raising global scientific and public awareness of the plight of the world’s primates and the
costs of their loss to ecosystem health and human society is imperative.

INTRODUCTION human-induced threats to primate survival. We examine trends in forest

Nonhuman primates (primates hereafter) are of central importance to
tropical biodiversity and to many ecosystem functions, processes, and
services. They are our closest living biological relatives, offering critical
insights into human evolution, biology, and behavior and playing im-
portant roles in the livelihoods, cultures, and religions of many societies.
Unsustainable human activities are now the major force driving primate
species to extinction. Here, we combine the most frequently used stan-
dard for species conservation status [the International Union for Con-
servation of Nature (IUCN) Red List] with data from peer-reviewed

loss resulting from regional and global economic pressures and discuss
the impacts of hunting, illegal trade, and other anthropogenic threats on
primate populations. We also model agricultural expansion into the 21st
century and identify expected spatial conflict within primate range areas.
We assess the current level of scientific knowledge available for individual
primate taxa, and we highlight the ecological, social, cultural, economic,
and scientific importance of primates, as well as the global consequences
of their population declines. We also consider future research needs and
advances in technology for monitoring human-induced environmental

scientific literature and from the United Nations databases to evaluate  changes that affect primate populations. Finally, we propose a conceptual
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model to guide the development of global, regional, and local approaches
to promote primate conservation while at the same time attending to
human needs. The goal of this review is not to produce a list of threats
but rather to urge attention to the multiple global and regional anthro-
pogenic factors that imperil primates worldwide and to encourage the
development of sustainable and effective solutions that enhance primate
survival in the medium and long term.

IMPENDING DEFAUNATION OF THE WORLD’S PRIMATES

The order Primates is one of the most species-rich groups of mammals,
surpassed only by the orders Chiroptera (bats, 1151 species) and Rodentia
(rodents, 2256 species) (I, 2). The most recent taxonomic compilation
(April 2016) lists 701 extant taxa belonging to 504 species from 79
genera and 16 families (tables S1 to S4 and Supplementary Text) (2-5).
Primates occur in four regions—the Neotropics (171 species), mainland
Africa (111 species), Madagascar (103 species), and Asia (119 species)
(Fig. 1)—and are present naturally in 90 countries; however, two-thirds
of all species occur in just four countries—Brazil, Madagascar, Indonesia,
and the Democratic Republic of the Congo (DRC) (figs. S1 and S2A).
These countries represent high-priority areas for primate conservation.
The large majority of primates inhabit tropical moist lowland forests, but
they also occur in tropical dry forests, mangrove vegetation above high-
tide levels, moist montane forests, high-elevation (from 1000 to >4000 m)
deciduous and broadleaf temperate forests, savannas, grasslands, inland
wetlands, rocky areas, and even deserts (2, 4). The body mass of living
primates ranges from 30 g in Madame Berthe’s mouse lemur (Microcebus
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Tropic of Cancer

Equator

Tropic of Capricorn

Primate richness
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berthae) to about 200 kg in male western and eastern gorillas (Gorilla
gorilla and Gorilla beringei, respectively) (Supplementary Text) (2, 4, 5).

Using information from the IUCN and our current assessment, we
estimate that ~60% of primate species, from all 16 extant families, are
threatened with extinction because of unsustainable human activities
(Figs. 1 and 2 and tables S1 to S4). Threats to primates are widespread:
87% of species in Madagascar are threatened, as are 73% in Asia, 37% in
mainland Africa, and 36% in the Neotropics (Fig. 1 and figs. S2B and
S3A). The populations of 75% of primate species are decreasing globally
(Fig. 1 and fig. S3B). Considering the large number of species currently
threatened and experiencing population declines, the world will soon be
facing a major extinction event if effective action is not implemented
immediately.

FACTORS THAT THREATEN PRIMATE POPULATIONS

The IUCN indicates that the main threats to primate species are loss of
habitat due to agriculture (76% of species), logging and wood harvesting
(60%), and livestock farming and ranching (31%), as well as direct loss
due to hunting and trapping (60%) (fig. S4A). Other threats, such as
habitat loss due to road and rail construction, oil and gas drilling, and
mining, affect 2 to 13% of primate species, and there are also emerging
threats, such as pollution and climate change (fig. S4B and table S5).
Globally, agriculture is the principal threat, but secondary threats vary
by region. For example, livestock farming and ranching negatively affect
59% of primate species in the Neotropics. In contrast, in mainland Africa,
Madagascar, and Asia, hunting and trapping affect 54 to 90% of the

1 26 %~ . . .
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Fig. 1. Global primate species richness, distributions, and the percentage of species threatened and with declining populations. Geographic distribution of primate
species. Numbers in red by each region refer to the number of extant species present. The bars at the bottom show the percent of species threatened with extinction and the
percent of species with declining populations in each region. Percentage of threatened species and percentage of species with declining populations in each region from tables S1
to S4. Geographical range data of living, native species from the IUCN Red List (www.iucnredlist.org) are overlaid onto a 0.5° resolution equal-area grid. In cases in which a species’
range was split into multiple subspecies, these were merged to create a range map for the species. Mainland Africa includes small associated islands.
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Fig. 2. Percent of species threatened with extinction in each primate family. Assessment of threat level is according to the IUCN Categories and Criteria VU (Vulnerable), EN
(Endangered), and CR (Critically Endangered). Number in parentheses after each family indicates the number of species recognized in the family. Data for each species are
indicated in tables S1 to S4. Notably, there are threatened species in all 16 primate families. Ten families have more than 50% of their species threatened (broken line at
50%). Note that the graph is only for the Threatened IUCN categories. Families not showing 100% values may have some species classified as Near Threatened (NT), Least Concern
(LC), Data Deficient (DD), and Not Evaluated (NE) (see tables S1 to S3). Upon revision of the taxonomy of Malagasy lemurs, a number of taxa once thought to be widespread are
now highly threatened; a similar scenario is envisioned for the galagids, where there appears to be a large number of newly recognized species with limited ranges. Taxonomy is

based on previous works (7-3).

species. Logging is the third greatest threat to primates in all regions
(fig. S4A).

Land-cover changes, global market demands, and
industry-driven deforestation

Global market demands for nonarboreal (for example, soybeans, sugar
cane, and rice) and arboreal crops (for example, oil palm and natural
rubber), livestock (particularly cattle), and tropical hardwoods have
resulted in a process of rapid and widespread industry-driven de-
forestation in the Neotropics, mainland Africa, Madagascar, and
Asia (Supplementary Text and fig. S5, A to F) (6). For example, between
1990 and 2010, agricultural expansion in primate range regions was
estimated at 1.5 million km? (an area three times that of France) and
forest cover loss at 2 million km?* (Fig. 3 and fig. S6, A to C). Increasing
global demand for oil palm products is a major driver of recent severe
declines in Sumatran and Bornean orangutan (Pongo abelii and Pongo
pygmaeus, respectively) numbers and a serious risk for African apes be-
cause large segments of existing populations occur outside protected
areas (7-10). Moreover, future oil palm development is likely to threaten
forested areas in South America and Africa (10), which is projected to
result in severe negative consequences for primate populations in those
regions (fig. S5C). The expansion of rubber plantations in southwest
China has caused the near extinction of the northern white-cheeked
crested gibbon (Nomascus leucogenys) and the Hainan gibbon
(Nomascus hainanus) (11). Similarly, deforestation due to the establish-
ment of rubber plantations in India is reported to have severely affected
the Bengal slow loris (Nycticebus bengalensis), the western hoolock
gibbon (Hoolock hoolock), and Phayre’s langur (Trachypithecus phayrei)
(11, 12). Modeling the overlap between primate species’ distributions
and forecasted future agricultural production for the 21st century in-
dicates that regions predicted to undergo the greatest agricultural expan-
sion over the next decades comprise 68% of the global area currently
occupied by primates (Fig. 4). This will result in unprecedented spatial
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contlict with 75% of primate species worldwide (Supplementary Text).
Therefore, the implementation of policies to divert agricultural expan-
sion to areas where it is likely to result in the least environmental impacts
is essential to reduce spatial conflicts between primate-rich areas and the
expanding agricultural frontier (13).

Logging, mining, and fossil fuel extraction
Globalized financial markets and a worldwide commodity boom have
led to an ever-growing demand for tropical timber and a concomitant
expansion of industrial logging, resulting in deforestation and creating a
potent economic impetus for road building in forested areas (Supple-
mentary Text) (14). Countries in primate range regions are responding
to global market demands by expanding logging activities to increase
economic growth. In 2010, the Neotropics accounted for 48% of the
production of industrial hardwood, followed by Southeast Asia
(23%), sub-Saharan Africa (16%), and South Asia (13%) (fig. S5E). In
Madagascar, the large-scale harvesting of rosewood (Dalbergia) since
2009 has negatively affected several protected areas (15). The immediate
and long-term effects of legal and illegal logging are a reduction of
canopy cover, the destruction of forest undergrowth, and the decline of
large tree species important to primates as sources of food and shelter (16).
Mining for minerals and diamonds is also a growing threat to tropical
ecosystems and their primates. Although it involves relatively small areas,
mining contributes to deforestation, forest degradation, and the pollution
and poisoning of streams and soil (17). In central Africa, the population
densities of apes in mined forests [75.7 (45.35 to 126.33) nests/km?]
are markedly lower than in forested sites where mining is absent [234
(185 t0 299) nests/km?] (18). In Madagascar, illicit gold and sapphire
mining by itinerant miners has affected many forests, including
protected ones (19). Mining of gold, nickel, and copper on Dinagat
island, in the Philippines, is endangering the survival of the Philippine
tarsier (Carlito syrichta) (20). Bushmeat hunting associated with the
mining of coltan, tin, gold, and diamonds in the DRC is the main threat
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Fig. 3. Agricultural expansion and declines in forest cover for the period
1990-2010 in primate range regions. A rapid expansion of agriculture in primate
range regions has been paralleled by a sharp decline in forest cover in the 20-year
period considered. Trends for each individual region are shown in fig. S6 (A to C). Data
for Africa include Madagascar (source of raw data, FAOSTAT: faostat.fao.org/site/377/
DesktopDefault.aspx?PagelD=377#ancor. Consulted June 2016).

to Grauer’s gorilla (G. beringei graueri) (21); recent surveys indicate a 77%
decline in its numbers, from 17,000 in 1995 to just 3800 in 2014/2015
(22). In Perti, the mining of zinc and copper threatens the endemic and
Critically Endangered yellow-tailed woolly monkey (Lagothrix flavicauda)
(23). Development associated with fossil fuel extractions also jeopardizes
primate survival. By 2035, global demand for oil and natural gas is projected
to increase by >30 and 53% respectively, and primate-rich areas, such as
the western Amazon and the western Pacific Ocean (Malaysia, Borneo)
will be adversely affected. It is estimated that oil and gas concessions in
the western Amazon, and in remote forested areas of Colombia, Ecuador,
Brazil, Pert, and Bolivia, already cover about 733,414 km? (twice the size
of Germany) (24).

Other anthropogenic stressors

The expansion of industrialized agriculture, logging, mining, oil/gas
extraction, and the building of dams and power-line corridors in
tropical forest areas is expected to increase human transportation
road networks by some 25 million km by 2050 (Supplementary
Text) (25). Consequences of the unrestricted road and rail building
include increased forest losses from human population migration,
illegal colonization, and logging; increased bushmeat hunting; and
the illegal wildlife trade (Supplementary Text) (26). The construction
of conventional dams and megadams for generating electricity to
attract energy-intensive industry and stimulate local productivity in
the world’s most biodiverse river basins—the Amazon, Congo,
and Mekong—also poses a severe threat to local primate persistence
(27). For example, the development of 12 megadams in the state of
Sarawak, Malaysia, is expected to result in the loss of at least 2425 km®
of forest cover, affecting populations of the Endangered Miiller’s gibbon
(Hylobates muelleri) (28).

Currently, primates feeding on crops (commonly termed “crop
raiding”) is not considered a major cause of global primate popula-
tion declines by the IUCN because much of the conflict is local in its
occurrence, impact, and the types of crops and primate species affected
(9, 29-33). There are areas of the world, such as parts of North Africa

and Asia, where humans tolerate primates as crop pests because of
religious beliefs, cultural traditions, and economic benefit (29). For ex-
ample, in the Lindu highlands and Buton island of Sulawesi, humans
are tolerant of crop feeding macaques due to the role the macaques
hold in the local folklore and because they can help in the harvesting
of certain crops, such as cashews, where the monkeys eat only the fruit
and let the nut fall to the ground to be collected by farmers (29). In other
cases, crop feeding by primates (for example, howler monkeys) is tol-
erated without any economic reward (30). Where human and non-
human primates come into more severe conflict due to crop raiding
[for example, chimpanzees (Pan troglodytes), gorillas (Gorilla spp.),
and baboons (Papio spp.) in Africa and orangutans (Pongo spp.) in
Southeast Asia] (9, 31-33), culturally and economically appropriate
management interventions can mitigate the impact (9, 33). Human-
primate conflict due to primates feeding on crops remains a persistent
problem and is likely to increase because primate-suitable habitat is
converted into agricultural fields or gardens in response to local and
global market demands (Fig. 4).

Civil unrest also affects primate populations because of saturation
bombing, the use of defoliating chemicals (34, 35), and the increase in
bushmeat hunting. Poaching of bonobos (Pan paniscus) and gorillas,
for example, markedly increased in the DRC and Rwanda as a result
of ongoing civil wars (34). In Cambodia, armed conflicts have severely
affected populations of the black-shanked douc (Pygathrix nigripes)
(35). Land mines, the legacy of wars in the 1960s and 1970s, continue
to endanger apes in Southeast Asia and Africa (34, 36).

Forest fragmentation and degradation and the limited
resilience of primates

Long-term deforestation has resulted in the fragmentation of 58% of
subtropical and 46% of tropical forests (37, 38), forcing primates to
live in isolated forest patches, including protected areas. This has led
to decreasing numbers, population restructuring, and the loss of genetic
diversity, as shown for pied tamarins (Saguinus bicolor), northern
muriquis (Brachyteles hypoxanthus), Udzungwa red colobus monkeys
(Piliocolobus gordonorum), several species of Chinese colobines
(Rhinopithecus and Trachypithecus), Cross River gorillas (G. gorilla diehli),
and Bornean orangutans (39-45). Edge effects predominate in many
areas of disturbed forests, exacerbating habitat degradation (37). Agricul-
tural expansion as well as legal and illegal logging cause further desicca-
tion of vegetation, and human-induced forest fires devastate large areas in
primate range regions yearly, resulting in increased tree mortality and
losses of up to one-third of canopy cover (46, 47). Although the effects of
habitat loss, fragmentation, and degradation upon primates are mediated
by variations in species-specific traits (rarity, trophic levels, dispersal
mode, reproductive biology, life history, diet, and ranging behavior),
the common response across taxa is population decline (Fig. 1).

Some primates are more behaviorally and ecologically resilient than
others when faced with habitat loss, fragmentation, and degradation.
Bornean orangutans, for example, can survive, at least temporarily,
in logged forests, Acacia plantations, and oil palm plantations (48).
Baboons (Papio), Hanuman langurs (Semnopithecus), and macaques
(Macaca) are particularly adaptable and can survive even in urban areas
(49). Chimpanzees appear to evaluate risks when crop-foraging and ad-
just their foraging patterns in deciding whether to exploit fragmented
forests near humans (50). Bonobos tend to avoid areas of high human
activity, fragmented forests, or both, and although this may suggest flex-
ibility, the presence of humans appears to significantly reduce their
access to potentially available habitat (51). Still, persistence in isolated
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Fig. 4. Global patterns of forecasted agricultural expansion for the 21st century in primate range regions and estimated range contraction. (A) Estimated current global
primate distributions. (B) The predicted 21st century expansion of agriculture estimates a spatial overlap with about 75% of primate species habitat worldwide. Red areas indicate
higher spatial overlap between agricultural expansion and primate habitat. Blue areas indicate limited spatial conflict. Agricultural expansion represents a synthesis of the
expected increase in the location and area devoted to agricultural production, according to the land-cover map produced by the Integrated Model to Assess the Global
Environment and potential productivity obtained from the Global Agro-Ecological Zones (Supplementary Text) (73). (C) Estimated range contraction in primate distributions
by the end of the 21st century under a worst-case scenario of agricultural expansion. See Supplementary Text for methods.
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forest fragments, logged forests, agroecosystems, and urban areas is un-
likely to be a sustainable option for most species due to hunting, further
habitat reduction and fragmentation, reduced carrying capacity, para-
site and disease transmission from humans and domestic animals, dog
predation, human-primate conflict due to crop raiding, isolation, and
continued changes in land use (52).

Primates in degraded forests face nutritional shortfalls and lower gut
microbial diversity (53-55). They also show an increased prevalence of
parasites and pathogens. For example, the increased exposure of lemurs
(Avahi laniger, Eulemur rubriventer, Hapalemur aureus, Microcebus rufus,
Propithecus edwardsi, and Prolemur simus) and chimpanzees (P. troglodytes)
to human populations has increased their risk of infection by diarrhea-
causing enteric pathogens (56, 57). The close phylogenetic relationship
between humans and other primates also creates an exceptionally high
potential for pathogen exchange (58), as evidenced by disease emergence
in humans as an unintentional effect of the hunting and butchering of
wild primates (for example, human outbreaks of Ebola and the global
HIV/AIDS pandemic) (59). In addition, exponential human population
growth (fig. S7, A and B) and associated human-induced forest loss in-
crease opportunities for wild primates to become exposed to human and
domesticated animal pathogens (60). Primates escaping or released from
the pet trade or sanctuaries can carry pathogens with a potential of trans-
mission to resident populations (61). Moreover, ecotourism and research,
despite contributing in positive ways to primate conservation, have the
unintended consequence of exposing wild primates to human pathogens
(62, 63).

Hunting

Human population growth and increasing per capita wealth have led to
an increase in commercialized bushmeat hunting relative to subsistence
hunting in many parts of the world. This has become a major driving
force for primate population decline, especially in Africa and Southeast
Asia (45, 64). Although bushmeat hunting is difficult to track, reports
indicate that about 150,000 primate carcasses from 16 species were
traded annually as bushmeat in urban and rural markets at 89 sites in
Nigeria and Cameroon (Supplementary Text) (64). In Borneo, between
1950 and 3100 orangutans are estimated to be killed annually (including
375 to 1550 females), a level that far exceeds the maximum sustainable
offtake for population viability (45). Because only a relatively small
number of primates live inside protected areas [for example, 21 to
27.5% of all great apes (51, 65)], populations outside protected areas
are declining rapidly; the consequent increase in rarity raises the price
of primate meat, making it more worthwhile for poachers to risk en-
croaching into protected areas to hunt (66).

Legal and illegal trade

Many primate species are increasingly threatened by legal and illegal
unsustainable trade. Primates are traded for consumption, biomedical
research, and zoo and wildlife collections; as pets; for the sale of body
parts (bodies, skins, hair, and skulls) used in traditional medicine; as
talismans and trophies; and for magical purposes (67, 68). The Conven-
tion on International Trade in Endangered Species (CITES) database
for 2005-2014 reported a global primate trade of some 450,000 live in-
dividuals plus an additional 11,000 individuals in the form of body parts.
Asian species accounted for 93% of this trade (12 genera), Neotropical
species for 4% (13 genera), and African species for 3% (33 genera) (table
S6 and fig. S8, A to C). However, these figures are conservative because
CITES only reports statistics formally provided by each country. For ex-
ample, although CITES reported fewer than 400 night monkeys (Aotus)

traded internationally between 2005 and 2014 (table S6), in the tri-border
area between Pert, Brazil, and Colombia, it was estimated that ~4000 night
monkeys (Aotus nancymaae, Aotus vociferans, and Aotus nigriceps) were
traded to a single biomedical research facility between 2007 and 2008 alone,
for a price of approximately $100,000 (69). The expansion of road networks
in frontier forests facilitates the extraction and trade of primates to cities
and beyond borders (25). Together with increasing opportunities from
e-commerce, this has given suppliers and smugglers unprecedented
access to new markets (70, 71). Wildlife laundering (mixing protected
species with legal shipments of similar species) also occurs when wild-
collected primates are passed off as captive bred (Supplementary Text) (72).

Climate change

Although empirical evidence for the impact of climate change on pri-
mates is scarce, a recent global assessment suggests that numerous pri-
mates will experience changing climatic conditions during the 21st
century, with the Amazon, the Atlantic Forest of Brazil, Central America,
and East and Southeast Asia being considered hotspots of climate
change-induced primate vulnerability (73). Primate taxa with limited
geographic distributions and species characterized by slow life history
traits (for example, late age at first reproduction and long interbirth in-
tervals) are highly vulnerable to shifting ecological conditions and are
likely to be most affected (74, 75). Although some species may cope with
these changes either by migrating to more suitable conditions or by
adapting in situ, dispersal or range shift is not always possible and
may have highly negative consequences (Supplementary Text) (76).
Forest fragmentation induced by climate change can affect the availa-
bility of dispersal routes (77). Climate change may also force individuals
out of protected areas, making them more vulnerable to hunting and
other anthropogenic impacts (78), and range shifts among interacting
species can affect food supplies and introduce new predators, pathogens,
and/or competitors (79). Interactions between climate change and other
extinction drivers also need to be considered. For instance, projections of
land-cover change show that the Bornean orangutan might lose 15 to
30% of its habitat by 2080, mainly due to deforestation and oil palm
agriculture, but when coupled with climate change, even more habitat
is likely to become unsuitable (80). Additionally, more frequent and
severe climate change can induce floods, droughts, fires, hurricanes, and
EI Nino-Southern Oscillation events (81) that can affect the food supply
available to primate populations, with negative impacts on health,
fertility, and mortality (82).

Extinction risk and phylogenetic signal

The effect of anthropogenic threats on primates may be compounded
by phylogenetic relatedness. Multispecies analyses have shown that ex-
tinction risk is not spread randomly across mammalian taxa. Rather, the
prevalence of threatened taxa in some clades but not in others implies a
strong phylogenetic pattern in susceptibility (83, 84). Our own compar-
ative analysis of 340 primate species suggests that closely related species
are more likely to face the same threat status relative to species selected
randomly from the phylogeny (Fig. 5, fig. S9, A to C, and Supplemen-
tary Text). This result is likely due to the fact that related taxa share in-
trinsic aspects of their biology, such as body mass, life history, reproductive
physiology, geographical distribution, dietary requirements, and behaviors
(85-87). For example, several colobines (Trachypithecus, Presbytis, and
Simias) in Southeast Asia are highly threatened island endemics and
share biological traits known to increase their exposure and vulnerability
to threats and extinction risks, such as relatively large body mass, diurnal
behavior, and restricted geographic ranges.
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Fig. 5. Phylogenetic signal as a predictor of extinction risk in the world’s primates. Distribution of threat values (IUCN Red List categories) for 340 primate species.
Representative genera labeled. After taxonomic updates, our working phylogeny included 350 of the 367 species considered in the molecular supertree (73), of which
340 are not Data Deficient. Closely related species are more likely to have the same threat status than species taken randomly from the phylogeny [D =0.31; P (D < 1) <
0.001], supporting a strong phylogenetic signal (see Supplementary Text for details of methodology). Data for Africa include Madagascar. IUCN Red List Categories: CR
(Critically Endangered), EN (Endangered), VU (Vulnerable), NT (Near Threatened), and LC (Least Concern).

WHY PRIMATES MATTER

Social and cultural importance

Beyond sharing a close evolutionary history with humans, primates
contribute importantly to the biological and cultural richness and the
natural heritage of the countries in which they occur. Many primates
play key roles in ecosystem dynamics and sustainability and are central
figures in local and regional traditional knowledge, folklore, history, and
even economies (88). For example, throughout South and Southeast
Asia, monkeys figure strongly in Hindu and Buddhist mythology (for
example, the Hanuman langur is the monkey god Hanuman in the
Ramayana) and have centuries-old sympatric relationships with humans
at temples and holy shrines. Today, many of these “monkey temples” are
tourist sites, where the monkeys are protected, and provide an important
source of income for local populations (88). Many traditional societies
protect or tolerate primates and have integrated them into their historical
narratives as sacred cultural figures and persons, as pets, and as food. For
example, the Amazonian Guaja people integrate monkeys into their
kinship and religious systems while also relying on primates as a sustain-
able food source (89). As primates become locally rare or extinct, we risk
losing complex ecological, social, and cultural relationships that have de-
veloped between humans and primates over millennia (Supplementary
Text) (88, 90).

Ecological importance

Primates are prey, predator, and mutualist species in food webs and
thereby influence ecosystem structure, function, and resilience. Their
evolution, feeding ecology, and geographic distribution are closely
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linked to the diversification of angiosperms, a principal source of food
(pollen, nectar, fruits, and seeds) (91) for many animals and humans
(92-94). Many primates have been identified or suspected as important
pollinators due to their opportunistic nondestructive feeding on flowers
and nectar (94, 95). As consumers of different plant parts (for example,
fruits, flowers, seeds, gums, and leaves), primates can affect plant prop-
agule dissemination, cause tree mortality, and may negatively affect the
reproductive investment of some plants (95). However, numerous pri-
mates are highly frugivorous, and their relatively large size enables them
to disperse small and large seeds over long distances, enhancing forest
regeneration (95). In the absence of zoochorous seed dispersal by pri-
mates, plant populations can experience decreased genetic heterozygosity
and increased genetic subpopulation differentiation, increased negative
density dependence, and decreased recruitment (96-99). For example,
Madagascar’s lemurs display complex relationships with large seed—
producing trees, and lemur extinction may be facilitating a decline in
the viability of certain Malagasy tree species (100). The population col-
lapse of large atelids and cebids in heavily hunted forests of Amazonia has
severely degraded long-term forest dynamics and the sustainability of
many hardwood tree species with implications for the carbon-storing
potential of forests (101, 102). Similarly, the hunting of gibbons in northern
Thailand has had a negative effect on the demography of the lapsi tree
(Choerospondias axillaris), which depends on gibbons to disperse its
seeds into light gaps (103). The loss of primate seed dispersers has demon-
strable impacts on human populations in the same ecosystems. For ex-
ample, 48% of the plants whose seeds are dispersed by primates in the
western regions of Cote d’Ivoire and 42% in Uganda have economic or
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cultural utility to local human inhabitants (92). In southern Nigeria,
rural people rely on gathering primate-dispersed fruit and seed species
(104), suggesting the considerable importance of primate conservation
to local human food security.

Primates as model animals

Primates are highly valued model animals, advancing our understanding
of the evolutionary history of our species and providing insight into
human behavior, cognition, parenting, cooperation, adult social bonds,
forms of social conflict and resolution, learning and memory, and the
evolution of tool use and language (105-108). Although there exist
important ethical issues that need to be considered when using primates
in medical research (109), primate models have furthered our under-
standing of atherosclerosis, respiratory diseases, HIV/AIDS, treatment
responses to psychoactive drugs, psychopathologies, sociality, mental
health disorders, communication, immunology, brain functioning,
pharmacology, endocrine regulation of reproduction, genetics and geno-
mics, and disease risk and parasite dynamics, among many other subjects
(109). Wild primate populations may hold valuable clues to the origins
and evolution of important pathogens and processes of natural disease
transmission by serving as sentinels for early disease detection, identi-
fication, and surveillance, thus benefiting humans. Because emerging
infectious diseases also pose serious threats to both endangered and
nonendangered primate species, studies of these diseases in one primate
population may benefit conservation efforts for others (59).

ADDRESSING CONSERVATION NEEDS

Deforestation, hunting, illegal trade, and wood extraction are leading to
a worldwide impoverishment of primate fauna. Drivers of primate loss
are dynamic and interact with each other at local, regional, and global
scales, leading to a trajectory of biosimplification that is most keenly felt
as marked reductions in population sizes and, all too soon, extinctions
(Fig. 6). The global scale of primate population declines and the predicted
increase in the intensity of major anthropogenic threats (Fig. 1) suggest
that conserving wild primates is an immediate but daunting challenge.
Without widespread systemic changes in human behavior, populations
will continue to decline over the next few decades, with species currently
listed by the IUCN as Threatened becoming extinct and species now
classified as Near Threatened or Least Concern facing increased extinc-
tion risk. Many primates are iconic (for example, gorillas, chimpanzees,
orangutans, spider monkeys, and lemurs; Fig. 7), but given the scale of
their decline, it is clear that neither their charisma nor their flagship status
is sufficient to safeguard them from the threat of human-induced ex-
tirpation throughout their native ranges. Extinction rarely results from
deficient scientific knowledge of the steps required to protect the species.
Instead, it is embedded in political uncertainty, socioeconomic in-
stability, organized criminality, corruption, and policies that favor
short-term profits over long-term sustainability (110). Meaningful primate
conservation will require a major revolution in commitment and policy.
Alleviating pressures upon primate habitats requires decreasing the per
capita demand of industrialized nations for tropical hardwoods, beef, palm
oil, soy, rubber, minerals, and fossil fuels, among other goods, while simul-
taneously promoting sustainable resource-use practices (Fig. 6) (111).

Improving the human condition

The human capital in primate range localities is of utmost importance
to primate conservation. High rates of human population growth
(5.1 billion people in 2010 to 7.3 billion in 2050 in primate range

countries), high levels ot poverty and inequality, the loss of natural capital
due to extensive and rapid land-cover changes driven by global market
demands, poor governance, and the need for food security, health, and
literacy are key factors to consider (Supplementary Text and fig. S7, A
to C). Solutions to the challenge of primate conservation must include
reducing human birth rates and population growth, improving health,
reducing poverty and gender biases in education, developing sustain-
able land-use initiatives, and preserving traditional livelihoods (Fig. 6)
(112). Locally, people and governments need to become stakeholders in
this effort and perceive that they can benefit from protecting primate
populations and their forests while at the same time satisfying their basic
needs. This will require education, rethinking, and investment from
government, nongovernmental organizations (NGOs), and the private
sector. There is no single solution to this global problem. Primate eco-
tourism may be an effective approach in some localities (for example,
gorilla ecotourism in Rwanda, DRC, and Uganda) (113). In others, mini-
livestock breeding may be a productive route to improve food security
(114). Because bushmeat is an important source of food and income
for inhabitants from poverty-ridden primate range countries, as well as
an important aspect of indigenous culture, in some countries, nonprimate
game ranching and game farming may contribute to food security and
indirectly to primate conservation (115).

Expansion of protected areas

Although the percentage of the land surface devoted to protected areas
has steadily increased in primate range countries (fig. S7D), highlighting
protected areas as the only plausible conservation tool may contribute to
local poverty by denying poor people power over and access to the natural
resources that support their livelihoods (116). Protected areas must be
sufficiently large and provide suitable primate habitats, and species of
concern must be present in sufficient numbers within those areas (117).
Unfortunately, countries in the Neotropics, Africa, and Asia are currently
downgrading, downsizing, and degazetting protected areas due to growing
industrial-scale natural resource extraction, and a significant number of
protected areas are experiencing substantial deforestation (118, 119). De-
spite these trends, protected areas can and do provide long-term sanctuary
for wildlife. For example, a study in the Udzungwa mountains of Tanzania
showed that colobine primate populations were stable in the protected
areas but declined severely in the unprotected forests (120). An 8-year
study (2007-2014) using camera traps to annually monitor terrestrial
mammals and birds in 15 protected areas in the Neotropics, Africa, and
Southeast Asia showed strong evidence of stability and even increases in
populations, including those of 23 primate species (19 cercopithecines in
Africa and Asia, 3 African apes, and 1 lemur) (121). A complementary
conservation approach is the REDD+ program, where payments are made
to tropical countries to reduce emissions from deforestation and forest
degradation (122). REDD+ could be a productive approach to increasing
primate habitat and connectivity via reforestation and to providing impor-
tant economic and ecological value for local populations. However, as of
yet, no examples of implemented programs and their success on primate
conservation are available (123).

Land-sharing and land-sparing

Because forests are among the few economic assets available to the rural
poor in the tropics, securing their ownership and sustainable commercial
use can help poor families cope with and move out of poverty (124). In a
land-sharing approach (mixing protection and production in an agroec-
ological matrix), community-managed forests are one option to inte-
grate forest management into national poverty reduction programs in
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Fig. 6. Factors driving primate population declines and possible mitigating approaches. Four broad social and economic processes drive the proximate causes of threat to
primates and human actions that directly affect primate habitats and populations. Mitigating approaches aim at lowering the impact of proximate causes of primate declines.

Infrastructure development also includes road and rail expansion.

rural areas, favoring primate species with small area requirements.
These forests also have lower and less variable annual deforestation rates
than protected ones (124). In both land-sparing (favoring species with
large area requirements) and land-sharing approaches, promoting bio-
diversity and the use of lattice-work corridors to connect landscapes
along latitudinal and elevational gradients may promote a diversity of
habitats for the long-term persistence of primate species that differ in
their ecological requirements and may mitigate some of the deleterious
effects of climate change (125, 126). A recent study of the fauna, includ-
ing lemurs, of a 90-km-long biodiversity corridor connecting two na-
tional parks in Madagascar showed the need to differentiate among
passive dispersers (species that settle randomly around the source pop-
ulation), active dispersers (species that settle only in favorable habitats),
and gap-avoiding dispersers (species that avoid dispersing across non-
habitat areas). Thus, a better understanding of the natural history of dif-
ferent primates is critical to identify which taxa might be sustained within
forested corridors and those for which no substitute or alternative habitat
exists (127).

Use of new and traditional technology to monitor primate

population vulnerability

A new science of monitoring primate habitats, population status, and
anthropogenic threats is currently emerging. It includes taking advan-
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tage of global telecommunication systems and wireless Internet, satellite-
and airborne-based imagery, drone technology, ever more powerful handheld
devices (for example, smart phones and tablets), and camera traps (Sup-
plementary Text) (120, 128). Combined with geographic information
system and ground surveys, some of this technology has been used in
evaluating sustainable land-use spatial planning and human-primate
conflicts [for example, Javan gibbons (Hylobates moloch)] (129) and in
providing case-by-case assessments of species vulnerability to climate
change, as shown for Borneo’s orangutans (Supplementary Text) (80).
These same technologies can also be used by local citizen scientists for
species and habitat monitoring, thus enhancing the effectiveness of mit-
igation measures (128). Recent technological advances in molecular
biology—particularly high-throughput sequencing of DNA extracted
from noninvasive samples (for example, feces, urine, and hair)—can ac-
celerate assessments of population size and structure, genetic diversity
and evidence of outbreeding, diet (plant, vertebrate, and invertebrate
DNA consumption), and parasite and gut microbial diversity for wild
primates (130-134). These advances have allowed researchers to iden-
tify species and origins of primate parts confiscated in the illegal bush-
meat or pet trade (135) and are helpful in the genetic assessment and
management of captive populations designed to establish viable, hybrid-
free, “backup” populations to refresh the genetic pool of wild populations
via reintroduction (136, 137).
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Fig. 7. Photos of selected primates from each major world region. Conservation status and photo credits include the following: (A) Golden snub-nosed monkey
(Rhinopithecus roxellana), Endangered, P. A. Garber. (B) Ring-tailed lemur (Lemur catta), Endangered, R. A. Mittermeier. (C) Udzungwa red colobus (P. gordonorum),
Endangered (Photo Credit: Thomas Struhsaker, Duke University). (D) Javan slow loris (Nycticebus javanicus), Critically Endangered (Photo Credit: Andrew Walmsley, Andrew
Walmsley Photography). (E) Sumatran orangutan (P. abelii), Critically Endangered (Photo Credit: Perry van Duijnhoven). (F) Azara’s night monkey (Aotus azarae), Least Concern
[Photo Credit: Claudia Valeggia (Yale University)/Owl Monkey Project, Formosa-Argentina].

Although these innovations open new avenues for primate study,
successful, long-term programs that monitor primate population abun-
dance also rely on simpler and less expensive methods that engage stu-
dents and local research assistants, such as traditional census methods.
There are relatively few multigeneration studies of primate population
dynamics, largely because primates are long-living animals and popu-
lation changes occur over time periods longer than the duration of most
studies and research grants. However, a recent study from the Udzungwa
Mountains of Tanzania combined locally based monitoring routines and
advanced statistical approaches to investigate population abundance,
even when information was missing for some monitoring periods
(120). Another study showed the value of basic field procedures (transect
surveys) in monitoring Sumatran orangutan populations, with results
that doubled the estimated population from 6600 to 14,613, even
though the population was still assessed as declining rapidly due to
deforestation (138).

Mitigating illegal trade

It has been noted that to mitigate wildlife poaching, interventions need
to go beyond regulation by encouraging capacity building in local com-
munities to conserve wildlife, reexamining sustainable offtake mecha-
nisms, such as regulated trade, ranching, and wildlife farming (139), and
to use social media and the Internet to reduce demand and, ultimately,
to curb trade (Supplementary Text and Fig. 6) (71, 140). Although
the use of social media to raise local, regional, and global awareness
of the plight of the world’s primate fauna and of the ecological, social,

cultural, and economic importance of primates is, no doubt, essential, it
is just as important to develop local, action-oriented conservation edu-
cation programs, especially those targeting young people and commu-
nity decision makers. These are powerful conservation tools, combining
knowledge and action acquired from successful ongoing programs in
Madagascar (141), West Java, Indonesia (142), and Colombia (143)
(see details in Supplementary Text). Criminological investigation that
focuses on bushmeat trade and the trafficking of primates for pets, body
parts, and trophies is also important for tracing the supply chains and
criminal networks involved in illegal trade (see the “Focus of future re-
search efforts” section).

Reintroductions and long-term forest protection as
conservation tools

Where primate species are locally extinct, reintroductions are an option
but can be expensive, and long-term protection of forests is arguably a
more cost-effective means of preserving primates than reintroduction
(144). Nonetheless, reintroductions raise public and political awareness
and provide placement solutions for rescued animals in line with welfare
concerns. The use of wild-born, rescued, and rehabilitated primates in-
stead of captive-bred animals in reintroduction programs reduces costs
and can increase success (145). A range of primate species have been
successfully introduced in some places, including orangutans, lar gibbons
(Hylobates lar), southern yellow-cheeked gibbons (Nomascus gabriellae),
Indonesian slow lorises (Nycticebus), Delacour’s langurs (Trachypithecus
delacouri), western gorillas, woolly monkeys (Lagothrix lagotricha),
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golden lion tamarins (Leontopithecus rosalia), and pygmy marmosets
(Cebuella pygmaea) (146-150). Still, evidence of outbreeding and intro-
gression in, for example, Bornean orangutan populations due to the re-
introduction of rescued animals of different species and subspecies into
wild populations highlights the care that must be taken using these
kinds of conservation interventions (151).

Reducing the urban footprint on primate habitats
Worldwide, urban policies need to be targeted at reducing people’s
ecological footprints in primate range regions. For instance, promoting
the recycling of cell phones, laptops, and other electronic devices could
diminish the demand for coltan mining from the Congo Basin in
Central Africa, which threatens primates in the region, including gorillas
and chimpanzees (22, 152). Decreasing the world’s per capita demand for
tropical hardwoods, food and nonfood products, minerals, and fossil
fuels, among other goods, from primate range regions would help alle-
viate pressures on primate habitats (112).

FOCUS OF FUTURE RESEARCH EFFORTS
The scientific research effort on primates, as measured by the number of
published articles on individual primate species on the Web of Science
from January 1965 to March 2016, yielded ~47,000 records pertaining
to both wild and captive primates. Overall, 16% involve studies of Neo-
tropical monkeys, 36% of African primates, and 48% of Asian primates.
Sixty-six percent of the publication records focused on a single family,
the Cercopithecidae, principally Macaca in Asia and Papio in Africa
(fig. S10). These results reflect the important role of some taxa in this
family (for example, Macaca mulatta and Papio anubis) as models for
studies of human health, behavior, and physiology. Studies of primates
in the African Hominidae (chimpanzees, bonobos, and gorillas) consti-
tuted another 10% of the total records, and species in the Neotropical
families Callitrichidae, Cebidae, and Atelidae combined constituted
13%. Species in the remaining 11 primate families accounted for only
11% of the total records (fig. S10). Thus, despite considerable research
efforts over the past 40 years, scientific data for a great majority of pri-
mate species are still limited. Moreover, decade-long studies have been
conducted on very few species, and studies spanning several generations
are even fewer. Such paucity of knowledge suggests that there is an
urgent need to generate species- and habitat-specific knowledge about
population size, life history and ecology, habitat loss, forest fragmen-
tation, climate change, potential for disease transmission, and human-
primate interactions, including detailed population/species recovery plans.
Cultural mapping and the fostering of mutually beneficial partner-
ships with government and people in local communities, coupled with
ethnoprimatological field work, are effective tools to identify specific
problems and workable in situ solutions for primate conservation (153).
For example, a decade-long study in the Central African Republic revealed
that traditional forest uses (for example, hunting and gathering) have been
replaced by new activities, such as logging, bushmeat hunting, and even
conservation programs, and that local human populations are both ma-
terially and culturally impoverished by animal declines (153). Another
study showed that the use of lorises (Nycticebus and Loris) in traditional
medicine and the pet trade in Sri Lanka, Cambodia, and Indonesia followed
culturally specific patterns (154), and therefore, a deep understanding of
local customs is required to develop effective conservation policies.
Because the unprecedented market globalization of the illegal
wildlife, bushmeat, and amulet trade is rapidly depleting natural pri-
mate populations (110), criminological intelligence network analyses,
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within and outside range states, is critically needed. To be effective, this
effort needs to integrate local and global attitudes about environmental
insecurity and biodiversity exploitation. For example, local people’s per-
ceptions of the risk associated with illegal lemur hunting in Madagascar
do not reflect the perception of policy makers (155). Attention to poach-
ing as a serious conservation crime will yield a better understanding of
whether local people engage in such activities to ensure food security
and/or to generate income and may illuminate how best to incentivize
sustainable alternatives, such as food subsidies or employment as rangers
and conservation guards (156). Given the severity of this problem, the
social and organized crime contexts of primate bushmeat and live trade
need to be included in an integrated model (157) that also addresses cor-
ruption in supervising government entities in charge of monitoring and
prosecuting illegal trade (Fig. 6) (110).

Finally, studies that document the interactions of anthropogenic
drivers of environmental change with species-specific biological and
behavioral traits (for example, body mass, reproductive rate, dietary
flexibility, and nutritional needs) within a phylogenetic comparative
framework are needed to further our understanding of the imminent
threats faced by individual taxa, especially for species that have few
close taxonomic relatives. Over the past two decades, a resynthesis and
reorganization of new and previously collected data have increased the
number of recognized primate species from 180 to 376 in 2005 and
from 376 to 504 in 2016 (158-161). The recognition of the urgent need
to understand the diversity of threatened primates inspired a workshop
in 2000 in Orlando, Florida, sponsored by Disney’s Animal Kingdom.
This workshop gave rise to landmark conservation assessments and
action plans for each of the major primate regions (162-166).

CONCLUDING COMMENTS

Despite the impending extinction facing many of the world’s primates,
we remain adamant that primate conservation is not yet a lost cause,
and we are optimistic that the environmental and anthropogenic
pressures leading to population declines can still be reversed. However,
this is contingent on implementing effective scientific, political, and
management decisions immediately. Unless we act, human-induced
environmental threats in primate range regions will result in a continued
and accelerated reduction in primate biodiversity. Primate taxa will be lost
through a combination of habitat loss and degradation, population isolation
in fragmented landscapes, population extirpation by hunting and trapping,
and rapid population decline due to human and domestic animal-borne
diseases, increasing human encroachment, and climate change. Perhaps
the starkest conclusion of this review is that collectively—as researchers,
educators, administrators, and politicians—we are failing to preserve
primate species and their habitats. We face a formidable challenge
moving forward, as success requires that sustainable solutions address
the social, cultural, economic, and ecological interdependencies that are
the basis of primate conservation. Our review suggests that by refocusing
and publicizing our efforts to academics, government agencies, NGOs,
businesses, and the public at large, we can build a comprehensive under-
standing of the consequences of primate population declines and encour-
age urgent and effective conservation policies. These policies will differ
among countries, regions, habitats, and primate species based on the
site-specific nature of each problem. We have one last opportunity to
greatly reduce or even eliminate the human threats to primates and their
habitats, to guide conservation efforts, and to raise worldwide awareness
of their predicament. Primates are critically important to humanity.
After all, they are our closest living biological relatives.
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We conducted an analysis of global forest cover to reveal that 70% of remaining forest is within 1 km of the forest’s
edge, subject to the degrading effects of fragmentation. A synthesis of fragmentation experiments spanning
multiple biomes and scales, five continents, and 35 years demonstrates that habitat fragmentation reduces bio-
diversity by 13 to 75% and impairs key ecosystem functions by decreasing biomass and altering nutrient cycles.
Effects are greatest in the smallest and most isolated fragments, and they magnify with the passage of time. These
findings indicate an urgent need for conservation and restoration measures to improve landscape connectivity,
which will reduce extinction rates and help maintain ecosystem services.

INTRODUCTION

Destruction and degradation of natural ecosystems are the primary
causes of declines in global biodiversity (1, 2). Habitat destruction typ-
ically leads to fragmentation, the division of habitat into smaller and
more isolated fragments separated by a matrix of human-transformed
land cover. The loss of area, increase in isolation, and greater exposure
to human land uses along fragment edges initiate long-term changes
to the structure and function of the remaining fragments (3).
Ecologists agree that habitat destruction is detrimental to the main-
tenance of biodiversity, but they disagree—often strongly—on the ex-
tent to which fragmentation itself is to blame (4, 5). Early hypotheses
based on the biogeography of oceanic islands (6) provided a theoret-
ical framework to understand fragmentation’s effect on extinction in
terrestrial landscapes composed of “islands” of natural habitat scat-
tered across a “sea” of human-transformed habitat. Central to the con-
troversy has been a lingering uncertainty about the role of decreased
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fragment size and increased isolation relative to the widespread and
pervasive effects of habitat loss in explaining declines in biodiversity
and the degradation of ecosystems (7). Observational studies of the
effects of fragmentation have often magnified the controversy because
inference from nonmanipulative studies is limited to correlation and
because they have individually often considered only single aspects of
fragmentation (for example, edge, isolation, and area) (8). However,
together with these correlative observations, experimental studies re-
veal that fragmentation has multiple simultaneous effects that are in-
terwoven in complex ways and that operate over potentially long time
scales (9).

Here, we draw on findings of the world’s largest and longest-
running fragmentation experiments that span 35 years and disparate
biomes on five continents. Their rigorous designs and long-term im-
plementation overcome many limitations of observational studies. In
particular, by manipulating and isolating individual aspects of frag-
mentation while controlling for others, and by doing so on entire
ecosystems, they provide a powerful way to disentangle cause and
effect in fragmented landscapes. Here, we present experimental evi-
dence of unexpected long-term ecological changes caused by habitat
fragmentation.

Highlighting one ecosystem type as an example, we first present a
global analysis of the fragmentation of forest ecosystems, quantifying
for the first time the global hotspots of intensive historical fragmenta-
tion. We then synthesize results from the set of long-term experiments
conducted in a wide variety of ecosystems to demonstrate consistent
impacts of fragmentation, how those impacts change over time, and
how they align with predictions from theory and observation. Finally,
we identify key knowledge gaps for the next generation of fragmenta-
tion experiments.

GLOBAL ANALYSIS OF THE EXTREME MAGNITUDE AND
EXTENT OF FRAGMENTATION

New satellite data sets reveal at high resolution how human activities

are transforming global ecosystems. Foremost among these observations
are those of forest cover because of the high contrast between forest
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and anthropogenic land cover types. Deforestation, which was already
widespread in temperate regions in the mid-18th to 20th centuries
and increased in the tropics over the past half century, has resulted
in the loss of more than a third of all forest cover worldwide (10, 11).
Beyond the direct impacts of forest loss and expanding anthropogenic
land cover (for example, agricultural fields and urban areas), remnant
forests are likely to suffer from being smaller, more isolated, and with
a greater area located near the edge of the forest (12).

We analyzed the world’s first high-resolution map of global tree
cover (13) to measure the magnitude of forest fragmentation. This
analysis revealed that nearly 20% of the world’s remaining forest is
within 100 m of an edge (Fig. 1, A and B)—in close proximity to agricul-
tural, urban, or other modified environments where impacts on forest
ecosystems are most severe (14). More than 70% of the world’s forests
are within 1 km of a forest edge. Thus, most forests are well within the
range where human activities, altered microclimate, and nonforest
species may influence and degrade forest ecosystems (15). The largest
contiguous expanses of remaining forests are in the humid tropical re-
gions of the Amazon and Congo River Basins (Fig. 1A). Large areas of
more disjunct forest also remain in southeastern Asia, New Guinea,
and the boreal biomes.

Historical data enable the study of the process of forest fragmen-
tation over time. We reconstructed the historical forest extent and
timing of fragmentation in two forested regions of Brazil that provide
a stark contrast in land-use dynamics. The Brazilian Amazon is a
rapidly changing frontier (10), yet most of its forests remain con-
tiguous and far from an edge despite recent increases in fragmen-
tation (Fig. 1, C and D). In contrast, the Brazilian Atlantic Forest is
a largely deforested landscape, cleared for agriculture and logged
for timber over the last three centuries (1I). This remaining forest
is dominated by small fragments, with most fragments smaller than
1000 ha and within 1000 m of a forest edge (Fig. 1, E and F) (16). In
the Brazilian Amazon, the proportion of forest farther than 1 km from
the forest edge has decreased from 90% (historical) to 75% (today),
and in the Brazilian Atlantic, from 90% to less than 9%.

These two forested regions of Brazil define extremes of the frag-
mentation process and are representative of the extent of fragmenta-
tion in forested landscapes worldwide (Fig. 1), as well as many other
biomes including temperate grasslands, savannas, and even aquatic
systems (17). For example, although a spatial analysis similar to that
of forest is not currently possible in grasslands, 37% of the world’s
grassland eco-regions are classified as “highly fragmented” (18, 19).
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Robust knowledge of how habitat fragmentation affects biodiversity
and ecosystem processes is needed if we are to comprehend adequately
the implications of this global environmental change.

THE VALUE OF LONG-TERM FRAGMENTATION EXPERIMENTS

Long-term experiments are a powerful tool for understanding the ec-
ological consequences of fragmentation (20). Whereas observational
studies of fragmented landscapes have yielded important insights
(9, 21), they typically lack rigorous controls, replication, randomiza-
tion, or baseline data. Observational studies have limited ability
to isolate the effects of fragmentation from concomitant habitat loss
and degradation per se (4, 7, 22). Remnant fragments are embedded in
different types and qualities of surrounding habitat, complicating in-
terpretation because the surrounding habitat also influences bio-
diversity and ecosystem productivity (23).

The long-term fragmentation experiments we analyze here com-
prise the entire set of ongoing terrestrial long-term experiments. They

Year

1980 1990 2000

— Biological Dynamics of Forest Fragments (Brazil)

occur in several biomes (Fig. 2 and Supplementary Materials) and
were designed to manipulate specific components of fragmentation—
habitat size, isolation, and connectivity—while controlling for confounding
factors such as the amount of habitat lost across a landscape (Fig. 2).
The largest fragments across these experiments match the size of frag-
ments commonly created by anthropogenic activities (Figs. 1 and 2).
Distances to the edge of experimental fragments range to 500 m, en-
compassing edge distances found in more than half of forests world-
wide (Fig. 1B). In each experiment, different fragmentation treatments
with replication were established, starting from continuous, nonfrag-
mented landscapes and controlling for background environmental
variation either by experimental design (blocking) or by measurement
of covariates for use in subsequent analyses. Tests were conducted within
fragments that varied experimentally in area or edge, within fragments
that were experimentally isolated or connected, or within experimental
fragments compared to the same area within continuous habitat. All
treatments were replicated. Experiments were created by destroying or
creating precise amounts of habitat across replicate landscapes, allow-
ing tests of fragmentation effects independent of habitat loss. The robust
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(UK, Canada)
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Fig. 2. The world’s ongoing fragmentation experiments. All experi-
ments have been running continuously since the time indicated by the

start of the associated arrow (with the exception of the moss fragmenta-
tion experiment, which represents a series of studies over nearly two dec-
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and comparable experimental designs allow for powerful tests of the
mechanisms underpinning the ecological impacts of fragmentation, and
the long-term nature of ensuing studies has revealed consistent emer-
gent effects.

These experiments mimic anthropogenic fragmentation; they are
whole-ecosystem manipulations in which all species and processes
experienced the same treatment (24). Emergent responses thus reflect
the multiple direct and indirect effects of interacting species and
processes. Further, because experimentally fragmented ecosystems
are open to fluxes of individuals and resources, fragmentation
effects can manifest across multiple levels of ecological organization
(Fig. 3). Long-term experiments have the power to detect lagged and/
or chronic impacts.

The first fragmentation experiments, now more than three decades
old, were created to test effects of fragment area on both species
persistence and patterns of immigration, reflecting concern in con-
servation biology about the role of fragmentation in reducing pop-
ulation sizes below viable levels (25) (Fig. 2). Subsequent experiments,
created two decades ago, shifted focus to modifying habitat isolation,
reflecting recognition of the potential to mitigate negative effects of frag-
mentation by recreating habitat—specifically with corridors—to increase
connectivity among fragments (26) (Fig. 2). The newest experiments test
emerging questions about potentially deleterious synergies between
fragmentation and global changes in climate and land use (Fig. 2).

Reduced
Area

A Reduced Area
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Species Persistence Species Persistence

Species Richness Species Richness
Community
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Composition

Nutrient Retention Nutrient Retention

Succession Rate Pallination

Trophic Dynamics Trophic Dynamics

Microclimate Microclimate

Increased
Isolation

Increased Isolation C

We synthesized results available 31 January 2014 for all studies
within these experiments that were conducted in all treatments and
replicates, and tested fragmentation effects on dispersal, abundance,
extinction, species richness, community composition, and ecosystem
functioning. We first calculated effect sizes of fragmentation as log re-
sponse ratios (Fig. 3). Data from 76 different studies across the five
longest-running experiments were drawn from published and un-
published sources (table S1). We synthesized results according to three
fragmentation treatments: reduced fragment area [the focus of Biolog-
ical Dynamics of Forest Fragments Project (BDFFP), Wog Wog, and
Kansas; see Fig. 2 for identifiers of experiments], increased fragment
isolation [Savannah River Site (SRS) and Moss], and increased propor-
tion of edge (all experiments). Fragmented treatments were compared
directly to non- or less-fragmented habitats that were either larger or
connected via structural corridors (table S1).

Strong, consistent, and accumulating effects
of habitat fragmentation
Our synthesis revealed strong and consistent responses of organisms
and ecosystem processes to fragmentation arising from decreased
fragment area, increased isolation, and the creation of habitat edges
(Fig. 3).

Community and ecosystem responses emerge from observed re-
sponses at the level of populations. Reduced area decreased animal

Increased
Edge

Increased Edge

i
i
Community H
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Nutrient
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Effect size

Fig. 3. Fragmentation effects propagate through the whole eco-
system. (A to C) For each fragmentation treatment [reduced area in
BDFFP, Wog Wog, Kansas (A); increased isolation in SRS and Moss (B);
and increased edge in all experiments (C)], we summarize major find-
ings for ecological processes at all levels of ecological organization.
Each dot represents the mean effect size [computed as log response

0

Effect size Effect size

ratio: In(mean in more fragmented treatment/mean in non- or less-fragmented
treatment)] for an ecological process. Effect sizes are statistical, such that
negative or positive values could represent degrading function. Horizon-
tal bars are the range when a dot is represented by more than one study.
Details, including individual effect sizes for each study, are reported in
table S1.
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residency within fragments, and increased isolation reduced move-
ment among fragments, thus reducing fragment recolonization after
local extinction (Fig. 3, A and B). Reduced fragment area and increased
fragment isolation generally reduced abundance of birds, mammals,
insects, and plants (Fig. 3, A and B). This overall pattern emerged de-
spite complex patterns of increases or declines in abundance of indi-
vidual species (Fig. 3A) with various proximate causes such as release
from competition or predation, shifts in disturbance regimes, or alter-
ation of abiotic factors (14, 27-29). Reduced area, increased isolation,
and increased proportion of edge habitat reduced seed predation and
herbivory, whereas increased proportion of edge caused higher fledgling
predation that had the effect of reducing bird fecundity (represented
together as trophic dynamics in Fig. 3, A to C). Perhaps because of
reduced movement and abundance, the ability of species to persist
was lower in smaller and more isolated fragments (Fig. 3, A and B).

As predicted by theory (6, 30, 31), fragmentation strongly reduced
species richness of plants and animals across experiments (Fig. 3, A
and B), often changing the composition of entire communities (Fig. 3,
A to C). In tropical forests, reduced fragment size and increased pro-
portion of edge habitat caused shifts in the physical environment that
led to the loss of large and old trees in favor of pioneer trees (Fig. 3, A
and C), with subsequent impacts on the community composition of
insects (32). In grasslands, fragment size also affected succession rate,
such that increased light penetration and altered seed pools in smaller
fragments impeded the rate of ecological succession relative to that of
larger fragments (33) (Fig. 3A).

Consistently, all aspects of fragmentation—reduced fragment area,
increased isolation, and increased edge—had degrading effects on a
disparate set of core ecosystem functions. Degraded functions included
reduced carbon and nitrogen retention (Fig. 3, A to C), productivity
(Fig. 3C), and pollination (Fig. 3B).

In summary, across experiments spanning numerous studies and
ecosystems, fragmentation consistently degraded ecosystems, reducing
species persistence, species richness, nutrient retention, trophic dynamics,
and, in more isolated fragments, movement.

Long-term consequences of fragmentation

To synthesize all time series of species richness and ecosystem func-
tioning gathered across experiments, we measured effects of fragmen-
tation over the course of each study. The effect of fragmentation was
calculated over time as the proportional change in fragmented relative
to non- or less-fragmented treatments (Fig. 4).

In most cases, the large and consistent effects of fragmentation re-
vealed by the experiments were predicted from theory. However, we
were struck by the persistence of degradation to biodiversity and eco-
system processes and by the increase in many of the effects over time
(Fig. 4). For example, extreme rainfall events at Wog Wog appeared to
delay the decline in plant species richness for 5 years after fragmenta-
tion. In the Kansas Experiment, a lag of 12 years occurred before frag-
mentation effects on plant succession were detected. Our results thus
reveal long-term and progressive effects of fragmentation and provide
support for three processes proposed by recent studies in spatial ecol-
ogy: extinction debt, immigration lag, and ecosystem function debt
(Fig. 4).

First, we found strong evidence for temporal lags in extinction [that
is, “extinction debt” (30)] in fragments. Species richness of plants, ar-
thropods, and birds sampled in the experiments conducted in mature
forest fragments and replicated moss landscapes showed decreases of
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Fig. 4. Delayed effects of fragmentation on ecosystem degradation.
(A) The extinction debt represents a delayed loss of species due to frag-
mentation. (B) The immigration lag represents differences in species
richness caused by smaller fragment area or increased isolation during
fragment succession. (C) The ecosystem function debt represents de-
layed changes in ecosystem function due to reduced fragment size or
increased isolation. Percent loss is calculated as proportional change in
fragmented treatments [for example, (no. of species in fragment — no.
of species in control)/(no. of species in control) x 100]. Fragments and
controls were either the same area before and after fragmentation, frag-
ments compared to unfragmented controls, or small compared to large
fragments. Filled symbols indicate times when fragmentation effects
became significant, as determined by the original studies (see table
$2). Mean slopes (dashed lines) were estimated using linear mixed (random
slopes) models. Mean slope estimates (mean and SE) were as follows: (A)
—0.22935 (0.07529); (B) —0.06519 (0.03495); (C) —0.38568 (0.16010).
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20 to 75% after fragmentation (Fig. 4A). Some declines were evident
almost immediately after fragmentation, whereas others increased in
magnitude over the experiment’s duration. Across experiments, average
loss was >20% after 1 year, >50% after 10 years, and is still increasing in
the longest time series measured (more than two decades). The rate of
change appears to be slower in larger fragments [in BDFFP, 50% decline
in bird species after 5 years in 1-ha fragments, but after 12 years in
100-ha fragments; in Moss, 40% decline in arthropod species richness
of small fragments and 26% reduction in large fragments after 1 year
(34, 35)]. As predicted by theory (36), the extinction debt appears to
take longer to pay in larger fragments.

Second, we observed that reduced richness was coincident with an
“immigration lag” (37), whereby small or isolated fragments are slower
to accumulate species during community assembly (33, 38) (Fig. 4B). Im-
migration lags were observed in experiments conducted in successional
systems that were initiated by creating new habitat fragments, rather
than by fragmenting existing habitats. After more than a decade, im-
migration lags resulted in 5% fewer species after 1 year, and 15% fewer
species after 10 years in small or isolated fragments compared to large
or connected fragments (Fig. 4B).

Third, we observed an ecosystem function debt caused by fragmen-
tation (39) in forest and moss fragments (Fig. 4C). An ecosystem function
debt is manifest both as delayed changes in nutrient cycling and as
changes to plant and consumer biomass. Loss of function amounted to
30% after 1 year, rising to 80% after a decade in small and isolated frag-
ments when compared to larger and more connected fragments (Fig. 4C).
Functional debts can result from biodiversity loss, as when loss of nutri-
ents and reduction in decomposition are caused by simplification of food
webs. Alternatively, the impact is exhibited through pathways whereby
fragmentation changes biotic (for example, tree density in successional
systems) or abiotic conditions (for example, light regimes or humidity)
in ways that alter and potentially impair ecosystem function [for ex-
ample, biomass collapse in fragments; Figs. 3 and 4; altered nitrogen
and carbon soil dynamics (40)].

A new understanding of the effects of fragmentation

By testing existing theory, experiments play a pivotal role in advancing
ideas and developing new theory. We draw on experimental evidence to
highlight two ways that the understanding of fragmentation has been
enriched by the interplay between long-term experiments and develop-
ment of theory.

First, island biogeography (6) was among the earliest theories to pre-
dict extinction and immigration rates and patterns of species richness in
isolated biotas, which were later used to predict the effects of fragmen-
tation on these variables. Experiments in continental settings tested the
theory and gave rise to fresh perspectives. For example, islands are sur-
rounded by sea, a thoroughly inimical matrix for island-dwelling species.
Habitat islands, or fragments, are surrounded by a matrix that may not
be so unsuitable for some species. In terms of all of the ecological varia-
bles studied in our long-term experiments, our results support the con-
clusion that ecological dynamics in human-modified fragments are a
stark contrast to the dynamics in intact habitats that remain. Obser-
vational studies that have devoted more detailed consideration to the
countryside within which fragments are embedded explain the diversity
of ecological responses in remaining fragments (41). At the same time as
experiments supported the core predictions of classical theories about
effects of fragment size and isolation (Figs. 3 and 4), they spurred and
tested new theories such as metacommunity theory (42) to account

for variation in connectivity and habitat quality within and between
fragments (33, 43-45), spatial dynamics (14, 46), and spatially varying
interspecific interactions (47).

Second, experiments have demonstrated that the effects of fragmen-
tation are mediated by variation in traits across species. More realistic
predictions of community responses to fragmentation emerged after ex-
plicit consideration of species traits such as rarity and trophic levels
(48, 49), dispersal mode (50-52), reproductive mode and life span (29, 53),
diet (54), and movement behavior (55, 56). Increasingly, the simple theo-
retical prediction that fragmentation reduces species richness is being
modified to account for species identity through models that focus on
how species vary in their traits (4, 21, 36, 48, 57, 58). Consideration
of traits may help to interpret variation around the overarching pat-
tern that fragmentation consistently reduces species richness across
many species and biomes (Figs. 3 and 4).

A NEW GENERATION OF FRAGMENTATION EXPERIMENTS

New foci are emerging for studying ecosystem fragmentation, in-
cluding (i) synergies between fragmentation and global changes, (ii)
eco-evolutionary responses of species to fragmentation, and (iii) ecolog-
ical responses to fragmentation in production landscapes—that is, eco-
systems whose services are under extreme appropriation by humans (59).

First, conclusions from experiments thus far are likely to have been
conservative because impacts from other environmental changes have
been mostly excluded. Most forms of global change known to reduce
population sizes and biodiversity will be exacerbated by fragmentation
(58, 60), including climate change (61), invasive species (62, 63), hunting
(64), pollution [including light, noise, and chemicals (65)], and altered
disturbance regimes (66).

More complex experiments with unparalleled control and capacity
to simultaneously manipulate fragmentation and other global changes
are now under way (53). The Metatron, created in 2011 in southern
France (67), enables ecologists to assess effects of variation in tempera-
ture and other abiotic factors in addition to habitat isolation. The
SAFE Project is being created in the rainforest of Borneo (68) and will
embed a fragmentation experiment within a production agricultural
plantation in which poaching will occur. Other synergies should be
investigated experimentally, including the interaction between frag-
mentation and hunting, fire, infectious disease outbreaks, or nitrogen
deposition. Within these experiments, fragmentation and loss of hab-
itat can then be varied independently.

Second, current experiments have stopped short of examining how
fragmentation drives evolution through genetic bottlenecks, ecological
traps, changing patterns of selection, inbreeding, drift, and gene flow
(69-72). Extensive fragmentation has occurred over many years, and
in some regions over millennia (11). Changes caused by fragmentation
undoubtedly lead to altered patterns of selection and trait evolution.
Evolutionary responses to fragmentation have already been suggested
(73, 74), and it is likely that such changes will, in turn, feed back to
influence population persistence and ecosystem resilience in fragmen-
ted landscapes. Linking long-term experiments with the tools of land-
scape genetics (75) may provide powerful insights into the evolutionary
dynamics of species inhabiting fragmented landscapes.

Third, new experiments should address the management of natural
habitats in production landscapes by monitoring vegetation, networks
of interacting species, and ecosystem services at ecologically relevant
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spatial and temporal scales (76-78). Some ecosystem services have
global consequences, for example, local carbon sequestration affects
global atmospheric CO,. However, in many cases the benefits obtained
by people depend on their proximity to habitat fragments (79). For ex-
ample, crop pollination and biological pest control from natural areas
adjacent to farms are made available by the very process of habitat
fragmentation, bringing people and agriculture closer to those services.
Yet, further fragmentation reduces access to many services and ulti-
mately may push landscapes past tipping points, beyond which essen-
tial ecosystem services are not merely diminished but lost completely
(80). This complex relationship creates a double-edged sword, for
which locally optimal levels and arrangements of habitat must be
sought. New fragmentation experiments should consider how multiple
fragments in a landscape interact, creating an ecological network in
which the collective benefit of ecosystem services may be greater than
the sum of services provided by individual fragments (81, 82). Ex-
perimental inferences may then be tested beyond their spatiotemporal
domains and, if successful, extrapolated across scales. Such research will
be aided by satellite monitoring of ecosystems and human land use
across the globe. The most powerful research programs will integrate
experiments, observational studies, air- and space-borne imaging, and
modeling.

CONCLUSIONS

Fragmentation experiments—some of the largest and longest-running
experiments in ecology—provide clear evidence of strong and typically
degrading impacts of habitat fragmentation on biodiversity and ecolog-
ical processes. The findings of these experiments extend to a large frac-
tion of the terrestrial surface of the Earth. Much of the Earth’s remaining
forest fragments are less than 10 ha in area, and half of the world’s forest
is within 500 m of the forest edge—areas and distances matched to
existing long-term experiments (Figs. 1 and 2) from which consistent
effects of fragmentation have emerged (Figs. 3 and 4).

Reduced fragment area, increased isolation, and increased edge ini-
tiate changes that percolate through ecosystems (Fig. 3). Fragmenta-
tion has the capacity to generate persistent, deleterious, and often
unpredicted outcomes, including surprising surges in abundance of
some species and the pattern that long temporal scales are required
to discern many strong system responses. In light of these conclusions
and ongoing debates, we suggest that fragmentation’s consistency, per-
vasiveness, and long-term degrading effect on biodiversity and ecosys-
tem function have not been fully appreciated (9).

Without gains in yield and efficiency of agricultural systems (83), the
expansion of human populations will inevitably continue to reduce and
fragment natural areas. The area of Earth’s land surface devoted to
cropland already occupies 1.53 billion hectares (83) and may expand
18% by the middle of this century (84), and the area committed to urban
centers is predicted to triple to 0.18 billion hectares by 2030 (85). The
capacity of the surviving forests and other natural habitats to sustain bio-
diversity and ecosystem services will hinge upon the total amount and
quality of habitat left in fragments, their degree of connectivity, and how
they are affected by other human-induced perturbations such as climate
change and invasive species. Long-term experiments will be even more
needed to appreciate, explain, and predict long-term effects. New efforts
should work in concert, coordinating a network of experiments across
ecosystems and spatial extents.

36

The effects of current fragmentation will continue to emerge for dec-
ades. Extinction debts are likely to come due, although the counteract-
ing immigration debts may never fully be paid. Indeed, the experiments
here reveal ongoing losses of biodiversity and ecosystem functioning
two decades or longer after fragmentation occurred. Understanding
the relationship between transient and long-term dynamics is a substan-
tial challenge that ecologists must tackle, and fragmentation experiments
will be central for relating observation to theory.

Experimental results to date show that the effects of fragmentation
are strong and markedly consistent across a diverse array of terrestrial
systems on five continents. Increasingly, these effects will march in con-
cert with other global changes. New experiments should be coupled
with emerging technologies, landscape genetics, and detailed imagery
of our planet, and should be coordinated with current ecological the-
ory to understand more deeply the coupled dynamics of ecological
and social systems. These insights will be increasingly critical for those
responsible for managing and prioritizing areas for preservation and
ecological restoration in fragmented landscapes.

SUPPLEMENTARY MATERIALS
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Materials and Methods

Fig. S1. Map of the BDFFP experiment and location within Brazil.

Fig. S2. Map of the Kansas fragmentation experiment.

Fig. S3. Map of the Wog Wog experiment and location within Australia.

Fig. S4. Map of the SRS experiment showing locations of the eight blocks in the second SRS
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Fig. S5. Design of the Moss experiment.

Fig. S6. Design of the Metatron experiment with 48 enclosed fragments and adjoining enclosed
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Estimates of extinction risk for Amazonian plant and animal species are rare and not often incorporated into land-use
policy and conservation planning. We overlay spatial distribution models with historical and projected deforestation to
show that at least 36% and up to 57% of all Amazonian tree species are likely to qualify as globally threatened under
International Union for Conservation of Nature (IUCN) Red List criteria. If confirmed, these results would increase the num-
ber of threatened plant species on Earth by 22%. We show that the trends observed in Amazonia apply to trees through-
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INTRODUCTION level, where they include soil erosion (3, 4), diminished ecosystem
Amazonian forests have lost ~12% of their original extent and are  services (5-8), altered climatic patterns (5, 7, 9-11), and habitat degra-
projected to lose another 9 to 28% by 2050 (1, 2). The consequences  dation. By contrast, little is known about how historical forest loss has
of ongoing forest loss in Amazonia (here all rainforests of the Amazon affected the population sizes of plant and animal species in the basin
basin and Guiana Shield) are relatively well understood at the ecosystem  and how ongoing deforestation will affect these populations in the future.
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As a result, the conservation status of the >15,000 species that com-
pose the Amazonian tree flora—one of the most diverse plant commu-
nities on Earth—remains unknown. To date, only a tiny proportion of
Amazonian tree species have been formally assessed for the Interna-

tional Union for Conservation of Nature (IUCN) Red List. Two pre-
vious studies have attempted to estimate the extinction threat to
Amazonian plants using theory, data, and vegetation maps to model re-
ductions in range size, but they disagreed on whether the proportion of
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threatened plant species in the Amazon is low (5 to 9%) (12) or moderate
(20 to 33%) (13).

Here, we build on that work by using a spatially explicit model of tree
species abundance (14) based on 1485 forest inventories (fig. S1) to quan-
tify how historical deforestation across Amazonia (1, 2, 15) has reduced
the population sizes of 4953 relatively common tree species. We use a
separate model to estimate population declines for an additional 10,247
rarer tree species. For both models, we also estimate the population losses
expected for 2050 under two deforestation scenarios (I, 2) and ask to what
extent projected losses can be prevented by Amazonia’s existing protected
area network. In contrast to previous studies, which presented results in

the currency of statistical probability of extinction, we interpret our results
using the criteria of the IUCN Red List of Threatened Species, the most
commonly used yardstick for species conservation status.

RESULTS

Effects of historical forest loss on tree populations

The original lowland forests of Amazonia are estimated to have
covered 5.74 million km? (fig. S2), 11.4% of which had been deforested
by 2013 (1, 2) (figs. S3 and S4A and appendix S1). Most of the estimated
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Fig. 1. Estimated population declines and threat status of Amazonian tree species under historical deforestation and two projected deforestation
scenarios. Historical deforestation (A to C). Projected deforestation (D to I). Top row: Percent population loss of 4953 tree species in the entire Amazon and in
six Amazonian regions. Middle row: Percent species in a DGC estimated as globally threatened based on projected (including historical) forest loss (IUCN A2
and A4; n = 4953). Bottom row: Proportion of all 15,200 Amazonian tree species estimated to be globally threatened based on four different IUCN threat
criteria. BAU: projected (including historical) deforestation through 2050 based on a BAU scenario (7, 2); IGS: projected (including historical) deforestation
through 2050 based on an IGS (7, 2). Cristalino State Park is the small black polygon in southeastern Amazonia, encircled in (B). CA, Central Amazonia; GS,
Guiana Shield; WAS, Southwestern Amazonia; WAN, Northwestern Amazonia; SA, Southern Amazonia; EA, Eastern Amazonia; CR, critically endangered; EN,

endangered; VU, vulnerable.
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3.2 x 10" individual trees lost to date (appendixes S2 and S3) were in
southern and eastern Amazonia (Fig. 1A).

Overlaying these deforestation data with the output of our spatial
model of the distribution and abundance of 4953 relatively common
tree species allowed us to estimate the impact of forest loss on the
Amazonian populations of these species. Forest loss up to 2013 (figs.
S3 and S4A) caused a mean decline of 11% in the number of individuals
of tree species across Amazonia (median, 6%) (Fig. 1A and fig. S4D)
and mean declines of 2 to 32% in individual Amazonian regions. Of
4953 common species, 342 (7.5%) have lost a large enough proportion
of their original populations (=30%) to qualify as globally threatened
under TUCN criterion A2 (Fig. 1A and appendix S2). A separate anal-
ysis performed to model the distribution and extinction risk of 10,247
rare tree species in the Amazon suggested that 9% of them (a total of
967 species) have lost enough individuals to qualify as globally threatened
under the same criterion (fig. S5A and table S1). Together, these analy-
ses suggest that 9% of all Amazonian tree species likely qualify as
threatened as a result of historical forest loss through 2013 (Fig. 1C).
Adding the 2579 rare species that may qualify as threatened because
they have an estimated <1000 individuals (IUCN criterion D1) in-
creases the proportion of all threatened species to 25% (Table 1).

The data in fig. S4 (A and D) suggest a one-to-one relationship
between percent historical forest loss and mean percent loss of indi-
viduals to date. Consequently, population losses of the common species
are highest in regions where deforestation rates are highest, the so-called
“Arc of Deforestation” in southern and eastern Amazonia. The same
patterns were observed for rare species.

Effects of projected forest loss on tree populations

We repeated the above analyses for two scenarios of projected forest
loss (which include historical loss). The business-as-usual (BAU)
scenario model (1) estimates that, by 2050, ~40% of the original Amazon
forest will be destroyed (figs. S4B and S6 and appendix S1). The
improved governance scenario (IGS) model (1) estimates forest loss
by 2050 at 21% (figs. S4C and S7 and appendix S1). Under these
two scenarios, only 31 to 42% of grid cells maintain >95% forest
cover. As is the case for historical deforestation, future deforestation
is projected to be most severe in southern and eastern Amazonia
(34 to 66% and 42 to 76% forest cover loss, respectively).

For common species, mean population declines under the BAU
scenario are estimated to be 35% (median, 32%), and absolute declines
range from 0 to 83% (Fig. 1D, fig. S4E, and appendixes S2 and S3). Un-
der the BAU scenario, 2567 (51%) of all common species likely qualify
as threatened under TUCN criterion A4 (Fig. 1D). Under IGS, average
losses are lower, with a mean of 20% (median, 18%) and a range of 0
to 82% (fig. S4F and appendixes S2 and S3); 774 (16%) of common
species likely qualify as threatened (Fig. 1G). Again, the severest threat
is found in southern and eastern Amazonia (Fig. 1G and fig. $4D).

Both scenarios also pose severe threats to rare species. Under the
BAU scenario, 4466 (43%) of all rare species are predicted to lose
>30% of their population by 2050 (fig. S5B and table S1), compared
to 2590 (25%) of all rare species under IGS (fig. S5C and table S1).
Under the BAU scenario, rare species are expected to be most severely
hit in southern and eastern Amazonia, where the median population
loss is 100% and more than 65 and 86% of the species, respectively,
have population losses of more than 80% (table SI).

Combining the analyses of common and rare species suggests that
3364 to 7033 Amazonian tree species likely qualify as globally threatened
as a result of a combination of historical and projected forest loss (Fig. 1, F
and I). An additional 1657 to 2151 species in the data set are likely to
qualify as globally threatened because they have very small population
sizes (IUCN criteria C1 and D1). When all criteria are included, we find
that 36 to 57% of Amazonian tree species likely qualify as globally threat-
ened (Table 1).

To what degree will protected areas and indigenous territories
prevent declines of Amazonian tree populations?

Over the last 50 years, Amazonian countries have formalized a large
network of protected areas and indigenous territories (fig. S8 and ap-
pendix S1) that now cover 52.2% of the basin: 9% in strict conservation
reserves (SCRs) (fig. S9A) and 44.3% in sustainable use and indige-
nous reserves (SUIRs) (fig. S9B). Our models suggest that all of the
4953 common species are protected to some degree by SCRs and
SUIRs (for convenience, we refer to both as protected areas) (fig. S9,
C and D). Every common species is estimated to have more than 5500
adult individuals within protected areas, with 23%, on average, of these
individuals occurring in SCRs and 77% in SUIRs. However, Per-
formance is poor in some Amazonian regions. For example, the

Table 1. Number of Amazonian tree species estimated to qualify as globally threatened under four IUCN threat status criteria. Numbers of
threatened species are nonoverlapping (that is, species listed for C1 did not qualify for A4). BAU = projected (including historical) deforestation
through 2050 based on a BAU scenario (1, 2); IGS = projected (including historical) deforestation through 2050 based on an IGS (7, 2).

Forest loss Forest loss Forest loss
1900-2013 | 1900-2050 (BAU) | 1900-2050 (IGS)
Total number of species 15,200 15,200 15,200
Number of species with >30% observed population decline to date (IUCN A2) 1309 — —
Number of species with >30% projected population decline over three generations (IUCN A4) — 7033 3364
Number of species with >10% projected population decline over three generations — 38 44
and <10,000 individuals (IUCN C1)
Number of species with <1000 individuals (IUCN D1) 2505 1619 2107
Total number of threatened species 3814 8690 5515
Percentage of all species threatened 25 57 36
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scarcity of SCRs in central and eastern Amazonia means that, on av-
erage, only 2% of individuals of common species in these regions are
in SCRs (fig. S9, C and D). Our simulation models also suggest that
580 of the 10,247 rare species have more than 70% of their individuals
in SCRs (fig. S10A and table S2), compared to 4005 in SUIRs.

Preventing deforestation within protected areas between now and
2050 could significantly reduce the number of threatened Amazonian
tree species because both 2050 deforestation scenarios assume signifi-
cant deforestation within protected areas (figs. S11 to S13): one-third of
projected BAU deforestation and 16% of projected IGS deforestation. If
the deforestation that is projected to occur within protected areas under
the BAU scenario and IGS is not factored in, the number of common
species that likely qualify as threatened under IUCN criterion A4 will
fall by 29 to 44%. For example, 63% of wild Brazil nut trees (Bertholletia
excelsa) are expected to be lost by 2050 under the BAU scenario. Under
a modified IGS that allows for no deforestation within protected areas,
this percentage drops to 32%, and B. excelsa no longer qualifies as en-
dangered (appendix S2).

DISCUSSION

Our analyses suggest that historical and ongoing forest loss may cause
population declines of >30% in one-quarter to one-half of all Amazonian
tree species by 2050. These declines affect species in all Amazonian
regions, including iconic Amazonian trees such as Brazil nut (B. excelsa),
wild populations of major food crops such as cacao (Theobroma cacao;
50% population decline with the BAU scenario) and acai palm (Euterpe
oleracea; 72% decline with the BAU scenario), and 167 of the 227
hyperdominant taxa that account for half of all Amazonian trees (14).
Although these declines comprise both historical population losses and
population losses projected to occur in the future, they could be used to
classify these species as threatened now under IUCN criterion A4b.

Thousands of other Amazonian tree species are likely to qualify as
globally threatened because they have very small populations (Table 1).
Although our methods and results are preliminary (see the Supple-
mentary Materials), the statistical independence that we find between
the estimated population size of a species and its fractional decline in
numbers (fig. S14) suggests that the primary findings will remain sta-
ble as sampling improves.

A 22% increase in the global red list for plants
Our estimates of the threat status of all Amazonian tree species constitute
the largest threat assessment ever carried out. In fact, the number of spe-
cies assessed in our analyses (15,200) is nearly as large as the number
of all plant species evaluated by the IUCN over its 50-year history
(19,738) [Table 3b in the IUCN Red List (16)]. If the 194 countries
that have adopted the Global Strategy for Plant Conservation are to
meet target 2 (“A preliminary assessment of the conservation status of
all known plant species” by 2020), it will require large scaling-up
approaches such as the one described here [see also Miller et al. (17)].
Such approaches are urgently needed for South America’s tropical
flora. Over the last 10 years, only 1275 plant species from tropical
South America were added to the TUCN Red List, despite strong ev-
idence that the number should be at least an order of magnitude higher
(18-21). In general, our results provide strong support to predictions
that at least one in four plant species in the South American tropics
now deserve listing as globally threatened (20). They also show that

most of the species that likely qualify as threatened in the region re-
main absent from global and national red lists. For example, of the
2567 common species that qualify as threatened under our BAU anal-
ysis, only 351 (14%) had previously been assessed using IUCN criteria
and only 6% are listed as threatened. Adding all of our threatened
Amazonian tree species to the [IUCN Red List would increase the
number of globally threatened plants on Earth by 22% and the
number of globally threatened tree species by 36%.

We are aware, however, that our results are too preliminary to
constitute a red list for Amazonian trees. Red-listing these species will
require case-by-case assessments by the IUCN/Species Survival Com-
mission Global Tree Specialist Group and country-level teams, taking
into account other data sources and threat criteria. What we show here
are the size, urgency, and feasibility of this task. A recent Brazilian
effort to evaluate the threat status of 4617 plant species in Brazil re-
ported a per-species cost of ~US$50 (19). This suggests that individ-
ually assessing the named species that we suspect to be threatened and
making their threat status visible to the conservation community
would cost <US$1,000,000.

Most tropical tree species may be globally threatened
Despite strong spatial clustering in both deforestation scenarios and
species distributions, our analyses reveal a simple rule of thumb that
works at both regional and basinwide scales: n% forest loss yields an
average of ~n% population loss (Fig. 1 and fig. S4, A and D). This im-
plies that tree species in other forest biomes of tropical South America
have lost much larger proportions of their population than in the core
closed-canopy Amazonian moist forest: for example, the Atlantic forest
(84 to 88% forest loss) (22), the Cerrado (53%) (23), the Caatinga
(37%) (23), and dry forests in general (>60%) (24).

Given that Africa has lost ~55% of its tropical forests and Asia has
lost ~35%, mostly since 1900 (25), our analyses suggest that most tree
species in the Old World tropics have lost more than 30% of their
individuals over the last 150 years and thus qualify as globally threat-
ened under IUCN criterion A4. In turn, because >90% of all tree spe-
cies on Earth are tropical (26), trees may deserve to join cycads (63%),
amphibians (41%), and corals (33%) on the list of groups with the
highest proportions of globally threatened species.

Although many tropical tree species have symbiotic relationships
with animals and co-occur with thousands of species of nonarboreal
plants, high rates of threat cannot be inferred for these organisms in
the same way because of their much shorter life spans. Bird et al. (27)
compared estimated range maps of Amazonian bird species with maps
of projected deforestation across three bird generations and found that
only 5.5 to 18.8% of species qualified as threatened under IUCN crite-
rion A4. Three bird generations in their model averaged 14.8 years,
compared to 150 years in our tree model.

Linking forest loss, species threat status, and protected areas
management in the Amazon
Heavy forest clearing in southern and eastern Amazonia has put an
especially high proportion of tree species at risk of extinction (Fig.
1A). In the worst hit areas of the Arc of Deforestation, a third of tree
species have already lost >30% of their population to deforestation,
and more than half likely qualify as globally threatened based on
projected (and historical) forest loss (Fig. 1B).

By linking spatial trends in forest loss to trends in the population
sizes of individual Amazonian plant species in this way, models such
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as ours should soon make it possible to translate remote sensing-based
data on Amazonian deforestation into site-specific and species-specific
guidance for conservation managers. It will also be possible to model
how individual species will be affected by infrastructure projects (28)
such as major hydroelectric dams (29), degazetting of protected areas
(30), and other drivers of Amazonian forest loss. This could have se-
rious implications for large-scale development projects, which are in-
creasingly required to protect [UCN-listed taxa and their habitat [for
example, Performance Standard 6. Biodiversity Conservation and
Sustainable Management of Natural Resources (31)].

These models can also generate predictions about which plant spe-
cies occur in which protected areas and, thus, to what extent these
species are protected and where. For example, floristic surveys at Cris-
talino State Park, in one of Brazil's most severely deforested regions,
have recorded at least 551 tree species (32). Appendix S4 lists another
766 species that have a high probability of occurring at Cristalino State
Park according to our model and shows that as many as 1214 of the
1317 species known or expected from Cristalino State Park likely qualify
as globally threatened under the BAU scenario. Similar analyses could
help ensure that Amazonian protected areas with especially high
numbers of globally threatened tree species receive the level of protec-
tion and funding they merit.

Many practical and scientific obstacles stand in the way of a stable,
comprehensive red list for Amazonian tree species (see the Supple-
mentary Materials). We have shown in this study that such a list will
include several thousand species, many of which are now considered
common, and will include a very large majority of the tree species
occurring in the Amazon’s worst hit regions. As Amazonian forest loss
continues, new approaches such as these will be needed to help guide
management away from BAU scenarios and ensure a long-term fu-
ture for the world’s richest tree flora. Indeed, sustaining the recent
historical trend of reduced Amazonian deforestation through 2050 will
keep as many tree species from becoming critically endangered as there
are critically endangered plant species on the IUCN Red List today.

MATERIALS AND METHODS

Amazonian base map

To overlay spatial data on deforestation, protected areas, and tree spe-
cies distribution and abundance, we first made a base map of Ama-
zonia. The borders of the base map were the same as those in our
previous study (14). We gridded this landscape into 0.1-degree grid
cells (01DGCs) (33) and eliminated all 01DGCs that were more than
50% water (33), nonforest vegetation such as open wetlands or savannahs
(1), or elevations of >500 m (34). This reduced the total area by 17%.
We then quantified the area of all individual 01DGCs, which varies
with latitude because of distance from the equator (~124 km? at the
equator, ~106 km? at 14°S, and ~120 km* at 8°N). The final forest
map consists of 46,986 01DGCs or 5.79 million km? (fig. S1).

Tree density

Our tree inventory data come from the Amazon Tree Diversity Net-
work (ATDN) (14). The methods we used to estimate tree density,
abundance, and distribution are similar to those used in our previous
study (14) but are based on >20% more tree plots than in that study.
The ATDN now comprises 1766 (1-ha) tree inventory plots scattered
throughout Amazonia (fig. S1).

44

The total number of trees in Amazonia with >10 cm diameter at
breast height was estimated as in our previous study (14) but with a
larger subset of plots (1625) and at the 1-degree grid cell (DGC) level.
We constructed a locally weighted (loess) regression model for tree den-
sity (stems/ha) on the basis of the observed tree density in 1625 plots,
with latitude, longitude, and their interaction as independent variables.
The span was set at 0.5 to yield a relatively smooth average. The model
was used to estimate the average tree density in each DGC (Dpgc,
stems/ha) (fig. S15). This average density per hectare was then multi-
plied by the total forested area of each DGC to obtain the total number
of trees in the DGC. The total number of trees estimated was 3.2 x 10",
This is 17.9% lower than the estimate in our previous study (14) because
this number corrects for the actual lowland forest cover in each DGC.

Modeled population sizes and species distributions:
Common species
Analyses of tree species composition were performed with a subset
of 1560 plots in which all 775,532 free-standing trees >10 cm di-
ameter at breast height had been identified with a valid name at the
species (86.0%), genus (97.2%), or family (99.0%) level before our
study. Most plots (1282) measured exactly 1 ha, 392 were smaller
(0.25 to 0.99), 91 were larger (1.01 to 4), and 4 were plotless samples
(point-centered quarter) for which the number of trees was equivalent
to that typically found in 0.5 to 1 ha. Most issues of species identification
and nomenclature were handled as in our previous study (14), but there
were some exceptions. Species with a “cf.” identification were accepted
as belonging to the named species, whereas those with “aff.” were tabu-
lated at the genus level. All data associated with names that were clear-
ly wrong (for example, those of small herbs) were disregarded.
Although we assume identification error to be within acceptable
limits for common species [see discussion in our previous paper
(14)], we retained only plots in which >60% of individuals were iden-
tified to species (1480 plots) (fig. S16). The number of trees belonging
to each species in the DGC was estimated as follows. Abundances of
all valid species were converted into relative abundances for each plot:
RA; = n;/N, where #; is the number of individuals of species i and N is
the total number of trees in the plot (including unidentified trees) (14).
For each of the 4953 species with a valid name in the 1485 plots, we
constructed an inverse distance weighting (IDW) model for RA;, with
a power of 2, a maximum number of plots used for each local estima-
tion of 150, and a maximum distance parameter of 4°. We did not use
a LOESS model (14) because this had the undesirable effect of predicting
very small occurrences of species far from localities where the species
was actually recorded. For a similar reason, we used a cutoff of 4° with
IDW modeling because, otherwise, species would have very low den-
sities over the entire Amazon. These adjustments have a significant
effect on the ranges of species [that is, ranges here are smaller than
in our previous study (14)] but a negligible effect on their total number
of individuals. The number of individuals of species i in a given DGC
was then simply the total number of trees in the DGC multiplied by the
fraction of the species i. Although we used a slightly different approach
and a slightly larger data set compared to those in our previous study
(14), our results are very similar to the results of that study.

Modeled population sizes and species distributions:

Rare species

To estimate the total number of tree species present in Amazonia, we
extrapolated the rank-abundance distribution of the 4953 named species
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as in our previous study (14). This yielded an additional 10,247 spe-
cies, for a total of 15,200 estimated tree species in Amazonia. For
shorthand, in this paper, we refer to the 4953 named species as “com-
mon species” and to the 10,247 other taxa as “rare species.”

Because our tree plot data cannot tell us how these very rare species
are distributed, we carried out a separate modeling exercise to estimate
the degree to which their ranges overlap with deforestation or pro-
tected areas. In doing this, we relied on two simplifying assumptions:
(i) these rare species have small circular geographic ranges whose sizes
are correlated to their population sizes (13) and (ii) these species are
not randomly distributed across the Amazon but instead are more
likely to occur in DGCs with higher overall tree diversity. This strat-
ification is consistent with the theoretical notion that there is a one-to-one
relationship between Fisher’s o at large sample sizes and rare species
(in large samples, the number of singletons actually equals Fisher’s o,
the number of doubletons equals ~0/2, and the number of tripletons
equals ~0/3...) (35). To estimate how many rare species occur in each
DGC, we made an updated map of tree diversity (Fisher’s o) in Amazonia
(36) at 0.1° resolution and used this map to stratify the position of rare
species. For each rare species, a DGC was chosen randomly, with a
probability proportional to the DGC’s Fisher’s a. Range size was
calculated for all 10,247 species as in the study of Hubbell et al.
(13). Each circular range was overlain on deforestation and protected
area maps (pixels at 0.1° resolution). The fraction of the population
intersecting these maps was then calculated as the number of pixels
of deforestation (or protected area) divided by the total number of
pixels of forest within that circular section. This was repeated 500
times to provide the mean expectation and confidence limits.

Protected areas and deforestation

Spatial data and categories of Amazonian protected areas were
gathered from the World Database of Protected Areas (37) and updated
with individual country park service sources (for example, http://
geo.sernanp.gob.pe/geoserver) and—for indigenous territories of Guyana,
Peru, and Bolivia—with data from Red Amazénica de Informacién
Socioambiental Georeferenciada (http://raisg.socioambiental.org/).
We did not include indigenous territories from Suriname, Venezuela,
and Ecuador because these areas are not yet officially designated.
Protected areas were classified as SCRs (IUCN categories Ia to IV) or
SUIRs (IUCN categories V to VII and all other types) (table S3). Where
the data indicated an overlap between SCRs and SUIRs, the overlap was
designated as SCR.

Historical deforestation up to 2013 was based on data from
Soares-Filho et al. (1, 2) and Hansen et al. (15). To estimate projected
deforestation in 2050 (including historical deforestation), we used both
BAU scenario and IGS based on the work of Soares-Filho et al. (1, 2).
Every 01DGC of the Amazonian base map was classified as pro-
tected or unprotected and as forested or deforested, depending on
whether >50% of the 01DGC was occupied by a protected area
or deforestation.

For common species, we estimated the number of individuals of a
given species that fell within areas of deforestation or protection by
first multiplying the population size in each DGC by the proportion
of its 01DGCs that were classified as deforested or protected. This
analysis assumes that the individuals of a species are homogeneously
distributed within each DGC. We then summed the results for all
DGCs to yield the total number of individuals of each species that
were lost to deforestation or occurred within a protected area.

For rare species, the proportion of the number of individuals of a
given rare species lost in a given DGC was quantified as the proportion
of that DGC classified as deforested. Rare species in heavily deforested
DGCs thus show a much higher loss than those in less disturbed DGCs,
and those in intact DGCs had zero losses. The degree to which rare spe-
cies’ distributions overlap with protected areas was estimated in the
same fashion. All analyses were carried out with R software (38).
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Types and rates of forest disturbance in Brazilian Legal
Amazon, 2000-2013

Alexandra Tyukavina,'* Matthew C. Hansen,' Peter V. Potapov,’ Stephen V. Stehman,?
Kevin Smith-Rodriguez,’ Chima Okpa,’ Ricardo Aguilar’

Deforestation rates in primary humid tropical forests of the Brazilian Legal Amazon (BLA) have declined signif-
icantly since the early 2000s. Brazil’s national forest monitoring system provides extensive information for the
BLA but lacks independent validation and systematic coverage outside of primary forests. We use a sample-
based approach to consistently quantify 2000-2013 tree cover loss in all forest types of the region and char-
acterize the types of forest disturbance. Our results provide unbiased forest loss area estimates, which confirm
the reduction of primary forest clearing (deforestation) documented by official maps. By the end of the study
period, nonprimary forest clearing, together with primary forest degradation within the BLA, became compa-
rable in area to deforestation, accounting for an estimated 53% of gross tree cover loss area and 26 to 35% of
gross aboveground carbon loss. The main type of tree cover loss in all forest types was agroindustrial clearing
for pasture (63% of total loss area), followed by small-scale forest clearing (12%) and agroindustrial clearing for
cropland (9%), with natural woodlands being directly converted into croplands more often than primary forests.
Fire accounted for 9% of the 2000-2013 primary forest disturbance area, with peak disturbances corresponding
to droughts in 2005, 2007, and 2010. The rate of selective logging exploitation remained constant throughout
the study period, contributing to forest fire vulnerability and degradation pressures. As the forest land use
transition advances within the BLA, comprehensive tracking of forest transitions beyond primary forest loss
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is required to achieve accurate carbon accounting and other monitoring objectives.

INTRODUCTION

Rates of deforestation in Brazil significantly slowed after 2004 according
to the Brazilian national satellite-based deforestation monitoring system
PRODES (www.obt.inpe.br/prodes) (1). The major underlying cause of
deforestation has been beef and soybean production in response to grow-
ing global and national demands (2, 3). Deforestation in the region in the
early 2000s was reported to be predominantly due to pasture expansion
(4), with increasing forest-to-cropland conversion in Mato Grosso (5).
Success in slowing deforestation is attributed to a number of factors, in-
cluding declining commodity prices, the role of government policies and
implementation, civil society activism, and private industry engagement
(6-8). Despite the recent deforestation reduction, Brazil remains the single
largest contributor to natural forest loss among tropical countries (9). Ex-
tant demands for commodities sourced through tropical deforestation will
test the ability of Brazil to achieve further reductions in forest loss.

The PRODES (I) data set and a global forest loss map from the Uni-
versity of Maryland (UMD) (10) agree on the general decreasing de-
forestation trend in Brazil for the past decade but disagree in terms of
the absolute forest cover loss rates, presumably due to differences in
methodology. Although PRODES quantifies large-scale deforestation
of disturbed and undisturbed primary forest, other forest change dynam-
ics (including secondary forest clearing, logging, and fire) are omitted.
Conversely, the UMD map quantifies any tree cover loss, including for-
est plantation rotations, fire, logging, and natural disturbances. PRODES
ignores all changes outside of the old-growth forests of the dense humid
tropical forest biome, whereas the UMD product maps all tree cover dy-
namics, including secondary forest and dry tropical woodland clearing,
Additionally, minimum mapping units of 6.25 and 0.09 ha for PRODES
and UMD, respectively, result in product differences.
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Most regional- and continental-scale studies on the types of de-
forestation are based on tabular data sources and modeling (4, 11, 12).
Remote sensing data, specifically time series of medium- and high-
spatial resolution optical imagery, can be used to attribute types of stand-
replacement forest clearing (deforestation), for example, clearing for
pasture, cropland, mining, infrastructure, and urban expansion. This has
been realized in the form of postdeforestation land-use mapping by the
Brazilian systems TerraClass (www.inpe.br/cra/projetos_pesquisas/dados_
terraclass.php) and TerraClass Cerrado (www.dpi.inpe.br/tccerrado/)
and the nongovernmental land-cover and land-use mapping initiative
MapBiomas (http://mapbiomas.org). The use of remotely sensed data in as-
sessing the degree and type of partial canopy loss (forest degradation) has
been demonstrated in monitoring wildfires and selective logging (13, 14).
Given these demonstrated capabilities, a more comprehensive accounting
of forest disturbance dynamics is possible for the Brazilian Amazon.

All wall-to-wall deforestation or postdisturbance land-use maps
derived using remotely sensed data contain errors, which results in
the biased area estimates derived via map pixel counting (15-17). This
study follows good practice recommendations (15-17) to use a prob-
ability sample for unbiased area estimation from remotely sensed data.
Our study includes the following objectives: (i) produce unbiased
estimates of annual forest disturbance rates between 2000 and 2013 for
the states of the BLA using a sample-based approach; (ii) characterize
the types of forest disturbance and predisturbance forest types; (iii)
assess carbon implications of the observed forest loss dynamics; and
(iv) compare sample-based estimates with the existing deforestation,
forest degradation, and postdeforestation land-use maps.

RESULTS

BLA total tree cover loss

Most tree cover loss in the BLA between 2000 and 2013 occurred in dense
primary humid tropical forests (Fig. 1 and table S1). The rates of human
clearing in all forest types decreased after 2005 (Fig. 2B). The relative
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Fig. 1. Sample-based estimates of the total 2000-2013 tree cover loss area in
BLA. Estimates are disaggregated by predisturbance forest type and disturbance
type. Selective logging and fire categories do not represent complete tree cover
loss but rather the area affected by these processes. See table S1 for SEs of the
estimates.

difference between the maximum and minimum tree cover loss years was
73% in primary forests (maximum, 2003; minimum, 2013), 75% in
natural woodlands (maximum, 2004; minimum, 2008-2009), and 66%
in other forests (maximum, 2002; minimum, 2012) (table S2B). Fire dis-
turbance had three peaks (2005, 2007, and 2010). By 2013, human
clearing of other forest types, together with natural forest loss and
non-stand-replacement disturbances (fire and selective logging) in all
forest types (including primary), was comparable in area to that of
clearing of primary forests (0.70 + 0.08 Mha versus 0.63 + 0.07 Mha,
where the + term is the SE of the estimate) (table S3 and Fig. 2B). That
is, by 2013, deforestation in woodlands and secondary forests, together
with natural tree cover loss and degradation in all forest types, had
reached a magnitude of area similar to that of deforestation in dense
primary humid tropical forests, which is the main target of current
national-level mitigation efforts.

State-level tree cover loss estimates

At the state level, the largest contributors to tree cover loss are Mato
Grosso and Para, which together comprise 60% of the total 13-year loss
area (table $4 and Fig. 3A). These two states are also the leading con-
tributors to primary forest loss (Fig. 3B), whereas Maranhdo, Mato
Grosso, and Tocantins, which are partially located within Cerrado
woodlands (Fig. 4), make up 99% of tree cover loss in natural woodlands
(table S4).

50

Agroindustrial forest clearing for pasture is the largest contributor
to primary forest loss at the state level (Fig. 3B), except for Roraima and
Amap4, where small-scale clearing prevails over agroindustrial. Small-
scale clearing is the second largest disturbance type in other frontier
states (Acre, Amazonas, and Rondonia). Mato Grosso has a substantial
portion of primary forest loss to croplands (18%; table S4), followed by
fire (14%). Primary forest fires are also widespread in Maranhao (16%),
Tocantins (15%), Amazonas (10%), Para (5%), Rondonia (5%), and
Roraima (4%). Most selective logging occurs within Mato Grosso
and Pard, the two largest primary forest clearing contributors, and is
estimated at 8 and 7% of the total primary forest loss of these states,
respectively. Natural forest disturbances, namely, river meandering
and windfalls, contribute more than 1% of primary forest loss only
in Amazonas (8% river meandering and 3% windfalls) and Roraima
(2% windfalls).

Natural woodlands are converted to cropland more often than pri-
mary forests are converted to cropland (Fig. 3C). Conversion to cropland
is a major type of loss dynamic in the natural woodlands of Mato Grosso
(50%) and the second largest (after pasture conversion) loss type in the
natural woodlands of Maranhio (37%) and Tocantins (24%).

Secondary forests and woodlands are primarily cleared for agro-
industrial pastures and small-scale agricultural activities (Fig. 3D).
Clearing for plantations is a significant contributor to loss dynamics in
some areas (45% in Amapa and 2 to 3% in Amazonas, Maranhéo, Mato
Grosso, Pard, and Rondonia).

Construction of the Luis Eduardo Magalhées (Lajeado) Dam in
Tocantins, which was completed in 2002, resulted in extensive in-
undation and contributed 5% of the total 2000-2013 tree cover loss
in the state (4% of loss in primary forests, 3% in natural woodlands,
and 10% in secondary forests and woodlands).

Annual state-level tree cover loss estimates (Fig. 5 and table S5) show
a peak loss in primary forests and natural woodlands in 2003 and 2004
in most states and a less pronounced peak in secondary forests and
woodlands in 2002 in Mato Grosso, Maranhéo, and Tocantins. The
largest annual loss amplitude is observed in Mato Grosso (1.62 £
0.12 Mha in 2004 versus 0.12 + 0.04 Mha in 2009).

Carbon implications

Our results indicate that, by 2013, clearing of woodlands and sec-
ondary forests and non-stand-replacement disturbances (fires and
selective logging) exceeded human clearing of primary forests in area
(53% versus 47%) (table S3 and Fig. 2B). We used our sample data to
estimate the implications of this result on gross carbon loss. From all
sample pixels of tree cover loss (3908 pixels), we derived the range of
mean predisturbance aboveground carbon (AGC) density estimates
from three carbon maps (Table 1). AGC loss was assumed to be
100%, resulting from stand-replacement forest disturbances (human
and natural), 4 to 37% (average 21%) from selective logging (18),
and 10 to 50% (average 30%) from fire (19). The results of this estima-
tion process indicate that 26 to 35% of 2013 gross AGC loss likely re-
sulted from disturbance types other than human clearing of primary
forests. The lowest contribution of other disturbance types to gross
AGC loss was in 2003 (13 to 18%), corresponding to an annual peak
of primary forest clearing, and the highest contribution was in 2010
(38 to 49%), the drought year with fire disturbance peak (Fig. 6). If
deforestation (clearing of primary forests) continues to decline, carbon
emissions from other forest and disturbance types, including natural
woodlands, will constitute a substantial proportion of gross carbon loss
in the BLA.
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Fig. 2. Sample-based estimates of annual tree cover loss area in BLA. Estimates are disaggregated by (A) disturbance type and (B) predisturbance forest type and
disturbance type group. Selective logging and fire categories do not represent complete tree cover loss but rather the area affected by these processes. See tables S2

and S3 for SEs of the estimates.

Comparison with deforestation and tree cover loss maps
PRODES and Souza et al. (20) both map deforestation in primary hu-
mid tropical forests of the Brazilian Amazon, which corresponds to the
human clearing of primary forests in our study. Although all three stu-
dies document decreased annual deforestation rates after 2005 and
agree in the overall area of deforestation, annual estimates vary up to
65% (Table 2 and Fig. 7). The largest relative disagreement is 2009,
when Souza et al. (20) detect substantially larger deforestation areas
than PRODES and the current study. The peak of deforestation is
2003 according to our study and 2004 according to others.

PRODES is successful in reproducing our unbiased sample-based an-
nual loss area estimates, but PRODES is not spatially accurate. Only 79%
of the sample-based estimated area of human clearing of primary forest
was within the PRODES forest mask. Thus, the forest mask imposed by

PRODES results in omitting 21% of the estimated area of primary forest
cover loss.

The UMD map detects more tree cover loss in the BLA each year, com-
pared to PRODES and Souza et al. (20) (Fig. 7). The explanation for this
difference is that the UMD map is not limited to mapping deforestation of
primary forests but includes all tree cover loss dynamics. The UMD map
underestimates total tree cover loss at the beginning of the study period
(before 2010) and overestimates total tree cover loss at the end, that is, displays
a temporal pattern of bias, which is absent in PRODES and Souza et al. (20).
This may be due to the following reasons: (i) loss date attribution uncer-
tainty (10); (ii) a possible increase of model sensitivity to loss events at the
end of the study period caused by the after-effects of the two large droughts
(2005 and 2010); and (iii) the new model including Landsat 8 data in 2013,
which has proven to increase sensitivity to small-scale disturbances.
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Comparison with forest degradation maps

Results of the current sample-based analysis indicate fire peaks in 2005,
2007, and 2010 (Fig. 8), which is consistent with earlier Moderate Res-
olution Imaging Spectroradiometer (MODIS)-based observations (21).
Two of these fire peaks, 2005 and 2010, occur within years of extreme
drought (22, 23). Drought conditions, together with forest fragmenta-
tion edge effects and selective logging, increase humid tropical forest
susceptibility to fire, which often originates from human activities
outside of the forest (24, 25). Selective logging rates remain constant
in the region between 2000 and 2013 (Fig. 8). We compared our se-
lective logging and fire area estimates with mapping results from the
Brazilian national forest degradation monitoring system DEGRAD
and from Souza et al. (20) (Fig. 8).

DEGRAD detects areas affected by selective logging and fire during
2007-2013 (see www.obt.inpe.br/degrad/ and Materials and Methods
for more information on DEGRAD methodology). The larger degrada-
tion area detected by DEGRAD compared to the sample-based analysis
(combined selective logging and fire) is likely due to (i) differences in
methodology and definitions (DEGRAD marks the entire forest patches
as degraded when disturbance signs are present, whereas we consider
only a 120-m buffer around visible logging damage and fire scars as
degraded). This difference was partially offset by analyzing DEGRAD
only within the sampling region of the current study, leaving out 49% of
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Table 1. Mean AGC density in predisturbance forest types (MgC/ha). For carbon data source description, see Materials and Methods.

Predisturbance (year 2000) AGC density (MgC/ha)

Sample size (n)

Baccini et al. (48) Saatchi et al. (50) Avitabile et al. (57) Range
Primary forests 2702 99.3 94.9 774 77.4-99.3
Natura|(pr,mary)wood|ands387275 ..................................... 2 84 ....................................... 1 89 ........................... 189_284
Secondaryforestswood|ands819484483448 ........................... 448_484

and plantations

DEGRAD area. (ii) DEGRAD includes some pre-2007 degradation in
the 2007-2013 map: 26% (41 of 160) of the samples marked as pre-2007
fire or logging degradation were identified as 2007-2013 degradation in
DEGRAD.

Peaks of degradation detected by DEGRAD are 1 year later compared
to the peak fire years from our sample and independent MODIS esti-
mates (Fig. 8). The 1-year lag in DEGRAD is confirmed by a sample-
level degradation date analysis: 72% (89 of 124) of the sampled pixels
identified as 2007-2013 degradation in both our sample analysis and
DEGRAD had DEGRAD year of disturbance 1 year later. The lag in deg-
radation detection is probably due to the use of single-date imagery in
the DEGRAD system: Year 2008 DEGRAD map was based on imagery

from 7 April to 3 October 2008 (91% of the scenes were acquired before
September), whereas our sample-based analysis indicates that ~70% of
fires in 2000-2013 occurred in September to December (Table 3).

Souza et al. (20) 2000-2010 forest degradation estimates are also
based on a single-date Landsat imagery analysis and have a similar
1-year lag in degradation date detection (Fig. 8), detecting peaks of for-
est degradation in 2006 and 2008 instead of 2005 and 2007 and missing
the 2010 peak.

The differences between the three estimates are probably due to
different degradation definitions, which are often difficult to formalize
(for example, how the boundaries of the burnt areas are defined or
what distance from visible logging extractions is considered degraded),
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different methodological approaches [automated image classification of
Souza et al. (20) versus visual image interpretation of DEGRAD versus
visual sample interpretation of the current study], different input data
[a single Landsat image per year by Souza et al. (20) and DEGRAD ver-
sus a continuum of 16-day Landsat composites in our study], and slight-
ly different study areas.

Comparison with land-cover and land-use maps

We have compared our sample-based estimates of forest disturbance
types to the existing land-cover and land-use maps for the BLA, namely,
TerraClass, TerraClass Cerrado, and MapBiomas. The TerraClass sys-
tem (www.inpe.br/cra/projetos_pesquisas/dados_terraclass.php) maps
land uses following deforestation detected by PRODES by 2004, 2008,
2010, 2012, and 2014 (26). We compared sampled pixels identified as

2001

2002 2003 2004 2005 2006 2007 2008 2009
Minimum annual proportion of gross AGC loss from

Human clearing of primary forests wmsm Other forest disturbances

2010 2011 2012 2013

mm Uncertainty

Fig. 6. Estimated annual percent of gross AGC loss from human clearing of
primary forests versus other forest disturbances. Other disturbances include hu-
man clearing of woodlands and secondary forests, fires, and selective logging. Uncer-
tainty is based on the range of mean AGC estimates per forest type from Table 1.

human clearing of primary forests in our analysis with the temporally
closest TerraClass map (see Materials and Methods and Table 4). Similar
to our results, TerraClass identified pasture as the most widespread post-
deforestation land use: 87% of area identified as TerraClass pasture
corresponds to the agroindustrial clearing for pasture disturbance type
in our sample analysis, indicating a high degree of agreement between
the two products. Of the sample pixels falling within TerraClass pasture,
7% are labeled as small-scale clearing disturbance, a difference that does
not necessarily represent a thematic disagreement. Only 6% of the area
TerraClass labels as pasture disagrees with our sample interpretation,
falling into cropland, tree plantation, construction, dam, and mining dis-
turbance types. More than 85% of the TerraClass area of annual agri-
culture was in agreement with our agroindustrial clearing for crops
disturbance type. A large percent of small-scale clearing area from our
current study corresponds to TerraClass forest (46% of the area), which
is likely explained by the median size of small-scale clearing in our study
being 5 ha and minimum mapping unit of PRODES being 6.25 ha.
Small-scale clearings also correspond to TerraClass pastures (26%),
secondary regrowth and reforestation (15%), mosaic of land uses
(5%), and other classes (8%). Numerous forest loss sample pixels are
identified as no deforestation or secondary vegetation in TerraClass
(columns “Forest,” “Nonforested areas,” and “Secondary regrowth and
reforestation”), probably because of the differences in deforestation date
identification between our sample-based analysis and PRODES, which is
the deforestation baseline for TerraClass.

TerraClass Cerrado (www.dpi.inpe.br/tccerrado/) maps 2013 land
uses for the Cerrado region of Brazil. We compared sample pixels iden-
tified as 2001-2012 human clearing of natural woodlands in our anal-
ysis with the 2013 TerraClass Cerrado map (see Materials and Methods
and Table 5). Of the sample pixels falling within TerraClass Cerrado
pasture, 79% were labeled as pasture in our sample interpretation; of
TerraClass cropland, 95% of sample pixels were labeled as cropland.
At the same time, TerraClass Cerrado omits 21% of the area identified
as human clearing of natural woodlands in the current study, marking
them as natural vegetation (Table 5). TerraClass and TerraClass Cerrado
confirm our finding that natural woodlands are converted to croplands

Table 2. Comparison between annual deforestation estimates. (A) Current study (human clearing of primary forests), (B) PRODES, and (C) Souza et al. (20).
Total difference between (A) and (C), and (B) and (C) is calculated only for 2001-2010 because of the absence of Souza et al. (20) estimates for 2011-2013.

Area of deforestation (Mha)

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013  Total
& sample 151 230 277 259 233 152 138 124 073 056 065 053 063 1872
o e L
e L L e
............................................................................................................... L
............................................. L
L S e L e
(A — B)/A x 100%

Sampleversussouza .......... s P T i — g s
(A = C)/A x 100%
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more often than primary forests are converted to croplands (Tables 4
and 5): The pasture/cropland conversion ratio is 2:1 in TerraClass
Cerrado (natural woodlands of Cerrado region) and 11:1 in TerraClass
(primary forests of BLA).

MapBiomas (http://mapbiomas.org) maps major types of land cover
and land use (forest, cropland, pasture, planted forests, coastal forests,
water, and others) annually between 2008 and 2015 for the Amazon,
Cerrado, and Pantanal biomes, which enables comparison with our
sampled pixels, identified as 2001-2013 human clearing of all forest
types (see Materials and Methods and Table 6). Of the sample pixels
falling within MapBiomas pasture, 86% were labeled as pasture in
our sample interpretation; of MapBiomas cropland, 64% of sample pix-
els were labeled as cropland. Thirty percent of the area identified as hu-
man clearing of all forest types in the current study falls within the
MapBiomas “Other” category, which represents nonforested types of

land cover and therefore does not disagree with our interpretation in
terms of forest cover absence. A major disagreement between our sample-
based result and MapBiomas is the 26% of the human forest clearing
area that MapBiomas labels as “Forest.” This disagreement is probably
due to the different forest definitions used and possible commission errors
in the MapBiomas annual forest layers (MapBiomas has yet to undergo
a formal accuracy assessment).

DISCUSSION

Forest monitoring systems using remote sensing have traditionally been
map-based. Wall-to-wall maps are useful for a variety of applications,
including regional forest management and law enforcement, planning
of ground-based measurement campaigns, and informing ecosystem
and biodiversity modeling. Sample-based validation data provide criti-
cal information necessary to quantify classification errors and biases
present in the maps and to produce unbiased area estimates and their
associated uncertainties expressed as confidence intervals (17). Here, we
demonstrate how sample reference data can be used for multiple re-
search objectives, complementing map-based monitoring, including
(i) unbiased area estimation, satisfying Intergovernmental Panel
on Climate Change emissions reporting requirements, which specify
the absence of over- or underestimation so far as can be judged, and re-
duction of uncertainties as far as practicable (27); (ii) verification of tem-
poral trends from the maps or revealing their biases over time; and (iii)
attribution of additional thematic information (for example, forest distur-
bance type or predisturbance forest type).

Brazil conducts the most advanced operational forest monitoring
system, integrating near-real-time deforestation monitoring [DETER
and DETER-B (28)], annual deforestation [PRODES (1)], forest deg-
radation (DEGRAD), and postdeforestation land-use (TerraClass)
mapping within primary forests. However, the increasing contribution
of tree cover loss in other (nonprimary) forest types to gross tree cover
and carbon loss suggests that national monitoring systems should
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Table 3. Monthly distribution of sample pixels identified as fire disturbance, 2000-2013. “End of year—uncertain date” indicates that the fire scar was
observed in the first 16-day composite of the year and there were no cloud-free 16-day composites at the end of the previous year; in this case, fire was
attributed to the end of the previous year.

Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec End of year—uncertain date

Number of pixels 2 2 5 3 5 1 6 45 93 18 31 9 15

Table 4. Comparison between types of human clearing in primary forests (2001-2013) identified from the sample and postdeforestation land-use
types from TerraClass. Cell entries of the confusion matrix denote the number of sample pixels in each category (a mixed loss pixel was recorded as 0.5). The
113.5 sample pixels with TerraClass showing later loss date than the current analysis (for example, 2004 instead of 2001-2003) were excluded from the analysis

and are not displayed in the table.

TerraClass
Human clearing
of primary forests Apnual Mosaic of land SRy Nonforested No .. . Urban
(current study) Pasture  agriculture regrowth and Forest Water Mining Total
uses . areas data areas
(cropland) reforestation
Pasture 944 1.5 35
Agromc!ustrlal Crops 52 86 0
ORI iNG ettt
Trees 4 3 1 8 2 2 0 0 0 0 20
Small-scale clearing 73.5 0 13.5 435 130 10 3 7.5 0 0 281
Roads 5.5 0 0.5 25 15.5 3 0 0 0 0 27
COnStrUCtiOn ...........................................................................................................................................................................................................................
Other 25 0 1 0.5 1 0.5 0 0 0 0 5.5
Dam construction 3 0 0 0 4 2 0 0 0 0 9
Mining 2 0 0 0 0.5 0 0 0 0 0 25
Total 1086.5 100.5 51 189.5 413 91 45 925 0 0 2028.5

expand beyond the ever-decreasing primary forest resource that is
currently monitored by PRODES. For example, secondary forests
have rapid carbon and nutrient accumulation potential (29), which
may be offset by their widespread reclearing. Cerrado woodlands
and savannas have high species richness and endemism, high rates
of land conversion to agriculture, and low level of protection, which
pose an imminent threat for biodiversity, water recycling to the at-
mosphere, and other deleterious impacts (30-32). Brazil has proto-
typed a deforestation monitoring system for other biomes outside of
the Amazon region (PMDBBS system, http://siscom.ibama.gov.br/
monitora_biomas/). This effort included producing a baseline map
of 2002 vegetation for Caatinga, Cerrado, Mata Atlantica, Pampa,
and Pantanal biomes and mapping 2002-2008 and 2008-2009 vege-
tation changes using data from Landsat and CBERS (China-Brazil
Earth Resources Satellite) satellites. However, the maps were updated
for the years 2010 and 2011 only for the Cerrado biome; no updates
are available for the following years. TerraClass postdeforestation
land-use mapping was expanded to include the Cerrado region but only
for the year 2013. Moderate-resolution (MODIS-based) monitoring of
vegetation changes in the Cerrado region has been prototyped in several
studies (33, 34), but not yet implemented operationally, as with DETER
in primary forests.

National forest monitoring should not focus only on forest clearing
and conversion to nonforest land uses (“deforestation”). Non-stand-
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replacement disturbances, such as selective logging, paired with climate
change and increased vulnerability to fire, may lead to significant car-
bon emissions and biodiversity losses and eventually to conversion of
forests to other land covers. DEGRAD is one example of such a
national-scale degradation monitoring effort, even though limited by
a single-date image analysis approach. Our results suggest that the
use of the entire record of satellite observations, rather than a single best
image for a given year, may yield better results in tree cover loss date
attribution and improve near-real-time forest disturbance monitoring
(35). An independent nongovernmental MapBiomas system is moving
in this direction by using the entire archive of Landsat observations to
map annual land-cover and land-use transitions in all biomes of Brazil.

As illustrated in this study, quantifying forest disturbance dynamics
is a complex task. Comprehensive tracking of predisturbance state
(primary versus secondary), disturbance factor (for example, fire versus
mechanical clearing), and subsequent land use (for example, soybean
versus mining) is a challenge. The work of the Brazilian National
Institute for Space Research (INPE) on documenting these dynamics is
at the forefront of all similar national capabilities, as evidenced by the
host of INPE products seeking to track comprehensive forest change.
Our study demonstrates the increased need for such systematic
monitoring because the relative amounts of tree cover loss due to dif-
ferent factors have changed dramatically since 2000. For applications
such as carbon monitoring, the omission of forest disturbance types
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Table 5. Comparison between types of human clearing in natural woodlands (2001-2012) identified from the sample and 2013 land use according to
TerraClass Cerrado. Cell entries of the confusion matrix denote the number of sample pixels (1 and 0.5 loss) in each category.

TerraClass Cerrado

Human clearing of

natural woodlands Agriculture ;
Mosaic of Natural
(current study) Pasture (annual 'and land uses Forestry T Water No data Total
perennial)
Pasture 115 3 0 1 41 0 0 160
Agroindustrial
clearing
Small-scale clearing 35 0 0 0 35 0 0 7
Roads 0 0.5 1 0 4 0 0 55
(@6 ) T (0 (e [e ) W R R R T T T TP P D P P P P P PP P P PP PP PP PP
Other 0 0 1 0 1 0 0 2
Dam construction 0 0 0 0 1 4 0 5
Mining 0 0 0 0 0 0 0 0
Total 146 77 2 6 61 4 1 297

Table 6. Comparison between types of human clearing in all forest types (2001-2013) identified from the sample and land cover/land use according
to MapBiomas. Cell entries of the confusion matrix denote the number of sample pixels (1 and 0.5 loss) in each category.

Human clearing of MapBiomas
?cl:l:tr’er::ts:‘l,lzs; Pasture Agriculture Forest Pfl::\etsetd c;::::' Water Other No data Total
Pasture 997.5 735 536 0 0 1 717 0 2325
Agroindustria Crop5875 ................. 1325 ................ 2 85 ..................... 0 .............................. 0 0 ............... 10103495
clearing

other than large-scale clearing may lead to inaccurate emission estima-
tion. To address this issue, national forest monitoring systems could
produce wall-to-wall characterizations of forest type, loss, and gain.
Such maps could then be used to construct strata for the allocation
of a probability sample, resulting in unbiased, precise estimators of
forest cover loss dynamics and associated carbon losses and gains
(17, 36, 37).

MATERIALS AND METHODS

Study area

The study area is the BLA; Brazilian states of Acre, Amapa, Amazonas,
Mato Grosso, Para, Rondonia, Roraima, and Tocantins; and the western

part of the state of Maranhao (Fig. 4). The boundaries of BLA were ob-
tained from the database of the Woods Hole Research Center (http:/
whrc.org/publications-data/datasets/large-scale-biosphere-atmosphere-
experiment/) and modified to exclude the east of Maranho in accord-
ance with the PRODES study area.

Most of the BLA (81.2%) lies within the tropical moist broadleaf
forest biome (Fig. 4); 16.3% within tropical grasslands, savannas, and
shrublands, including Guianan savanna in the north of the region and
Cerrado woodlands in the south; 1.2% within Chiquitano tropical dry
broadleaf forests; 1.0% within Pantanal flooded savannas; and 0.3%
within coastal mangroves (38). Although most states in the BLA are
dominated by humid tropical forests, significant parts of Tocantins,
Maranhdo, and Mato Grosso are occupied by Cerrado woodlands.
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PRODES Forest cover loss
UMD within PRODES
B rorest I clouds propesony [ oo
UMD within PRODES
I Nonforest water [l rrooesand uvo [ i

nonforest or clouds

Fig. 9. PRODES forest mask and 2001-2013 forest cover loss and UMD 2001-
2013 tree cover loss within BLA.

PRODES and UMD data sets
PRODES is a deforestation monitoring system operated by INPE.
PRODES maps deforestation within an ever-decreasing “nominally in-
tact” forest mask (Fig. 9) (39); clearing of secondary forest regrowth is
not mapped. The PRODES forest mask includes primarily dense humid
tropical forests; Cerrado woodlands are mostly considered nonforest
(Fig. 9). The PRODES methodology is a scene-based semiautomated
classification, involving (i) generation of fractional images using linear
spectral mixture modeling, (ii) image segmentation, (iii) unsupervised
classification of segments, and (iv) visual interpretation and correction
of mapping results (39). Scene-based approaches are more affected by
cloud artifacts, which are labeled as no data areas in PRODES (Fig. 9).
The minimum size of the image segment in PRODES mapping method
(minimum mapping unit) is 6.25 ha (1), which likely introduces omis-
sion of deforestation associated with clearing of smaller forest patches.
The UMD global tree cover loss product (10) maps the loss of any
woody vegetation taller than 5 m (with % canopy cover of >0), regard-
less of it being natural intact vegetation or secondary regrowth. Hence,
the UMD product characterizes tree cover dynamics both within and
outside of the PRODES forest mask (Fig. 9). The UMD mapping
method is a more data-intensive pixel-based approach that uses all
available cloud-free pixels (40), allowing it to map tree cover loss with-
in PRODES no-data (cloudy) areas (Fig. 9).

Sampling design

We aggregated all forest loss areas detected by PRODES and UMD
products from 2001 to 2013 as “combined forest loss” to define the
region of interest. Combined forest loss was buffered by 120 m (four
Landsat pixels) to include areas with likely forest loss omission in both
products. The population from which the sample was selected con-
sisted of the combined PRODES and UMD forest loss and associated
buffer (Fig. 10). A total of 10,000 sample pixels (30 m x 30 m) were
selected from this region via simple random sampling. Sample-based
estimates of forest loss area were produced for the entire BLA and for
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Population, including:
Combined PRODES and UMD
2000-2013 forest cover loss
4-pixel buffer around
combined forest loss

Boundary of Brazilian
- |:| Legal Amazon
I:I - BLA outside of
target region
Fig. 10. Population from which the simple random sample of 10,000 pixels
was selected.

each state separately (Table 7). The SE of the estimated area depends
on the absolute size of the sample (see Eq. 2) and not on the percent of
the population sampled (41). For example, the sample size of 10,000
yielded an SE of 1.3% for the total 2001-2013 forest cover loss estimate
in BLA (table S1), which we consider to be sufficiently precise.

A direct estimator of area for simple random sampling (16) was used
to estimate the area of tree cover loss based on the sample reference
values. These area estimates are based on the reference data and sample
labeling protocol described in the following subsection. For each
sampled pixel, the proportion of area of tree cover loss was recorded
as 0, 0.5, or 1. The estimated area of tree cover loss type i within a region
of interest was computed as

Ai = Ay, (1)

where y, is the sample mean proportion of tree cover loss of type i (that
is, mean of the n sample pixel values of 0, 0.5, or 1), A is the area of the
region of interest, and # is the number of sample pixels in the region of
interest.

Area estimates can be produced for the full population or regions
of interest such as states. For the full population, the sample size is n =
10,000. Sample sizes for each state are listed in Table 7. The SE of the
estimated area is

(2)

where s; is the sample SD of tree cover loss type i in the region of
interest (that is, the SD of the tree cover loss values of 0, 0.5, and
1 for the n pixels sampled in that region). The estimates for regions
of interest such as states are considered “domain” or “subpopulation”
estimates, and the estimators implemented are those recommended
by Cochran [(41), section 2.12].
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Table 7. Sample size (humber of pixels) and area of target region by
state in BLA.

State Sample size, n Area of target region, A, (Mha)
Acre 310 274

Amapa ........................... 151 .......................................... 129 .........................
Amazonas AAAAAAAAAAAAAAAAAAAAAA 8 77 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 715 AAAAAAAAAAAAAAAAAAAAAAAAA
Maranhao ..................... 1278”50 ........................
MatOGrOSSOZSSO ....................................... 2275 ........................
Para3030 ....................................... 2637 ........................
Ro n doma ....................... 9 09 .......................................... 731 .........................
Ro ra| ma ......................... 2 10 .......................................... 133 .........................
Tocantms ....................... 6 35 .......................................... 533 .........................
BLA tota| ..................... ] 0 000 ...................................... 8736 ........................

Reference data and sample labeling protocol

Reference values for each sampled pixel were derived via visual interpre-
tation of annual Landsat composite images for 1999-2013 and, when
available, high-resolution imagery from Google Earth. Reference data
and final interpretation results for each sampled pixel are available at
glad.umd.edu/brazil. Landsat annual composites represent median nor-
malized reflectance values from all available cloud/shadow-free pixels for
a given year. Methods for cloud screening, image normalization, and per-
pixel compositing are described by Potapov et al. (40). In addition to an-
nual Landsat composites, 16-day composite images from 1999-2013
were examined for sampled pixels identified as having experienced forest
degradation (from fire and selective logging) in the initial sample
screening. This was done to get a more precise estimate of the timing
of these events: Low-intensity disturbances such as fires occur in local
dry seasons and during droughts. If these disturbances occurred late in
the year, their annual allocation might be incorrectly assigned to the
following year using median annual composites.

Each sampled pixel was initially visually assessed independently by
two experts. Sample pixels with disagreement between experts were
subsequently revisited until a consensus was reached. All sampled pixels
were identified as yes/no tree cover loss. Pixels with tree cover loss were
further attributed with (i) loss year (2001-2013), (ii) likely disturbance
type, and (iii) predisturbance forest type. Mixed sample pixels, located
on the boundary of tree cover loss patches, were marked as edge pixels
and treated as “0.5 loss” in area calculations, with 404 of 10,000 sample
pixels (4%) identified as boundary pixels. We identified only the first
stand-replacement forest disturbance event during the study period
(2000-2013) and the associated land-cover transition. For example, if
a forested sample pixel was initially converted to pasture, and later
transformed to cropland, our analysis would assign it as a forest-to-
pasture conversion. If a sample pixel experienced tree cover loss at the
beginning of the study period followed by tree-cover regrowth and a
second tree cover loss event, we would record only the first loss event
and ignore the subsequent dynamics. However, this example case
would be labeled as a forestry land use, that is, the clearing of trees
to be replaced by tree cover in the management of a plantation.

Types of forest disturbance were subdivided into stand-replacement
(human forest clearing and natural forest disturbances) and non-stand-

Table 8. Types of forest disturbance. Images are subsets of pre- and
postdisturbance (top and bottom, respectively) for annual Landsat
composites (band combination, 5-4-3). Small red rectangles represent
sampled pixels.

Human forest clearing

Agroindustrial clearing

Small-scale clearin
For trees 8

For crops For pasture

Flooding due to dam
construction

Natural forest disturbances

Construction
Other (residential
and commerecial)

Mining

Roads

Selective logging Fire

Natural flooding
(river meandering)

replacement (degradation), which consists of fire and selective logging
(Table 8). For stand-replacement disturbances, a sample pixel was
considered “loss” if the entire pixel or half of the pixel (in case of mixed
boundary pixels) experienced complete tree cover loss. Human forest
clearing includes large-scale agroindustrial clearing for nonwoody
crops, tree plantations, and pasture; small-scale clearing; clearing for
mining, road construction, and other construction; and flooding of
forests after the construction of dams (Table 8). Agroindustrial forest
clearing is reliably distinguished from all other clearing types at Landsat
resolution based on the size, shape, and spatial pattern of a clearing.
However, distinguishing agroindustrial clearing for row crops from

Windfalls
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newly established pastures may be challenging in the absence of high-
resolution imagery on Google Earth. Georeferenced ground images
from Panoramio provide additional information for interpreters in
these cases. Small-scale clearing was identified by its size and postclear-
ing land use (combination of cropland, pasture, orchards, and resi-
dences) for older clearings and by size only for the fresh clearings.
Median area of loss patches identified as small-scale clearing is 5 ha.
Only 24% of small-scale clearing sample pixels fall within the most
recent INCRA (National Institute of Colonization and Agrarian Re-
form) settlement map, which indicates that these small-scale clearings
are created not only by smallholders (rural settlers) but also by agro-
industrial enterprises. Natural forest disturbances include windfalls,
river meandering, and other natural disturbances. The latter category
is very rare and implies that the type of natural disturbance could not
be identified reliably (for example, it was not clear whether tree cover
was lost due to a windfall or as an after-effect of a drought).

For non-stand-replacement disturbances, which included forest
degradation due to fire and selective logging, a sample pixel was
marked as affected by forest disturbance if it experienced canopy dam-
age or was located within a 120-m buffer around visible fire or logging
damage. The 120-m buffer (four Landsat pixels) is the minimum num-
ber of 30-m Landsat pixels, containing a 100-m buffer, corresponding
to the area initially affected by felling of individual trees in conventional
selective logging (42) and containing the most edge effects associated
with increased tree mortality and altered forest structure (43). If a sam-
ple pixel experienced degradation (due to fire or logging) before being
cleared within a study period, we considered clearing to be the major
type of forest disturbance and recorded only clearing to avoid double-
counting. Tropical forest fires have a distinct pattern of concentric
circles (Table 8) because of diurnal variation in precipitation and hu-
midity (44), which enables their identification on Landsat imagery. Se-
lective logging is marked by the presence of logging roads and a
semiregular pattern of gaps caused by tree extraction (Table 8).

Major predisturbance forest types were defined as dense (>60%
canopy cover) tropical forests (both humid and dry), woodlands and
parklands (10 to 60% canopy cover), and tree plantations (Table 9).
Dense tropical forests were further subdivided into primary and
secondary, which in Landsat imagery have different spectral responses
(primary forests are usually characterized by low spectral reflectance in
the shortwave infrared range) and texture (primary forests have larger
crowns creating a recognizable texture, whereas secondary forests look
comparatively uniform). Primary and secondary forests can be unam-
biguously distinguished in submeter imagery when available from
Google Earth by the size of tree crowns. Primary forests identified this
way using satellite imagery include primary intact and primary degrad-
ed (for example, previously selectively logged) and may include some
old-growth secondary forests (for example, cleared during the rubber
boom of 1879-1912). Field data show that tropical secondary forests
regain the density, basal area, aboveground biomass (AGB), and spe-
cies richness similar to those of primary forests after 40 years (45),
and selectively logged primary forests fully restore their AGB in about
25 years (46). This evidence suggests that primary degraded and old-
growth secondary forests, indistinguishable in circa 2000 satellite
imagery from primary intact forests, have carbon storage and bio-
diversity value analogous to those of primary intact forests, and that
possible inclusion of such forests into our “primary forest” category
will not affect the main conclusions of the study.

Woodlands and parklands were also subdivided into natural
(primary) and secondary. Natural woodlands and parklands corre-
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Table 9. Predisturbance forest types. Images are subsets of pre- and
postdisturbance (top and bottom, respectively) for annual Landsat com-
posites on the left (band combination, 5-4-3) and Google Earth imagery
on the right. Small red rectangles represent sampled pixels.

Predisturbance
high-resolution imagery
from Google Earth

Predisturbance Landsat

Predisturbance forest type

Primary
Dense
(>60% canopy cover)
tropical forests
Secondary
Natural
(primary)

Woodlands

(40 to 60% canopy cover)
and parklands

(10 to 40% canopy cover)

Secondary

Forest plantations
and other tree crops

spond to the uniform woody vegetation patches in the “Tropical grass-
lands, savannas, and shrublands” biome (38). The biome map also
helped distinguish between dense secondary forests in the tropical for-
est biome and natural woodlands. Secondary woodlands and park-
lands represent sparse secondary regrowth in both tropical forests
and savannas. Tree plantations are characterized by regular patch
shapes, high reflectance in the shortwave infrared range and uniform
texture in Landsat imagery, and systematic planting recognizable in
high-resolution imagery.

Quality of reference data

The quality of sample visual interpretation depends on multiple
factors, such as the availability of reference satellite data, distin-
guishability of various classes with the available satellite data (dis-
cussed in the previous subsection), image interpretation experience
of validation experts, and usability of validation interface. Here, we
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will discuss several indicators of the quality of the reference sample
data, which is a basis of the current analysis.

The primary source of reference data to identify the presence or ab-
sence of forest loss in each sampled pixel was annual Landsat cloud-
free composites, produced using the entire archive of Landsat ETM+
data for the study period. Eighty-one percent of the sampled pixels had
at least one cloud-free observation in each year (2000-2013), 9% had
one missing annual observation, 4% had two missing observations, 2%
had three missing observations, 3% had four missing observations,
and 2% had five or more missing observations. Additionally, 44% of
all sample pixels had at least one very high resolution (VHR; resolu-
tion, <1 m) image on Google Earth, 34% had SPOT image (resolution,
2.5 m), and 22% had only Landsat. These higher-resolution imagery
sources (VHR and SPOT) facilitated identification of forest loss cause
and predisturbance forest type. Sampled pixels with detected forest
loss had higher availability of high-resolution imagery on Google
Earth (58% VHR, 38% SPOT, and 4% Landsat only), which is prob-
ably due to the fact that high-resolution imaging systems target settle-
ments and areas of human development more often than undisturbed
forested areas.

Visual interpretation of each sample pixel was first performed by
each of the two experts independently; initial agreement between the
interpreters on the sampled pixel belonging to the yes/no/boundary
forest loss category was 87%. The remaining 13% of sampled pixels
were iteratively reinterpreted until consensus was reached. From the
sampled pixels with initial forest loss agreement, 80% had loss year
agreement and another 12% had a 1-year difference in loss date be-
tween the two interpreters. Sampled pixels with initial forest loss
agreement had 78% agreement for loss type and 82% agreement for
predisturbance forest type. High rates of initial interpretation agree-
ment illustrate that interpretation criteria, described in the previous
subsection, were applied by the experts consistently.

Auxiliary data: DEGRAD

DEGRAD is a forest degradation monitoring system operated by INPE
(www.obt.inpe.br/degrad/). DEGRAD data for the BLA exist for
2007-2013 and identify three types of degradation: mild (small gaps
from selective logging), moderate (later stages of selective logging, skid
trails, and other logging infrastructure are visible in the imagery, but
large trees and the structure of canopy are still preserved), and inten-
sive (significant loss of large trees and understory due to heavy selec-
tive logging, often accompanied by recurring fires). The DEGRAD
methodology is based on visual interpretation of a single good image
during the year. Hand-drawn polygons of forest degradation outline
the forest area in which degradation events were observed. Of the deg-
radation area mapped by DEGRAD, 49% is outside of our sampling
region, which includes forest canopy damages, detectable in Landsat im-
agery and mapped by PRODES and UMD, and a surrounding 120-m
buffer. To ensure an adequate comparison of our sample-based fire and
logging estimates with DEGRAD, we analyzed DEGRAD only within
our sampling region.

Auxiliary data: TerraClass and TerraClass Cerrado

TerraClass is another project operated by INPE (www.inpe.br/cra/
projetos_pesquisas/dados_terraclass.php) with the objective of map-
ping land uses following deforestation in primary forests of the BLA
(26). TerraClass is currently available for the years 2004, 2008, 2010,
2012, and 2014. Each year’s map assigns the type of land use to all
areas that were deforested by that year according to PRODES using

single-date Landsat imagery. Current year’s deforestation does not
have an assigned postdeforestation land use (for example, year 2004
TerraClass has “Deforestation 2004” class). Therefore, to compare our
sample-based disturbance types (which reflect only the first transition of
forested vegetation to other land covers) to TerraClass postdeforestation
land uses (which may change over time), we overlaid sample pixels
identified in our study as 2001-2003 forest loss with 2004 TerraClass;
2004-2007 loss sample pixels with 2008 TerraClass; and 2008-2009
with 2010, 2010-2011 with 2012, and 2012-2013 loss sample pixels with
2014 TerraClass. Only the sample pixels identified as human clearing
of primary forests were used in the comparison to ensure the best
match with deforestation as mapped by PRODES. All TerraClass pas-
ture categories (pastures, pastures with shrubs, pastures with bare soil,
and pastures with tree regeneration) were combined into one pasture
category to facilitate the comparison; secondary vegetation and refor-
estation classes were also combined (Table 4). Combining pasture
categories into one class was reported to decrease confusion between
TerraClass postdeforestation land-use classes from 23 to 10% based on
a sample validation using SPOT reference data (26).

TerraClass Cerrado is a similar Landsat-based system mapping
land uses following the conversion of natural vegetation into other land
uses in the woodland region of Cerrado (www.dpi.inpe.br/tccerrado/).
TerraClass Cerrado is available only for the year 2013. We compared
the 2013 TerraClass Cerrado land-use map with the sample pixels
labeled as human clearing of natural woodlands in 2001-2012 of our
current study (Table 5); year 2013 was eliminated from the comparison
due to the possible omission of late 2013 forest loss in TerraClass,
which uses single-date Landsat imagery.

Auxiliary data: MapBiomas
MapBiomas is a nongovernmental land-cover and land-use mapping
project, operated by a consortium of nongovernmental organizations,
universities, and geospatial companies in Brazil (http://mapbiomas.
org/), using modern cloud computing and data storage technologies.
Currently, the project is still under development. Collection 1 annual
land-cover and land-use maps are available for the years 2008 to 2015;
accuracy assessment information is not yet available. Maps are
produced from multitemporal Landsat image composites using a com-
bination of spectral mixture analysis (to map forests) and supervised
Random Forest classification (to map pasture, cropland, and planted
forests) and a set of priority rules to combine individual thematic layers.
Because in the current study we identified only the first land-cover
transition after stand-replacement forest disturbance, we compared our
forest loss sample pixels with the temporally closest MapBiomas map:
2001-2007 forest loss samples were compared with 2008 MapBiomas
classes; 2008 loss with 2009 MapBiomas; 2009 with 2010; 2010 with
2011; 2011 with 2012; 2012 with 2013; and 2013 forest loss samples with
2014 MapBiomas land-cover and land-use classes. MapBiomas is avail-
able for all biomes, and therefore, we were able to compare it with
sampled pixels identified in the current study as human clearing of all
forest types (primary and secondary dense humid tropical forests,
natural and secondary woodlands, and planted forests).

Auxiliary data: AGC density

To estimate the contribution of different types of forest disturbances to
gross carbon loss, we used circa year 2000 biomass maps, rather than
maps of “premodern” (circa 1970s) biomass (47), because we do not
estimate pre-2000 forest disturbance rates in the present study. The
following circa year 2000 AGB/AGC density maps were intersected
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with our sample pixels: (i) the new 30-m Baccini ef al. (48) data set,
obtained from the Global Forest Watch website (www.climate.
globalforestwatch.org), of a continuous 30-m resolution layer of AGB
density estimates, produced using Landsat imagery and Geoscience La-
ser Altimeter System (GLAS)-estimated biomass following an ap-
proach for MODIS-based mapping (49); (ii) Saatchi et al. (50) 1-km
resolution AGB density map, derived using a combination of lidar,
optical, and microwave remotely sensed data; and (iii) Avitabile et al.
(51) 1-km resolution AGB density map, integrating Saatchi’s and Baccini’s
maps (49, 50) and correcting for biases present in these maps (52, 53) by
using an independent set of reference data.

Predisturbance (year 2000) carbon densities for each forest type
(Table 1) were derived by averaging values from each map corresponding
to all tree cover loss sample pixels of this forest type. Estimates of AGB
density from Baccini’s, Saatchi’s, and Avitabile’s maps (Mg/ha) were
converted to AGC density (MgC/ha) using a 0.5 coefficient. The range
of mean AGC densities from all three map sources was further used to
compare annual proportions of AGC loss from human clearing of
primary forests and from other forest disturbances (Fig. 6).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/4/e1601047/DC1

table S1. Total 2001-2013 forest cover loss in BLA by disturbance type and forest type
(Mha + SE).

table S2A. Annual forest cover loss in BLA by disturbance type in all forests (Mha + SE).
table S2B. Annual tree cover loss in BLA by forest type (Mha + SE), all disturbance types.
table S3. Annual tree cover loss in BLA by major disturbance types and types of forest cover
(Mha + SE).

table S4. Disturbance types by state and forest type (Mha + SE), corresponding to Fig. 3.
table S5. Annual human forest clearing by state and forest type (Mha + SE), corresponding
to Fig. 5.
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