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For half a century, the process of economic integration of the
Amazon has been based on intensive use of renewable and
nonrenewable natural resources, which has brought significant
basin-wide environmental alterations. The rural development in
the Amazonia pushed the agricultural frontier swiftly, resulting in
widespread land-cover change, but agriculture in the Amazon has
been of low productivity and unsustainable. The loss of biodiversity
and continued deforestation will lead to high risks of irreversible
change of its tropical forests. It has been established by modeling
studies that the Amazon may have two “tipping points,” namely,
temperature increase of 4 °C or deforestation exceeding 40% of
the forest area. If transgressed, large-scale “savannization” of mostly
southern and eastern Amazon may take place. The region has
warmed about 1 °C over the last 60 y, and total deforestation is
reaching 20% of the forested area. The recent significant reductions
in deforestation—80% reduction in the Brazilian Amazon in the last
decade—opens up opportunities for a novel sustainable develop-
ment paradigm for the future of the Amazon. We argue for a new
development paradigm—away from only attempting to reconcile
maximizing conservation versus intensification of traditional agricul-
ture and expansion of hydropower capacity—in which we research,
develop, and scale a high-tech innovation approach that sees the
Amazon as a global public good of biological assets that can enable
the creation of innovative high-value products, services, and plat-
forms through combining advanced digital, biological, and material
technologies of the Fourth Industrial Revolution in progress.

Amazon tropical forests | Amazon sustainability | Amazon land use |
Amazon savannization | climate change impacts

Anumber of complex problems threaten our geopolitical, en-
vironmental, social, and economic stability: the links between
global food and energy markets; the unsustainable depletion of
natural resources and biodiversity stocks; the increasing water in-
security around the world; and, above all, the urgent need both to
decarbonize the energy systems of the world to avoid catastrophic
climate change and to adapt to unavoidable climate change un-
derway. The scale and reach of the risks associated with climate
change, together with their potentially irreversible nature, make
this probably the greatest market failure and the starkest example
of a “tragedy of the commons” the world has ever seen. To put this
comparison in perspective, the net benefit to the world economy of
a 50% reduction of tropical forest deforestation and degradation
has been estimated at US $3.7 trillion (1).

Of particular importance is the continued deforestation in the
Amazon, which could lead to the irreversible change of its
tropical forests (2, 3) and the major loss of its biodiversity (4).
The Amazon ecosystems harbor about 10 to 15% of land bio-
diversity (5, 6); its abundant rainfall of about 2.2 m-y~' makes the
region an important heat source for the atmosphere (7), gener-
ating an estimated 210,000 m>s~! to 220,000 m>s~! of river
discharge (8, 9), which is ~15% of the freshwater input into the
oceans (10); it stores an estimated 150 billion to 200 billion tons
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of carbon (11-15); and it presents a mosaic of ethnological and
linguistic diversity (16, 17).

A number of large-scale drivers of environmental change are
operating simultaneously and interacting nonlinearly in the
Amazon, namely, land-use change and climate changes due to
global warming and to deforestation, which may, in turn, induce
higher frequency of extreme climate events and of vegetation
fires, adding to increased tropical forests’ exposure and vulner-
ability. Our scientific understanding has increased about the risks
associated with these drivers of change acting synergistically (18,
19). By and large, environmental change in the region is a re-
sponse to the global economy. Global market demand growth for
animal and vegetable protein (20-22), new transportation and
energy infrastructure projects (23), and weak institutions (24)
can be cited as some of key drivers in this process.

The prevailing model for rural development in the Amazon over
the last half century—replacing forests with agriculture, cattle
ranching, and large-scale hydropower generation—has long been
outdated for a number of environmental, economic, and social
reasons (25-27). For instance, for Brazil, the gross agricultural
product of the Amazon represents 14.5% of Brazil’s agriculture
sector gross domestic product (GDP), using a deforested area of
about 750,000 km?. In contrast, So Paulo state accounts for 11.3%
of the agriculture sector GDP, using an area of approximately
193,000 km* (see Tables S1-S3 in Datasets Used to Derive Agri-
cultural Sector GVA for the Brazilian Amazon). The conclusion is
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The Amazonian tropical forests have been disappearing at a
fast rate in the last 50 y due to deforestation to open areas for
agriculture, posing high risks of irreversible changes to bio-
diversity and ecosystems. Climate change poses additional risks
to the stability of the forests. Studies suggest “tipping points”
not to be transgressed: 4° C of global warming or 40% of total
deforested area. The regional development debate has focused
on attempting to reconcile maximizing conservation with in-
tensification of traditional agriculture. Large reductions of de-
forestation in the last decade open up opportunities for an
alternative model based on seeing the Amazon as a global
public good of biological assets for the creation of high-value
products and ecosystem services.
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inescapable: Over 50 y of a deforestation-based development
model have not resulted in wealth creation or better quality of life
for those living in the Amazon—the Amazonidas (28, 29). More-
over, in terms of development policy pathways for the Amazon,
two modes have historically dominated: (i) a valuable nature
conservation approach with large swathes of territory legally pro-
tected from any economic and human activity outside indigenous
peoples and (if) an approach that has focused on conversion or
degradation of forests for the production of either protein com-
modities or tropical timber at the forest frontier and the build-out
of massive hydropower generation capacity—which, together,
have been historically responsible for massive deforestation of
the Amazon (30, 31) and generated other significant negative ex-
ternalities. We argue therefore that there is a “Third Way” within
reach that sees the Amazon as a global public good of biological
assets and biomimetic designs that can enable the creation of in-
novative high-value products, services, and platforms for current
and for entirely new markets.

It is urgent to halt deforestation, keeping in mind that almost 1
million square kilometers of the Amazon tropical forests have al-
ready been deforested and another equal portion finds itself in the
process of degradation (27). The rate of deforestation has declined
in the last several years; this decline is conspicuous in the Brazilian
Amazon, where deforestation rates have been cut down by almost
80% since 2005 (32-34) at the same time that the agricultural
output in the region has been increasing significantly (35). It is
therefore becoming clear that economic growth is decoupled from
deforestation as demonstrated by ample facts, such as the case of
the reduction of deforestation rates observed between 2005 and
2014, which are opposed to the growth of the values of agricultural
gross value added (GVA) in North Brazil, which almost tripled
during this period (32). Since 2005, deforestation rates in Brazilian
Amazon have decreased from almost 30,000 km2~y_1 to a rate of
around 6,000 km?>y~', on average, from 2011 to 2015 (33), in-
dicating the difficulties of zero deforestation targets (36). This sharp
decline of deforestation was enabled by several factors, including
purpose-built satellite monitoring capabilities, effective law en-
forcement and compliance, industry value chain initiatives like the
soy moratorium, restrictions on access to credit for farms located in
deforested areas, and expansion of protected areas and indigenous
territory encompassing 47% of the entire Brazilian Amazon region
(37). Long-term-demand growth for agricultural commodities in the
emerging markets, weak institutions, and large energy infrastructure
projects may potentially contribute as underlying and proximate
drivers to the return of high deforestation rates in the absence of
alternative development pathways (27, 30, 38—40).

The present economic scenario continues to conspire against
the Amazon by placing a higher premium on agricultural com-
modities such as soybeans, meat, and tropical timber than on
standing forests. The long-term success of antideforestation
policies must rest on firmer ground besides command and con-
trol measures to curb illegal deforestation.

The challenge, therefore, is to reconcile the current develop-
ment model with a new paradigm for sustainable development of
the Amazon. A corollary to this greater challenge is the urgent
need to deploy a high-tech innovation ecosystem approach to
serve as the basis for this new model of sustainable development
for the Amazon.

In this review, we assess scientific knowledge on climate var-
iability and extremes, on anthropogenic drivers of environmental
change in the region, and on the impacts and risks for the future
of the tropical forests, and we propose a paradigm for the sus-
tainable development of the Amazon, a model that intrinsically
depends on the existence of the forests.
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Climatic Variability and Extremes, and the Lengthening of
the Dry Season

Precipitation Variability and Extremes. A suite of geographical,
geomorphological, and climatic factors makes the Amazon basin
an area with high precipitation. The average basin-wide annual
precipitation is on the order of 2,200 mm, ranging from
3,000 mm in the west, due to the influence of the Andes, to
values around 1,700 mm over the southeast of the basin, areas of
intense land-use and land-cover change, known as “deforestation
arc” (41). High precipitation rates are maintained both by
moisture flows from evaporation in the tropical Atlantic Ocean
and by forest evapotranspiration (ET) recycling (7, 42). Pre-
cipitation seasonality varies markedly across the basin: minimum
monthly precipitation of >150 mm-mo~" and short or absent dry
season in the west and northwest, in contrast to a very seasonal
regime in the south and southeast with longer dry seasons
(>4 mo with monthly values of <100 mm) (43, 44). Given av-
erage forest ET of 3.5 mm-d™' to 4 mm-d~' (45), below about
100 mm:mo~" of precipitation, ET is assumed to exceed in-
coming precipitation, and the forest is in water deficit (46).

Precipitation pattern in the Amazon basin has a strong in-
terannual and interdecadal variability, largely influenced by
fluctuations in sea surface temperature (SST) of the tropical
Pacific (related mostly to El Nifio—Southern Oscillation) and
tropical Atlantic (Atlantic “Dipole” Mode) Oceans. Severe
droughts are associated, in general, with the occurrence of strong
El Nino events affecting mostly the central and eastern portions
of the Amazon, as was the case in 1906, 1912, 1926, 1983, 1992,
1998 (47), and 2015 (33). On the other hand, the warmer tropical
North Atlantic and cooler tropical South Atlantic affect also the
west and northwest of the basin and were responsible for the
severe droughts that occurred in 1964, 2005 (48), and 2010 (49),
which was recognized as one of the strongest and extensive
droughts of recent decades: The 2005 drought affected about 1.9
million square kilometers, whereas the 2010 drought affected
around 3 million square kilometers (50).

Although droughts and floods are part of the Amazon natural
climate variability, the extreme drought and flood events that
took place in the past decade (2005, 2010, and 2015 droughts;
2009 and 2012 floods) have been unusual and may have long-
term implications. Global warming is projected to increase the
frequency and even the intensity of extreme events (51). Drought
extreme events have the potential to increase the mortality of
forests, and the synergistic association between severe droughts,
deforestation, and fire can be highly deleterious to the Amazon
forest (see CO; Fertilization and Forest Mortality).

The Lengthening of the Dry Season. Another important aspect of
the functioning and maintenance of the Amazon forest is the dry
season length being shorter than about 4 mo. There is growing
evidence of lengthening of the region’s dry season, primarily over
southern and southeastern Amazon (49, 52, 53). The reasons for
this lengthening are still not very clear. It has been suggested that
large-scale influence of SST gradients of the North and South
Atlantic (49, 54, 55), or a strong influence of dry season ET (56,
57), in response to a seasonal increase of solar radiation (58),
may play a role.

In particular, this apparent lengthening of the dry season has
been quantified: The dry-season length has been observed to
have increased [(6.5 = 2.5) days per decade] over southern
Amazonia since 1979, primarily owing to a later onset of the wet
season, and is accompanied by a prolonged fire season (53).
These changes cannot be simply linked to the interannual vari-
ability of the tropical Pacific and Atlantic Oceans and may in-
dicate that, in addition to the moisture transports from the
oceans, soil moisture from continental areas could act as an
important precondition for the onset of the wet season (59-61).

Nobre et al.
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Therefore, understanding the forests’ ability to maintain high ET
rates during low-precipitation periods is an important element to
better understand not only the drought-forest response, but also
aspects that influence the transition from dry to wet season.

Seasonal Variability in ET. Considering a wide range of climate
variability patterns in the Amazon, it could be expected that
other hydroclimatic variables also exhibited a large spatial and
temporal variability. In fact, it is known that seasonal and in-
terannual variations of the ET in tropical forests are mainly
controlled by variations in the light (radiation) and soil moisture
(62). Data from flux towers installed in the region as a result of
the Anglo-Brazilian Amazonian Climate Observation Study
(ABRACOS) and the Large-Scale Biosphere-Atmosphere Ex-
periment in Amazonia (LBA) indicated the occurrence of ET
rates as high in the dry season as in the wet season (45). How-
ever, in regions such as eastern and southern Amazon, this was
not the case (63). From data obtained from the LBA flux towers
networks, it was observed that, in experimental sites where the
average annual rainfall exceeds 1,900 mm and the average dry
season length is less than 4 mo (e.g., Manaus, Santarém, and
Rondo6nia), ET rates tend to increase in the dry season in re-
sponse to an increase in solar radiation, reaching values of
around 4 mm, similar to wet season ET values (64). On the other
hand, regions with average annual rainfall below 1,700 mm and
longer dry seasons (>4 mo), such as in southern and southeast-
ern Amazon, showed clear evidence of decreasing ET during the
dry season, with maximum values of around 2.5 mm-d~". A similar
threshold of close to 2,000 mm of annual rainfall was identified
in the photosynthesis and ET patterns along the Amazon forest
and for tropical forests in Africa and Asia (65). In regions where
the annual rainfall is above this value, water stored in the soil
during the wet season seems to be able to supply ET and pho-
tosynthesis for the subsequent dry season. However, this nor-
mally is not the case for regions where the average annual
rainfall is below this value, highlighting a clear spatial and sea-
sonal pattern of ET and photosynthesis variability (66). The ET’s
controlling mechanisms also varied over this rainfall gradient,
with climate demands (particularly radiation and vapor pressure
deficit) controlling ET rates in wetter areas and soil moisture
deficit controlling ET in the driest areas (64).

Due to the Amazon’s huge dimension and diversity, some
Amazon regions could present high values of ET during the dry
season even when annual precipitation, on average, is smaller
than 2,000 mm. In Paragominas, for example, at the northeast
flank of the Amazon, the mean annual precipitation of 1,800 mm
can sustain high ET rates even during a dry season lasting for
about 5 mo (67). Storage of water in deep, clay-rich soil layers
may presumably be the reason for maintenance of ET in periods
of absence of rain (67-70).

Despite some exceptions, in general, the driest regions in the
Amazon are found in the southern and southeastern portions,
presenting a climate pattern similar to a savannah, where the
vegetation responds with loss of leaves and dormant state in
response to water stress of the prolonged dry season (64). This
region, known as the “Arc of Deforestation,” is experiencing
heavy anthropogenic change and could be presenting signals of
change in the equilibrium state, in the sense of the prevalence of
a dry vegetation type (71).

Climate Change: Global and Regional Perspectives

Global Climate Change. Climate change resulting from increased
emissions of greenhouse gases, and from other anthropogenic
forcings, has the potential to increase air temperature and cause
complex changes in precipitation patterns (51). Despite the im-
portance of understanding how climate affects the structure and
functioning of the tropical forest as we know it today, it has not
been an easy task to identify current and plausible future changes

Nobre et al.

in climate variables—especially those related to the hydrological
cycle—in these regions. For the Amazonian forest, this difficulty
is due, in part, to the scarcity of historical data and, in part, to the
natural variability of precipitation (72).

The Amazon—similarly to all continental areas of the world—
has warmed about 1 °C during the last century (51, 73, 74). The
temperature increase was more pronounced since the 1970s and
was attributed to the global temperature increase caused pri-
marily by greenhouse gas emissions (51, 75, 76). Temperature
increases are more pronounced in deforested areas during the
dry season and can reach between 1 °C and 1.5 °C, on average,
solely due to the effect of deforestation, because the surface
energy budget is altered and sensible heating is higher for areas
covered with pastures in the Amazon (77).

It has been more difficult to identify long-term changes in
rainfall patterns in the Amazon. This is due to the large natural
variability, relatively small number of weather stations, and im-
portant gaps in time series (72, 78). To complement these
studies, some assessments have been based on river discharge
data, rather than precipitation, due to their better integrative
nature and dataset consistency (79, 80). Although some studies
indicated a decreasing trend in rainfall (drying) in the Amazon,
in recent decades (80-83), others pointed to a wetting trend for
the region, as a result of an intensification of the hydrological
cycle (79, 84, 85). These wetting trends (up to 80 mm-mo~" in the
period 2000-2009 compared with period 1981-1990) are not
homogeneously distributed around the basin, and they tend to
occur during the wet season over the northwestern part of the
basin. On the other hand, the decreasing wet season rainfall
trend (—20 mm-mo ™~ for the same period) was observed in the
southern and southeastern parts of the basin (79).

Precipitation reductions observed in the last two decades over
southern and southeastern Amazon cannot, as yet, be fully
explained, but one possible explanation could be the effects of
extensive land-use change in this region and relative changes in
the albedo (79, 86). The increasing precipitation trend observed
during the rainy season was attributed to a gradual warming of
the tropical North Atlantic SST and the resulting increase of
water vapor supply from the ocean toward the continent (79).
The influence of the tropical North Atlantic SST anomalies,
however, is more gradual and has a different pattern from that
observed during 2005 and 2010 droughts, when North Atlantic
SST anomalies resulted in changes in the Intertropical Conver-
gence Zone (ITCZ) position (79). The important point here is
that, even for wetter conditions, the southern and southeastern
Amazon forest presented drying trends in the last two decades.
Observed interdecadal trends in precipitation (87) have been
associated with natural climate variability—somewhat different
from the apparent lengthening of the dry season in Amazonia—
and sharp shifts in precipitation patterns in the mid 1940s, 1970s,
and 2000s are likely linked to phase shifts of the Pacific Decadal
Oscillation (72, 80, 88, 89).

In summary, the observed absence of a significant long-term
trend in Amazon river discharge—a proxy of basin-wide pre-
cipitation variations—highlights the difficulty of detecting clear
long-term, anthropogenic climate change impacts in precipita-
tion. In contrast, the observed increase in the frequency of ex-
tremes over the past decade (see Precipitation Variability and
Extremes) could be an early manifestation of global climate
change (90), because there have been both positive and negative
precipitation extremes, which, however, did not alter significantly
the long-term basin-wide averages.

Tropical Deforestation and Regional Climate Change. Deforestation
can affect vegetation through changes in the regional climate.
Modeling studies suggest that a decrease in the ET rates and an
increase in atmospheric temperature were caused by the large-
scale replacement of the Amazon forests by pasture (7, 91, 92). It
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is estimated that these changes will lead to changes in local
precipitation patterns, but how large these changes will be is still
uncertain. Small-scale deforestation can lead to an increase in
local precipitation by the so-called “wind effect” (93, 94). On the
other hand, large-scale deforestation may act to decrease the
precipitation rate. Increases in nonprecipitation clouds and a
decrease in the dry season precipitation have been observed over
deforested areas in Amazonia (95). Modeling studies simulating
the rainforest replacement by pasture also showed a decrease in
rainfall with an increase in deforested areas (7, 91, 92, 96-98).
The extent of total deforested area also matters, with greater
effects occurring for deforested areas exceeding 40% of the total
area covered by forests (91). Complete deforestation could cause
eastern Amazonia to warm by more than 3 °C, and precipitation
from July to November could decrease by up to 40%. Crucially,
these changes would be in addition to any change resulting from
global warming.

Regional climate models with higher spatial resolution (25-km
grid) project a smaller decrease of regional precipitation
(=62 mm-y™") for a complete deforestation scenario (96). Some
regional models also show that low levels of deforestation (up to
around 20%) increase calculated precipitation over the defor-
ested area as a result of a heterogeneous heating of the land
surfaces, which increases mesoscale convection (“vegetation
breeze”) and cloud formation (96, 99). However, the importance
of this effect varies according to the size and pattern of the de-
forestation patches (100) as well as the model considered. Most
regional models agree that the effect of the vegetation breeze
vanishes beyond a certain area of deforestation (around 30%)
for which a decrease of regional precipitation is expected, es-
pecially during the dry season (99, 101). It is important to
highlight that examples of land-use change that has been suffi-
ciently widespread to detect its effect on river discharge over and
above the effects of interannual variation or trends in pre-
cipitation patterns are currently limited to watersheds that were
dominated by neighboring Cerrado vegetation, with only small
fractions of Amazon forest vegetation (102, 103). It may be
necessary to have a similar magnitude of land-use change in
forest-only subbasins of the Amazon in order for its effect to be
unequivocally established.

A key to risk analysis for the maintenance of the Amazon
ecosystems is that the impacts of deforestation are greater under
drought conditions, as fires used for forest clearance frequently
get out of control and burn larger areas (see Extreme Droughts,
Deforestation, and Fire). The impact of land-use change on sim-
ulated precipitation and temperature occurs primarily during the
dry season and in regions of relatively low annual mean pre-
cipitation, projecting precipitation reductions and temperature
increases (104). Reducing deforestation may help to boost forest
resilience under a changing climate. Forest fires, drought, and
logging increase susceptibility to further burning, and de-
forestation and smoke can inhibit precipitation, exacerbating fire
risk (see Extreme Droughts, Deforestation, and Fire). The likely
continuation of strong El Nino episodes (e.g., 1997—1998 and
2015-2016 episodes) into the near future and the possibility that
the pattern of intense Amazon droughts seen in the last decade
continues into the future, keeping business as usual policies,
means that a large fraction of the forest will be cleared, logged,
damaged by drought, or burned in the next few decades (105).

In sum, we can say that reducing deforestation could minimize
these impacts as well as mitigate emissions of greenhouse gases.
It has been suggested that there may be thresholds or “tipping
points” that should not be transgressed for the maintenance of
the Amazonian tropical forests: 40% of area deforested, beyond
which forest loss causes climate impacts that cause further forest
loss (91); global warming of 3 °C to 4 °C may also lead to a
similar tipping point (106, 107). Although the existence of these
tipping points still requires further research, interaction between
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climate change due to global warming and due to large-scale
deforestation may make them more likely.

In sum, the observations of changes in hydroclimatic factors
(e.g., the lengthening of the dry season and the enhanced oc-
currence of precipitation extremes)—added to global warming
scenarios of increased temperatures and continued deforestation
and forest fires—may wreak havoc on the stability of tropical
ecosystems (see Third Way as Paradigm of Sustainable Develop-
ment for the Amazon).

Impacts of Anthropogenic Drivers of Change in the Amazon

Extreme Droughts, Deforestation, and Fire. Despite coming from
different anthropogenic drivers, which act upon different scales,
deforestation and extreme drought events may damage tropical
forest ecosystems in an analogous way: Both have the potential
to enhance mortality selectively, creating degraded areas in
which the equilibrium state of the humid forest can be disrupted.

A great number of studies and advances were made in recent
decades, to better understand the impacts of drought extreme
events on tropical forests. However, important questions still
remain. In fact, the ability of some areas of the Amazon rain-
forest to maintain high ET rates and, eventually, keep growing or
begin leaf flushing (108) during the dry season does not guar-
antee that humid forest could be resilient to extreme and pro-
longed droughts. In situ observations of the impact of “natural”
extreme droughts (109) and artificially induced droughts for
several years (110-112) showed that forest responds with in-
terruption of growth and mortality of some species during a
prolonged drought period. The results of artificially induced and
natural droughts have shown that the larger trees [diameter at
breast height (dbh) > 30 cm], together with lianas, are the most
vulnerable ones (112). This behavior is contrary to the hypoth-
esis, previously assumed, that the larger trees would be more
resilient to droughts as a result of a deeper root system, allowing
them to capture water from the deeper soil layers as a drought
survival strategy. It was observed, however, that these large trees
could be under water stress due to a significant exposure to solar
radiation, eventually dying by cavitation and embolism (113)
during extreme droughts.

The vulnerability of the larger trees is a critical aspect of forest
functioning and maintenance. It implies that droughts can act se-
lectively, changing species composition and endangering local
biodiversity (109). In addition, mortality of the highest species re-
duces the shading over lower canopy, litterfall, and soil. The in-
creasing incident radiation in these areas enhances temperature
and dryness, increasing vulnerability to subsequent droughts as well
as to ignition sources and fire. Although the drought effects on
stem growth could cease as soon as the drought finishes (3), this is
not the case for tree mortality. In addition, the increase of dead
biomass can result in a number of negative aspects: loss of habitat
of endemic species, changes in the composition and biome struc-
ture, and changes in carbon budget and energy fluxes between the
land surface and the atmosphere, besides potentially acting as a
positive feedback to climate change.

Extreme events and deforestation can act synergistically in a
two-way mode. Deforested areas can affect regional climate, and
the regional climate, in its turn, can amplify the impact of de-
forestation, by increasing tree mortality far beyond the limits of
the deforestation edges. In both situations, fire occurrence and
spreading is greatly amplified. It has been observed that the
forest fire scars in the Amazon increased substantially during
extreme droughts years, particularly in the edges between intact
forest and deforested areas. The association between a dry forest
environment (soil and litterfall) and ignition sources from the
anthropic activities (mainly the agricultural practices of slash and
burn) promotes the leakage of fires toward the intact forest
areas. The absence of rainfall, typical of the drought years, fa-
cilitates its propagation (46, 114-120).

Nobre et al.
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Under normal conditions of high precipitation amounts and
high atmospheric moisture, spontaneous occurrence of fire in the
Amazon rainforest is quite rare (121). As a result, most of the
local species are not adapted to fire, which hampers their re-
covery after recurrent burns. Forest areas submitted to succes-
sive fires over the years experience a change in the prevalence of
secondary vegetation (119). Huge and successive fires have
substantially increased tree mortality and favored the occurrence
of short-life-cycle pioneer species. Invasive grasses observed in
the burned areas act as a potential source of ignition during
subsequent events of droughts, potentially indicating a change in
the biome composition (71). This transition is more likely to
occur in fragmented forest areas where disturbances are frequent
and the dry season is longer (>4 mo to 5 mo) (71), or, in other
words, at the southern region of the Amazon forest.

CO, Fertilization and Forest Mortality. In a CO,-enriched atmo-
sphere, one of the few potentially resilience-increasing aspects for
forests seems to be the effect known as “CO, fertilization” (122).
The increasing concentration of this gas in the atmosphere has
been recognized as being responsible for faster growth of trees, a
fact that has been proven in large-scale experiments (123-126).
However, there are large uncertainties about the long-term re-
sponse of the tropical forests to this effect (127), although mod-
eling of this effect for the Amazon indicates that the impact of high
degrees of climate change are attenuated, but not to the extent of
avoiding forest loss (128). In a COy-enriched environment, the
plants can respond with stomatal closure to capture the same
amount of CO, required for photosynthesis (129). As a conse-
quence, transpiration rates could decrease, potentially returning a
lower amount of vapor to the atmosphere, or, in other words, al-
tering ET rates (130). Ultimately, this behavior could impact pre-
cipitation in the Amazon, which, as shown above, plays an
important role in generating dry season precipitation. Another
unexpected unfavorable effect of CO, fertilization could be the
increase of mortality rates of adult trees in the tropics (131).
Terrestrial ecosystems and, in particular, tropical forests have
been recognized as strong carbon sinks, comparable to the oceans
(132-134). However, the potential connections between sinks of
carbon and the spatial patterns of soil and tree characteristics
across the region are also noteworthy. In the west, younger fertile
soils (135) associated with enhanced plant growth coexist with
higher tree mortality, complicating the interpretation of carbon
sink (13, 136). In the eastern and central portions of the region,
weathered and relatively infertile soils (135) host trees that live
longer and grow taller (13, 136). Although these locations may
potentially stock larger carbon pools in the long term, the re-
sponses to CO, fertilization may be limited due to relative low
nutrient availability (137). Despite uncertainties, it has been rec-
ognized that the mature forests of the Amazon store around 150
PgC to 200 PgC in their biomass (15), and the forest seems to be
acting as an overall carbon sink, with assimilation rates estimated at
0.4 PgCy™" (109) over the recent past. Carbon stored in forests
each year occurs in the form of growth of branches and trunks, new
leaves and roots, and increase of soil organic matter (138). How-
ever, from field inventories carried out in 321 plots from 1983 to
2011, it was observed that the Amazon forest could be moving from
a carbon sink to a carbon source ecosystem (131). Although the
tree growth data confirmed the Earth’s surface as a strong carbon
sink, the same data show a decline in the growth rate of carbon
accumulation and a one-third decline in net increase in above-
ground biomass in the 2000s compared with the 1990s. Factors
explaining this behavior are still not clear, but the main hypothesis
is that the increase in forest productivity in recent years due to CO,
fertilization effect could have accelerated the life cycle of trees,
anticipating their death when still young (131, 139-142). To reduce
the uncertainties about the effect of increasing atmospheric CO,
concentrations on tropical ecosystems, a group of international
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scientists are proposing to carry out a Forest Free-Air CO,
Enrichment-type experiment in the Amazon (143).

Impacts of Hydropower Dams in the Amazon. Major anthropogenic
land-use change in the Amazon historically has been a conse-
quence of either growing international demand for agricultural
commodities or of growing energy demand domestically. In this
context, the Amazon has been historically identified as a source of
massive growth in hydropower capacity, and all Amazonian coun-
tries have made plans for its use in the present and in the fore-
seeable future. For instance, the Brazilian government has planned
the expansion of hydroelectric power generation in the Brazilian
Amazon to make it a large net exporter of electricity to the rest of
the country. The plan calls for 30 new large dams in the next 30 y
(23), with the associated flooding of ~12,000 km? (144). The
flooding of these areas will cause a series of environmental im-
pacts: significant increases of greenhouse gas emissions (145),
disorders to local wildlife by blocking mass fish migration patterns
and changes in ichthyological diversity (146, 147), loss in connec-
tivity between upstream and downstream (148), decreased pro-
ductivity in lowland Amazon floodplains due to the retention of
nutrients by reservoirs (149), hydrological alterations through the
water level change (150), deforestation and degradation of forests
near the reservoir (27), transmission of parasitic diseases to hu-
mans such as malaria and leishmaniasis (151, 152), social impacts
with the displacement of traditional populations and indigenous
peoples (153, 154), and reduction of fish catch potential (155).

Climate Change, Forest—Climate Equilibrium States, and the Future of
the Amazon Forests. Taken alone, the drought impacts could be
harmful enough for the ecosystem maintenance and integrity.
Their joint action and the synergic effects with other anthropo-
genic drivers such as deforestation and fire have the potential to
strongly amplify these impacts, so that the collapse of tropical
rainforest (156, 157) and its transformation into a drier and
impoverished savanna-like biome (7, 158) have been anticipated
by computational models, and have been continuously validated
by field observations. Studies in forest sites, in fact, support the
assumption of a positive feedback between relatively frequent
(1 to 3 y) fires and degradation (71, 115), which favor the
presence of grasses and shrubs (115), secondary vegetation (119),
and pioneer species that do not take long to become flammable
(71). Controlled fire experiments carried out in the transition
forests of northern Mato Grosso showed great incidence of li-
anas and tree mortality, supporting, according to the authors
(71), the likelihood of “savannization” of parts of the Amazon.
Depending on the scale, these changes could ultimately drive
changes in the local climate, pushing the ecosystem toward a
different forest—climate equilibrium state (159), that is, the one
where most of the tropical forests in southern, southwestern, and
southeastern Amazon are replaced by degraded savannas as
predicted by models (91, 106, 158, 160). Evidence that the re-
lationship between degraded forest, regional climate change, and
a change in the equilibrium would lead to a tipping point in the
Amazon region is described as a medium-confidence likelihood
(161), but is already being observed in the Xingu basin (71).
At this point, it is important to assess the trends of the drivers of
change conducive to savannization or forest dieback risk. In recent
years, deforestation rates fell by about 80% in the Brazilian Am-
azon since 2005 (33). As mentioned above, the Amazon has ex-
perienced a succession of extreme climatic events since 2005 (see
Precipitation Variability and Extremes). However, increased floods
do not compensate fully for an increase of droughts in terms of
forest vulnerability, especially due to increased fire frequency
during droughts, which wreak havoc to forest resilience (18). This is
supported by a trend of increasing observed forest mortality (131),
together with the fact that forest fires have not decreased as
expected (162). Another important driver is, of course, global
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warming. The Amazon region has experienced a temperature in-
crease of close to 1 °C (51, 73), mostly due to global warming. It is
estimated that 3.5 °C of global warming (that corresponds to
about 4 °C temperature increase in the Amazon) could disrupt
the forest—climate equilibrium, leading to substantial loss of
tropical forests (106, 160, 161). In addition, as mentioned above,
there is some observational evidence of a lengthening of the dry
season in southern—southeastern Amazon, and this is the most
important driver of forest transitioning to savanna as claimed by the
hypothesis of Amazon savannization (7) because the climate en-
velope for tropical forests requires a dry season (less than 100
mm-mo~") no longer than 4 mo.

There have been attempts to use climate and vegetation models
to quantify the impact of changes in climate due to global warming
and due to deforestation on the distribution of major biomes in
the Amazon as summarized in Modeling Efforts and Advances, in-
cluding analysis (Figs. S1 and S2 and Table S4). The results show
that the calculated area of tropical forest remaining, for simula-
tions of biome distribution when only climate change forcing is
considered, is about 15% smaller by 2050 for Intergovernmental
Panel on Climate Change (IPCC) scenario Representative Con-
centration Pathway 8.5 Wm™ (RCP8.5) in comparison with the
change for scenario RCP2.6, given that the amplitude of climate
change is vastly larger for the former scenario, and the effect in-
creases in time (Fig. S1). For more drastic changes, taking into
account the combined effect of climate change scenarios, regional
climate change due to large-scale deforestation, and the effect of
forest fire making tropical forests more vulnerable, the calculations
project a substantial reduction of over 60% in the forest area in the
Amazon by 2050. Most of the biome type changes occur over
eastern and southern Amazon, with replacement of tropical forest
by seasonal forest and tropical savanna (Fig. S2). The effect of fire
in this region is important in all scenarios in further decreasing the
area of tropical forest. Northwest Amazon presents the smallest
changes in reduction of tropical forest, indicating that, even for
substantial land-use and global climate changes, the resulting cli-
matic conditions would still support tropical forest in that region
(Fig. S2). All of the calculations assume the so-called CO, fertil-
ization effect (see CO, Fertilization and Forest Mortality). In the
absence of this moderating effect, the forest replacement would be
considerably higher for all scenarios.

Summing up, it has been established by modeling studies
that the stability of Amazon forests may have at least two
tipping points that, once one or both are transgressed, would
entail irreversible large-scale forest dieback and a tendency for
drier seasonal forests or impoverished tropical savanna to
prevail over 30 to 50% of the basin, especially in the southern
and eastern portions.

That is, we have identified the risks of land-use and climate
change. Are there solutions to eliminate or mitigate those risks?
Or, alternatively: Is the fate of the Amazon predetermined, given
the likely risks to the Amazon ecosystems spelled out in Impacts
of Anthropogenic Drivers of Change in the Amazon, or can we
nudge a better outcome leveraging humanity’s limitless ingenuity
in scientific discovery and solving seemingly intractable problems
with an innovation model that has, as its foundations, a number
of scientific and technological revolutions quietly transforming
the world economy?

The Amazon development debate has been torn between
attempting to reconcile maximizing conservation versus in-
tensification of traditional agriculture and expansion of hydro-
power capacity. In Third Way as Paradigm, we argue for a Third
Way based on aggressively researching, developing, and scaling
up a new high-tech innovation approach that sees the Amazon as
a global public good of biological and biomimetic assets that can
enable the creation of innovative high-value products, services,
and platforms for current and for entirely new markets through
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combining advanced digital, biological, and material technologies
of the Fourth Industrial Revolution in progress.

Third Way as Paradigm of Sustainable Development for the
Amazon

In terms of development policy pathways for the Amazon, two modes
have historically dominated: (i) a valuable nature conservation
approach with large swathes of territory legally protected from
any economic and human activitg outside indigenous peoples—
which comprise 2.1 million km®, or about 43% of Brazilian
Amazon (153, 163, 164); and (ii) an approach that has focused
on conversion or degradation of forests for the production of
either protein commodities (e.g., meat and soya) or tropical
timber at the forest frontier and the build-out of massive hy-
dropower generation capacity—which together have been his-
torically responsible for massive deforestation of the Amazon
(30, 31) and generated other significant negative externalities.

Recently, there have been suggestions of promoting grain
agriculture intensification (165) and higher intensification of
cattle ranching to substantially increase meat production (22) in
areas already deforested through recovery of degraded pastures.
However, even though these approaches can potentially provide
a “transition bridge” toward a safer sustainable development
model, they are inconsistent with the rigorous zero-deforestation
target necessary, among other things, for climate change stabi-
lization, because the exponential demand growth of these com-
modities by the emerging middle class in the emerging markets,
in the end, will likely depend to a greater or lesser extent on
continuously expanding the agricultural frontier.

Given Brazil’s huge underexploited central and distributed
renewable energy generation and energy efficiency potential in
regions much closer to the consumption centers (166, 167) versus
energy demand in the Amazon that can be met by local renew-
able sources (168-170), we argue that it should be feasible to
plan for energy generation capacity increases that do not rely on
new hydropower capacity from the Amazon.

On the other hand, the Amazon biological (e.g., biomimetic)
assets may hold promise for advanced energy production inno-
vations. In nature, photosynthesis generates energy for plants,
and microorganisms generate their own energy from other
sources (e.g., sulfur-fixing bacteria). These processes have in-
spired innovations in advanced microbial fuel cells (171). In
addition, the Tungara frog species that creates long-lived foams
has inspired new energy generation and carbon dioxide seques-
tration technologies (172). Finally, plants have also directly in-
spired solar cell design, potentially generating much cheaper
alternatives to silicon-based photovoltaics (173).

We argue therefore that there is a Third Way within reach in
which we aggressively research, develop, and scale a new high-
tech innovation approach that sees the Amazon as a global
public good of biological assets and biomimetic designs that can
enable the creation of innovative high-value products, services,
and platforms for current and for entirely new markets by ap-
plying a combination of advanced digital, material, and bi-
ological technology breakthroughs to their privileged biological
and biomimetic assets (please refer to Implications of the Fourth
Industrial Revolution for the Sustainable Development of the
Amazon for more details on the Fourth Industrial Revolution).

Biological systems in the Amazon are the result of millions of
years of evolution. Humanity, as a whole, has long relied on
observing and learning from nature, just as the famous Icarus
tried mimicking bird flight from his prison island in ancient
Greek mythology. Fast forward, and the search for biomimetic
applications has developed into a scientific discipline leading
inevitably to a large number of biomimicry-based innovations.

Biomimicry innovations in the Amazon should focus on
learning from and then emulating Amazonian natural forms,
processes, and ecosystems to create more sustainable designs
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and innovations (174). We are rapidly gaining understanding on
how things are created in nature (materials), how organisms
sense their surroundings (sensors), how they move in their en-
vironment (biomechanics and kinetics), and how they behave
and function (processes) (175). In addition, there is significant
innovation potential to focus on learning from the Amazon in
biomimicry-enabled nanoscience, reproducing complex biological
systems to solve problems on a nanomolecular scale (176, 177),
create environmentally friendly process and pollution pre-
vention/remediation technologies, design bioinspired textile
structures (178), aid in energy production, and provide insight
in behavioral and cognition—artificial intelligence robotic—
applications (179), which are in the early phase of the
innovation cycle.

In the short term and with a low-tech approach, we estimate
that it is quite feasible to develop a number of biodiversity-based
product value chains capable of reaching global markets with
unique differentiation (180, 181). This new economy has the
potential to become much larger than the present one that is
based on the unsustainable use of natural resources in the Am-
azon. A number of biodiversity products from the Amazon,
such as babassu (Attalea speciosa), cupuacu (Theobroma grandi-
florum), and the Brazil nut have already impacted the local
economies, and there are plenty more to be discovered and
commercialized (182). Pioneering illustrations of this new bio-
diversity-based economy are the recent emergence of assai
(Euterpe oleracea) production that has reached the multibillion-
dollar scale (183-186). The spilanthol alkaloid found in the
leaves, branches, and flowers of jambu (Spilanthes oleracea) is
described in patents as appropriate for anesthetic, antiseptic,
antiwrinkle, toothpaste, gynecological, and antiinflammatory
uses (187). Other products of the Amazon biodiversity are es-
sential oils of species such as rosewood (Aniba rosaeodora),
nhandiroba (Carapa guianensis), and copaiba (Copaifera langs-
dorffii) that are amenable for end-to-end processing in the
Amazon and can be alternatives in the formation of a fluorine—
xylo—chemical hub for cosmetic and pharmaceutical products in
the Amazon (188). The bacuri (Platonia insignis) is an Amazo-
nian fruit in increasing demand for ice cream, candy, and juice
products. The oil extracted from its seeds is used as an antiin-
flammatory substance in traditional folk medicine and in the
cosmetics industry (189). New uses of biodiversity-based prod-
ucts are being developed and patented more often [e.g., ucuuba
(Virola Surinamensis) (188) and murumuru (Astrocaryum mur-
umuru) butter (190)] in the cosmetics industry.

Beyond these new developments in the right direction, how-
ever, the Fourth Industrial Revolution opens a new paradigm of
seeing tropical regions not only as potential sources of natural
resources and biodiversity but also as reserves of precious bi-
ological biomimetic knowledge that can fuel a new development
model that can benefit both local/indigenous populations and the
world at large.

Our view is that transitioning to this sustainable development
model will require an Amazon-specific Fourth Industrial Revo-
lution innovation “ecosystem” that is able to rapidly prototype
and scale innovations that apply a combination of advanced
digital, biological, and material technologies to the Amazon’s
renewable natural resources, biomimetic assets, environmental
services, and biodiverse molecules and materials. This sustain-
able development model would then provide a basic foundation
to nurture a biomimetic innovation ecosystem model for the
region that would be capable of capturing synergies between
private and public R&D laboratories, public—private partner-
ships, private and social entrepreneurs, venture capital, and in-
novative corporations—much like in Silicon Valley. For this
innovation ecosystem to be developed over time, a new Amazon-
specific innovation public—private partnership needs to be in
place, together with an enabling regulatory framework that deals
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with good practice in dealing with biomimetic knowledge and
assets. In particular, the Amazon requires an aspirational type
“man on the Moon” mission that draws on frontier knowledge
across digital, biological, and advanced materials to attain the
goal of big science deployed to meet big problems. The role of
the government and high-tech start-ups will be particularly im-
portant in the first-stage capital-intensive high-risk domains that
the corporate sector tends to shy away from. Just as the develop-
ment of the Internet was funded initially by the US government
that, in time, created a platform for innovation for social, private,
and public entrepreneurs around the world, so should the path be
set for the Amazon innovation ecosystem that we aspire to develop.

The Amazon region presents limited potential for knowledge
generation and capacity building partly due to a limited number
of research institutions and researchers (191, 192). In this con-
text, a critical missing element for transforming local develop-
ment toward sustainability is human capital in the region.
Brazilian Amazon universities produce only 2% of Ph.D.s
trained in Brazil every year (330 out of 16,745 in 2014)—in
contrast, the Brazilian Amazon has about 11% of the population
(see Tables S5 and S6 in Datasets Used to Derive the Fraction of
Ph.D.s Trained in Brazilian Amazon Universities)—and very few
are trained in innovative research areas of advanced digital, bi-
ological, and material sciences that should serve as pillars of the
Fourth Industrial Revolution in the region. Developing a locally
innovative research capacity and attracting human capital are
essential elements for long-term sustainability. This should in-
clude creating new research institutions across the region, taking
notice of subregional potential of renewable natural resources
and also enhancing connectivity through broadband satellite-
based* and fluvial fiber optics Internet (191) [Connected Ama-
zon Project (Amazonia Conectada) was established by Ministe-
rial Ordinance 596, published in Brazilian Federal Register on
July 23, 2015, issued by the Ministry of Science, Technology and
Innovation] and through provisioning a common high-perfor-
mance computing infrastructure for the region.

Transforming the current regional developmental model pre-
sents multidimensional challenges, which cannot be achieved
through science, technology, and innovation alone. It has be-
come vital and indeed urgent to instigate a real scientific, high-
tech, and innovation revolution in the Amazon. The enormous
institutional and governance challenge is to find the pathways to
transform this vast and mostly unknown natural capital into a
global common public good that provides a foundation for
public, private, and social entrepreneurs to develop and scale
innovations as a basis for a novel high-tech regional sustainable
development model for the Amazon.

Concluding Remarks

Overcoming the risks to the integrity and functionality of Ama-
zon ecosystems does not depend exclusively on a new local,
standing forests sustainable development paradigm such as the one
put forth in Third Way as Paradigm of Sustainable Development
for the Amazon. Reducing tropical deforestation to nearly zero is
necessary for biodiversity conservation, provision of ecosystems
services, and, to some extent, climate mitigation by reducing
land-cover change emissions, but it is not sufficient at all to avert
the risk of global climate change. Unchecked climate change
poses a great danger of exceeding tipping points for the forests.
Therefore, a gargantuan global effort of decarbonizing the world

*The geostationary satellite will be the first satellite fully controlled by the Brazilian
government, and the project involves the Ministries of Defense, Communications, and
Science, Technology and Innovation. The Telebras and Visiona Space Technology com-
panies were responsible for the construction if equipment, which started in 2014; equip-
ment should be ready for release in the first half 2016. The project was funded through
the National High Speed Internet Program (Programa Nacional de Banda Larga-PNBL),
which was established by Ministerial Decree 7.175, by the Ministry of Communications.
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economy is called for to avoid transgressing these boundaries
and to meet the safeguards of maximum 2 °C global warming as
set by the recent Paris Agreement during the 21st Conference of
the Parties of the United Nations Framework Convention on
Climate Change.
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Modeling Efforts and Advances

The Coupled Model Intercomparison Project phase 5 (CMIP5)
models (193) simulate reasonably well some aspects of the pre-
sent-day tropical South America climate. The timing of the
transition in the seasonal cycle (e.g., onset of wet season) and the
mean temperature in the region are well simulated, but, as a
whole, the CMIP5 ensemble simulates conditions that are too dry
in the Amazon basin throughout the year and, in many models,
substantially so (194). That difficulty to simulate rainfall suggests
that the processes controlling rainfall and, in particular, the
feedbacks between land—surface latent heat flux and pre-
cipitation processes are still poorly represented (194, 195). These
known model biases—especially dryness—should be taken into
account in the interpretation of the projections of climate
change, in the development of Amazon ecosystem-relevant cli-
mate indicators, and in using model output to run offline impacts
models (196).

Projections of climate change in Amazonia from the CMIP5
ensembles show that the largest warming from 2.5 °C to 6 °C or
higher for different emission scenarios by 2100 in South America
occurs over the interior of the continent, including much of
Amazonia and even larger temperature increases during the dry
season. That range of temperature increases is worrisome be-
cause the Amazonian tropical ecosystems evolved over millions
of years with relatively stable climatic conditions and adapted to
fluctuations (e.g., Ice Ages), but it is uncertain how species and
ecosystems will respond to such rapid warming.

Projections of precipitation present a more complex picture
over the Amazon basin, particularly if annual mean changes are
considered. Some models project reduction of precipitation in
the Amazon, whereas other models project increases (58). By
breaking the changes down by season and by subregion, more
consistent signals emerge, although uncertainty remains high. The
CMIP ensemble projections show a reduction of precipitation at
the end of the dry season (—0.54 + 0.64 mm-d~! in September—
November) and a slight increase in the months between De-
cember and May, although model agreement is low.

In general, the projections using a suite of climate change
simulations indicate wetter conditions over the western basin and
drier conditions in the eastern and northeastern basin (87, 128,
160, 197, 198). Model agreement is higher for the period between
June and November; that is, there is much stronger model
agreement for drier conditions, particularly in the northeast
portion of the basin (196). This is important in connection to the
projected lengthening of the dry season. Longer dry season—
coupled to higher temperatures—is a key driver for savanniza-
tion over eastern and southeastern Amazon (7).

To quantify how the combined impact of changes in climate due
to global warming and due to deforestation and the effect of forest
fires may alter the distribution of major biomes in the Amazon, we
present an analysis (Figs. S1 and S2) by using a suite of climate
and vegetation models.

We present additional details of our modeling scheme [nine
CMIP5 models, driving the Brazilian Center for Weather Fore-
casting and Climate Studies Potential Vegetation Model
(CPTEC-PVM2.0) and CPTEC-National Institute for Space
Research (INPE) Atmospheric General Circulation Model
(AGCM) driven by land-cover maps scenarios] to provide extra
supporting information beyond those in the main body of the
paper. We perform analyses to quantify how the impact of
combined changes in climate, deforestation, and forest fire may
combine to affect the distribution of major biomes in Amazonia.

Nobre et al. www.pnas.org/cgi/content/short/1605516113

To assess the effects of Amazonian deforestation on the regional
climate, we used results from numerical simulations described in
ref. 91 with the CPTEC-INPE AGCM (199) where the changes in
land use considered deforestation scenarios of 0, 20, 40, and 50%
(91, 200). Also, to assess the effects of climate change, we used
results from nine Earth System Models, presented in Table S4
from CMIP5 under three representative concentration pathways
(RCPs): 2.6, 4.5, and 8.5, for time slices 20152034 and 2040-2059
(termed “2025” and “2050” time slices). For the combination
between climate change, deforestation, and fire, the CPTEC-
PVM2.0 was used by combining the supposed deforestation of
20% in the “2025” and “2050” time slices, deforestation of 40% in
time slice “2050” and deforestation of 50% in time slice “2050.”
The climate anomalies from deforestation simulation (91) were
combined with the anomalies of the CMIP5 scenarios, for each
time slice to drive the CPTEC-PVM2.0. This combination be-
tween deforestation scenarios and climate projections was evalu-
ated only for the first part of the 21st century because of the large
uncertainties associated with both scenarios beyond this period.
All of the calculations assume the so-called CO, fertilization effect
(see CO, Fertilization and Forest Mortality).

Deforestation Scenarios. The land-cover change scenarios we used
are from refs. 91 and 200. These scenarios were built by assuming
that deforestation trends recently observed will continue into the
future, highways currently scheduled for paving will be paved,
compliance with legislation requiring forest reserves on private
land will remain low, and protected areas will not be enforced.
Deforested areas were projected to be converted to degraded
grasses (pastures), in scenarios where they expand to 20, 40, and
50% of the original extent of the Amazon forest.

Climate Change Scenarios. We used results from nine ESMs (Table
S4) from CMIPS5 under three RCPs—2.6, 4.5, and 8.5—for time
slices 2015-2034 and 2040-2059 (time slices “2025” and “20507).
In RCP 2.6, the atmospheric CO, concentration in the year 2050
(2025) reaches 443 ppm (422 ppm). In RCP 4.5, the corre-
sponding value is 486 ppm (423 ppm), and, in RCP 8.5, the
corresponding value is 540 ppm (431 ppm) (201). Climate sim-
ulation for the years 1961-1990 of each model is used to evaluate
the models’ anomalies. Reference precipitation and surface
temperature climatologies (1961-1990) are provided at monthly/
0.5° resolution from ref. 202. These data and the climate sce-
narios were then aggregated to T62 spectral resolution (~2°) to
drive the CPTEC-PVM2 including the land vegetation carbon
cycle (128) used to evaluate biomes redistributions.

CPTEC AGCM. CPTEC AGCM (199) results from improvements of
the previous CPTEC/COLA GCM developed in cooperation with
the Center for Ocean-Land-Atmosphere Studies. It has been
shown that the model simulates reasonably well the main features
of global climate, as well as the seasonal variability of the main
atmospheric variables in the study region. CPTEC AGCM uses
the Simplified Simple Biosphere Model (203) land surface scheme,
where each land grid point is assigned to a vegetation type fol-
lowing the biomes classification of ref. 204 with a corresponding
set of biophysical parameters. This study used results from nu-
merical simulations described in ref. 91.

Potential Vegetation Model CPTEC-PVM2.0. We used the potential
vegetation model CPTEC- PVM2.0 (127) to quantify how these
combined changes may affect the distribution of major biomes
in Amazonia. CPTEC-PVM2.0 (127) preserves the particularly
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good performance of its predecessor CPTEC-PVM (205) for
biomes in South America. The model considers seasonality in
precipitation as a determinant for the delimitation of forests and
savannas, and is able to account for varying atmospheric CO,
concentration on plants’ primary productivity. CPTEC-PVM2.0
assigns a biome—atmosphere equilibrium solution to each grid
cell using monthly climate information (surface temperature and
precipitation), incident photosynthetically active radiation, and
atmospheric CO, concentration as inputs.

The water balance routine is nearly the same as in CPTEC-
PVM (205), based on ref. 206, although canopy resistance
r. (1/canopy conductance g.) is calculated from net primary
productivity (NPP) and atmospheric CO, concentration, based
on the formulation by ref. 207, which is used in other dynamic
global vegetation models (208) and global circulation model surface
schemes (e.g., ref. 209). The canopy resistance is used to calculate
ET according to Penman—Monteith’s equation. This formulation
enables a two-way interaction of water cycle and plant physiology.
CPTEC-PVM2.0 also considers the potential for lightning-induced
fires to refine the spatial distribution of savannas (210), which are
sustained if thresholds of availability of natural ignition sources and
fuel moisture are achieved, or, otherwise, are replaced by dry for-
ests. All of the calculations assume the so-called CO, fertilization
effect (see CO, Fertilization and Forest Mortality). Global and re-
gional NPP simulated by CPTEC-PVM2.0 are similar to those from
observations and other NPP models (128, 211).

Fire Effect. Fires in the study region are normally associated with
deforestation and other current land-use practices; they also
contribute to the replacement of forests by secondary or degraded
vegetation, and to the establishment of savannas in places that
could be covered by forests in their absence (210). To account for
the combined effects of deforestation and fires on the long-term
distribution of tropical and seasonal forests and savannas in the
Brazilian Amazon, we used relations between fire activity and
climate factors that drive the spatial distribution of these major
biomes.

Our relations were derived by combining climate and soil
hydrology variables with fire occurrence in the region. The
method, fully described in ref. 212, was applied to the results of
the CPTEC-PVM2.0 to evaluate the long-term potential for
tropical and seasonal forest degradation by assuming that tropical
land-use dynamics and policy currently observed in the Brazilian
Amazon will continue in the future. Second, we considered that
fire effects are expressive only if hydrological conditions support
medium-to-high fire activity.

We also assumed that edge effects will only extend to tropical
and seasonal forests that are bordering savannas. This assumption
is based on the fact that the access to the forests is facilitated by
savannas, where fires are also a natural feature (210, 213). In
addition, previous analyses also showed that the influences of
deforestation on fire activity decrease substantially for distances
greater than 175 km (214). Grid cells in this study are ~180 km
wide; thus it is reasonable to restrain deforestation/fires edge
effect to one grid cell. Based on our method, if a grid cell—
projected to be covered by tropical forests—presents environ-
mental characteristics that support long-term medium-to-high
fire activity and is adjacent to a grid cell projected to be covered
by savannas, it will be adjusted to seasonal forest. If that grid cell
was projected to be seasonal forest, then it would be adjusted to
savanna. Taking all our assumptions together, we believe that
our method is conservative in considering only medium-to-high
fire potentials, and in not considering direct transitions from
tropical forests to savannas that may happen in the long term in
this region.

Numerical Experiments. To evaluate the biome redistribution over
Amazon forest for different forcing in the climate system, we

Nobre et al. www.pnas.org/cgi/content/short/1605516113

elaborated two experiments: climate change only and climate
change, deforestation, and fire.

Climate-change-only experiments. The CPTEC-PVM2.0 was forced by
monthly precipitation, surface temperature, and zonal wind inputs
derived from nine CMIP5 ESMs, for the 1961-1990 period (actual
climate) and two time slices in the 21st century (2015-2034 and
2040-2059), for the RCPs 2.6, 4.5, and 8.5 (Modeling Efforts and
Advances, Climate Change Scenarios). The 1961-1990 model cli-
matology for each ESM is used to derive the model’s anomalies.
To filter out the effect of an ESM’s systematic errors in calculating
the input fields of precipitation, surface temperature, and zonal
winds, these anomalies are added to the 1961-1990 observed cli-
matology, and this sum is used as input to CPTEC-PVM2.0, fol-
lowing an anomaly coupling procedure (215).

Climate change, deforestation, and fire experiments. For the combi-
nation of climate change, deforestation, and fire, the CPTEC-
PVM2.0 was used by combining the results from numerical
simulations described in ref. 91 with the CPTEC-INPE AGCM
(199), where the changes in land use considered deforestation
scenarios of 0, 20, 40, and 50% (91, 200), and the results from nine
CMIPS5 models for the RCPs 2.6, 4.5, and 8.5. We supposed
deforestation of 20% in time slices “2025” and “2050” time slices,
deforestation of 40% in time slice “2050,” and deforestation of
50% in time slice “2050.” For each time slice, the climate
anomalies from deforestation simulations were combined with
the anomalies of the CMIPS scenarios. This combination of
deforestation scenarios and climate projections was evaluated
only for the first part of the 21st century because of the large
uncertainties associated with both scenarios beyond this period.
Also, we consider the potential for occurrence of land-use fires
according to the method described in Modeling Efforts and Ad-
vances, Fire Effect. The correct interpretation of the resulting
equilibrium biomes in the deforestation scenarios is that those
biomes would be in equilibrium with the postdeforestation cli-
mate, as though the natural biomes were left to regrow naturally
after deforestation for agriculture.

Datasets Used to Derive Agricultural Sector GVA for the
Brazilian Amazon

The data presented of fraction of agriculture sector GVA for the
Brazilian Amazon region, and, for comparison purposes, of a
region with higher agriculture productivity, of Sao Paulo state are
derived from the tables presented below. Table S1 shows sec-
torial GVA for all Brazilian states and for all sectors. The ag-
riculture sector GVA is seen in the second column. Table S2
shows agriculture sector GVA for the Amazon region, taking
notice of the legal definition of the Brazilian Amazon region.
Table S3 indicates the ratios of GVA and GDP of interest for
the discussion. The area used for agriculture for Sao Paulo state
is 192,420 km? according to the 2006 agriculture census of Brazil.

Implications of the Fourth Industrial Revolution for the
Sustainable Development of the Amazon

Silently, over the last few years, the world economy has been
undergoing a massive transformation at high speed driven by the
fusion of advanced digital, material, and biological innovations,
leading to the concept of the Fourth Industrial Revolution (216).
The accelerating confluence of emerging technology break-
throughs, covering wide-ranging fields such as artificial in-
telligence, robotics, the internet of things, autonomous vehicles,
3D printing, nanotechnology, synthetic biology, DNA editing,
biomimicry, advanced materials science, energy storage, and
quantum computing, to name but a few, will create massive
opportunities and risks (217, 218).

Many of the Fourth Industrial Revolution innovations are
already reaching an inflection point in their development as they
build on and amplify each other across the physical, digital, and
biological worlds. For example, to complete the Human Genome
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Project, it took more than 10 y, at a cost of $3 billion, whereas,
today, a genome can be sequenced in a few hours and cost less
than a thousand dollars (219). Three-dimensional printing (220)
will be combined with gene editing technologies to produce living
tissues to generate skin, bone, heart, and vascular tissue.
Blockchain immutable distributed ledgers in combination with
artificial intelligence and Internet of Things technologies will
soon revolutionize the way all biophysical assets are registered
and traced along end-to-end supply chains from source to use to
reuse in a global system of record (221). Disruptive system-wide
applications of the Circular Economy paradigm will be scaled
economy-wide, whereby businesses and consumers will shift away
from the linear take—make—dispose model of natural resource
use, which relies on large quantities of easily accessible re-
sources, and toward a new industrial model where effective flows
of materials, energy, labor, and now information interact with
each other and promote by design a restorative, regenerative,
and more productive economic system (222).

In this context and given the accelerating “reshoring” of high
value-added manufacturing to advanced economies as a direct
consequence of the artificial intelligence-driven automation
tsunami in progress, we believe that new drivers of competi-
tiveness for tropical developing countries will be needed ur-
gently, given that we can no longer rely on the traditional
industrialization pathway that allowed developing countries in
the recent past to accumulate capital, transfer technology, and
raise incomes per capita over time as productivity increased. If

this traditional development pathway is effectively not available
to the broader developing world given asymmetric development
within the Fourth Industrial Revolution, the prospects of the
grand convergence of GDP per capita across the world is indeed
at risk, with the huge implications that this entails in the areas of
poverty alleviation, economic development, and social stability.

Embracing the Fourth Industrial Revolution requires the de-
velopment of a new model, based on the forest and its terrestrial
and aquatic resources, which recognizes the economic value of the
forest’s biodiversity, its biomimetic assets, and the ecosystem
services it provides. Nowadays, very few value chains based on
the Amazon’s natural products either involve global markets or
bring benefits across the social strata (183). Actually, quite the
opposite has been the case, with more and more imported
products being used within the Amazon to replace traditional
Amazonian goods (223).

Datasets Used to Derive the Fraction of Ph.D.s Trained in
Brazilian Amazon Universities

The data on Ph.D. students enrolled or granted (Table S5) in one of
the programs evaluated by the Brazilian Federal Agency for Sup-
port and Evaluation of Graduate Education (CAPES) were ob-
tained by consultation of data registered on Sucupira Platform—the
official data collection and archive of the National Graduate Edu-
cation System in Brazil. Table S6 depicts data on the geographic
distribution of the Brazilian population.
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Fraction of area with remaining forest for the entire Amazon as a function of scenarios of climate change only (gray bars) and combined climate

change + deforestation (moss green bars) and climate change + deforestation + fire effect (pink bars) for time slices 2020-2030 (labeled “2025") and 2040-
2060 (labeled “2050") under 20, 40, and 50% deforestation scenarios and for IPCC AR5 scenarios RCP2.6, RCP4.5, and RCP8.5, and with or without including
forest fire effects. The bars and error bars are averages and SD, respectively, for all models results. The CO, fertilization effect is considered in the calculations
by choosing photosynthetic assimilation rate as 25% of the maximum photosynthetic assimilation rate.
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Fig. S2. Grid point where more than 2/3 of the nine ESMs’ climate projections assessed (“67% consensus”) coincide as projecting the same future Amazon
biome type in relation to current potential vegetation (P) (which is consistent with present climate conditions), for the time slice 2040-2060 (labeled “2050"):
(A) climate change for RCP2.6 scenario + 20% deforestation + fire effect, (B) climate change for RCP2.6 scenario + 40% deforestation + fire effect, and
(C) climate change for RCP2.6 scenario + 50% deforestation + fire effect; (D) climate change for RCP4.5 scenario + 20% deforestation + fire effect, (E), climate
change for RCP4.5 scenario + 40% deforestation + fire effect, and (F) climate change for RCP4.5 scenario + 50% deforestation + fire effect; and (G) climate
change for RCP8.5 scenario + 20% deforestation + fire effect, (H), climate change for RCP8.5 scenario + 40% deforestation + fire effect, and (/) climate change
for RCP8.5 scenario + 50% deforestation + fire effect. White grid points (“Not consensus”) refer to the situation when fewer than six models project the same
biome type. Biome types: dark green, tropical forest; light green, seasonal tropical forest; pink, tropical savanna.
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Table S1. Brazilian states GDP description
GVA at basic prices, GDP at current prices
for services, including
administration, public
GVA at basic GVA at basic health, education and  Taxes and subsides on the
prices—agriculture,  prices—industry, social security, products at basic prices,
State x R$ 1,000 x R$ 1,000 x R$ 1,000 x R$ 1,000 x R$ 1,000 %
Acre 1,462,779.23 1,105,049.26 5,175,323.09 733,363.14 8,476,514.71 0.22
Alagoas 1,476,184.50 4,648,419.31 15,807,304.63 2,642,899.57 24,574,808.01 0.65
Amapa 246,394.79 764,615.91 6,666,350.06 588,603.90 8,265,964.66 0.22
Amazonas 3,103,963.87 21,925,042.78 24,956,435.85 9,793,849.34 59,779,291.83 1.59
Bahia 9,796,432.82 41,089,574.41 84,806,575.81 18,647,874.53 154,340,457.56 4.09
Ceard 2,837,126.10 16,186,732.05 49,239,763.43 9,601,793.14 77,865,414.73 2.07
Distrito Federal 334,930.28 8,720,979.86 124,179,104.52 16,671,304.21 149,906,318.88 3.98
Espirito Santo 4,265,131.36 24,272,560.85 38,969,444.96 14,614,696.98 82,121,834.15 2.18
Goias 11,950,496.79 22,536,480.58 50,280,701.84 12,808,251.13 97,575,930.34 2.59
Maranhéao 6,969,106.69 6,350,799.13 27,133,723.38 4,802,313.26 45,255,942.46 1.20
Mato Grosso 11,728,285.96 10,921,321.25 30,375,342.80 6,575,040.11 59,599,990.12 1.58
Mato Grosso do Sul 5,843,826.26 8,376,499.59 23,600,979.73 5,692,901.15 43,514,206.73 1.15
Minas Gerais 26,101,804.73 103,376,322.18 178,386,736.94 43,516,041.26 351,380,905.10 9.32
Para 4,676,289.58 29,408,404.00 36,958,763.84 6,804,139.08 77,847,596.51 2.06
Paraiba 1,212,255.06 6,433,429.06 20,915,452.55 3,385,921.85 31,947,058.52 0.85
Parana 15,871,270.44 51,410,752.45 119,980,960.17 30,026,693.54 217,289,676.60 5.76
Pernambuco 3,662,008.56 18,076,555.00 59,890,750.17 13,557,400.35 95,186,714.09 2.52
Piaui 1,215,522.19 3,621,609.88 14,773,520.88 2,449,508.27 22,060,161.22 0.59
Rio de Janeiro 1,449,017.83 96,617,935.99 246,338,471.02 62,717,368.93 407,122,793.76  10.80
Rio Grande do Norte 1,205,095.44 6,128,140.88 21,209,532.22 3,796,126.18 32,338,894.72 0.86
Rio Grande do Sul 19,026,837.44 63,989,288.97 136,031,908.56 33,434,561.85 252,482,596.82 6.70
Rondonia 4,472,190.16 3,046,436.44 13,297,907.82 2,744,109.31 23,560,643.72 0.62
Roraima 275,775.59 757,790.44 4,784,709.17 522,326.06 6,340,601.26 0.17
Santa Catarina 8,753,836.11 44,527,902.03 77,336,159.69 21,864,440.28 152,482,338.11 4.04
Sao Paulo 19,398,384.49 301,453,338.92 715,846,256.06 210,897,947.14 1,247,595,926.61  33.09
Sergipe 982,489.43 6,103,937.99 14,290,664.53 2,555,063.39 23,932,155.33 0.63
Tocantins 2,859,956.30 4,002,271.78 8,918,240.30 1,459,666.66 17,240,135.04 0.46
Total 171,177,392.00 905,852,191.00 2,150,151,084.00 542,904,204.58 3,770,084,871.58
Percent 4.54 24.03 57.03 14.40

Data extracted from IBGE/CENSUS 2010. Available at www.ibge.gov.br/home/estatistica/economia/pibmunicipios/2010/default_base.shtm. R$, Reais (GDP in

Brazilian currency).

Table S2. Amazon region GDP description

GVA at basic

prices — Agriculture,

GVA at basic

prices — Industry,

GVA at basic prices, for services,
including administration,
public health, education and

Taxes and subsides
on the products
at basic prices,

Gross domestic product

(GDP) at current pr

ices,

State x R$ 1,000 x R$ 1,000 social security, x R$ 1,000 x R$ 1,000 x R$ 1,000
States entirety included
Acre 1,462,779.23 1,105,049.26 5,175,323.09 733,363.14 8,476,514.71
Amapa 246,394.79 764,615.91 6,666,350.06 588,603.90 8,265,964.66
Amazonas 3,103,963.87 21,925,042.78 24,956,435.85 9,793,849.34 59,779,291.83
Para 4,676,289.58 29,408,404.00 36,958,763.84 6,804,139.08 77,847,596.51
Rondénia 4,472,190.16 3,046,436.44 13,297,907.82 2,744,109.31 23,560,643.72
Roraima 275,775.59 757,790.44 4,784,709.17 522,326.06 6,340,601.26
States partially included
Maranhéao 3,138,811.30 4,823,761.20 19,697,115.14 4,130,179.25 31,789,866.90
Mato Grosso 6,280,628.99 3,359,014.14 9,991,347.43 1,890,255.38 21,521,245.94
Tocantins 567,469.65 834,658.10 2,426,669.66 362,063.34 4,190,860.75
Total

Amazon Region

24,224,303.17

66,024,772.27

123,954,622.05

27,568,888.81

241,772,586.29

Data extracted from IBGE/CENSUS 2010. Available at www.ibge.gov.br/home/estatistica/economia/pibmunicipios/2010/default_base.shtm. R$, Reais (GDP in

Brazilian currency).
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Table $S3. GDP and GVA ratios

Index

Values

R$ 1,000 %

GDP Amazon Region

GDP Brazil

GDP Amazon Region/GDP Brazil

GVA Amazon Region - only Agriculture
GDP Amazon Region

GDP Amazon Region/GVA Amazon Region - only Agriculture

GVA Amazon Region - only Agriculture
GVA Brazil - only Agriculture

GVA Brazil - only Agriculture/GVA Amazon Region - only Agriculture

GVA Amazon Region/GDP Brazil

241,772,586.29
3,770,084,871.58

6.41
24,224,303.17
241,772,586.29
10.02
24,224,303.17
171,177,392.00
14.15
0.64

Source is IBGE/CENSUS 2010. For these analyzes, the Amazon region was considered to be the municipalities
described in Ordinance 96, published in Brazilian Federal Register in March 27, 2008, issued by the Ministry of
Environment. Available at www.fundoamazonia.gov.br/FundoAmazonia/export/sites/default/site_pt/Galerias/
Arquivos/Downloads/Portaria_ MMA_96_08_DEFINIxO_DO_BIOMA_AMAZxNIA.pdf. The economic data—GVA,
Taxes, Subsides and GDP—were extracted from the IBGE publication of CENSUS 2010. Available at www.ibge.
gov.br/home/estatistica/economia/pibmunicipios/2010/default_base.shtm. The data on Agriculture CENSUS 2006
is available at IBGE webpage: www.ibge.gov.br/home/estatistica/economia/agropecuaria/censoagro/2006/

default.shtm). R$, Reais (GDP in Brazilian currency).

Table S4. CMIP5 ESMs used in this study

Horizontal
Model Model full name Institution resolution
cCSsMm4a Community Climate System Model, version 4 National Center for Atmospheric Research (NCAR), 288 x 192
United States
CSIRO Mk3.6.0 Commonwealth Scientific and Industrial Research CSIRO and Queensland Climate Change Centre of 192 x 96
Organization Mark, version 3.6.0 Excellence, Australia
GFDL-ESM2M  Geophysical Fluid Dynamics Laboratory Earth System NOAA/GFDL, United States 144 x 90
Model with Modular Ocean Model 4 (MOM4)
component (ESM2M)
GISS-E2-R Goddard Institute for Space Studies Model E2, NASA GISS, United States 144 x 90
coupled with the Russell ocean model
HadGEM2-ES Hadley Centre Global Environment Model, version Met Office, United Kingdom 192 x 145
2-Earth System
IPSL-CM5A-LR  L'Institut Pierre-Simon Laplace Coupled Model, version L'Institut Pierre-Simon Laplace, France 96 x 96
5A, coupled with NEMO, low resolution
MIROC5 Model for Interdisciplinary Research on Climate, Atmosphere and Ocean Research Institute (AORI) (The 256 x 224
version 5 University of Tokyo), National Institute for
Environmental Studies (NIES), and Japan Agency for
Marine-Earth Science and Technology (JAMSTEC), Japan
MRI-CGCM3 Meteorological Research Institute Coupled Meteorological Research Institute, Japan 320 x 160
Atmosphere-Ocean General Circulation Model,
version 3
NorESM1-M Norwegian Earth System Model, version Norwegian Climate Centre, Norway 144 x 96
1(intermediate resolution)
Nobre et al. www.pnas.org/cgi/content/short/1605516113 6 of 7
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Table S5. Number of PhD Student’s and CAPES fellowships

Ph.D. students

Region Enrolled Granted Total Total Ph.D. CAPES fellowships
2014

Brazil 94,850 16,745 111,595 39,954

Amazon region 2,721 330 3,051 1,765

Ratio, % 2.9 2.0 2.7 4.4
2013

Brazil 88,575 15,544 104,119 32,111

Amazon region 2,343 298 2,641 1,188

Ratio, % 2.6 1.9 2.5 3.7
2012

Brazil 79,478 13,912 93,390 27,589

Amazon region 1,923 267 2,190 1,055

Ratio, % 24 1.9 2.3 3.8

The Amazon Region is the same as described in the legend of Table S3. The data on Ph.D. students and CAPES
Fellowships are collected and published by CAPES systems. The information is public and is available at geocapes.
capes.gov.br/geocapes2/.

Table S6. Brazilian and Amazon region populations

State Total Ratio, %
States entirely included
Acre 733,559 0.38
Amapa 669,526 0.35
Amazonas 3,483,985 1.83
Para 7,581,051 3.97
Rondénia 1,562,409 0.82
Roraima 450,479 0.24
States partially included
Maranhao 3,910,288 2.05
Mato Grosso 1,282,442 0.67
Tocantins 381,027 0.20
Total 20,054,766 10.51

The Amazon Region is the same as described in the legend of Table S3.
Source is IBGE/CENSUS 2010. Brazilian population is 190,755,799. The Brazilian
and Amazon Region population is described, by municipalities, in the IBGE
microdata of CENSUS 2010. Available at www.censo2010.ibge.gov.br/sinopse/

index.php?dados=8.
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