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Motivation
• Amazon is very important for biodiversity, 

carbon storage, water, culture

• Future is uncertain due to combined 
threats of climate change and 
deforestation

• Active research of ecophysiology, trace 
gases, hydrology, climate, aerosols, 
conservation and land use.
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• Central Amazon is very 
wet, mild dry season

• To the south and east, 
annual precipitation 
decreases and dry 
season intensity 
increases

• Where dry season is 
5-6 mo. or longer, forest 
transitions to savanna

• 5 mm/day = 6 in/mo. 
Denver gets 15 in/yr!

• Miami gets 7.5 in/mo 
during summer



• 85% of forest 
intact as of 2003

• Almost half could 
be deforested by 
2050

• IPCC models 
predict drier 
climate, especially 
during dry season

Projections of deforestation by 2050 and probability of >20% 
reduction in dry season rainfall by 2100 (A1B scenario, IPCC 
AR4). Malhi et al., 2008, Science

Climate change, deforestation, and the 
fate of the Amazon 
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that allow them to survive even low-intensity
fires (41).

Fire use for land management is nearly
ubiquitous in rural Amazonia. About 28% of
the Brazilian Amazon faces incipient fire pres-
sure, being within 10 km of a fire source (42).
Logging and forest fragmentation also increase
the flammability of forests by providing substan-

tial combustion material, opening up the canopy
and drying the understory and litter layer and
greatly increasing the amount of dry fire-prone
forest edge. This synergism between fragmenta-
tion and fire is becoming increasingly important,
with 20,000 to 50,000 km2 of new forest edge
being created annually in Brazilian Amazonia
alone (43). Once burnt, a forest becomes more
vulnerable to further burns (44), loses many pri-
mary forest species, and decreases sharply in
biomass (41). A tipping point may be reached
when grasses can establish in the forest under-
story, providing a renewable source of fuel for
repeated burns.

In scenarios of increased drying, it is pos-
sible to see this logging, fragmentation, dessi-
cation, and repeated burning as a likely fate for
many of Amazonia’s forests. The 2005 drought
provides evidence of this in southwest Amazonia:
Remote forests remained fairly unaffected, but
there was substantial penetration of fires from
agricultural areas into surrounding, temporarily
flammable forests (45).

Despite the very recent slowdown in defor-
estation rates, there is potential for extensive
deforestation in Amazonia, as more roads (both
official and unplanned) are built through its core
and connect across to Pacific ports and as inter-
national demand for tropical timber, soybeans,
and free-range beef continues to grow, particu-
larly from rapidly expanding Asian economies

(2, 46, 47). Existing pressures might be exac-
erbated by accelerating worldwide demand for
biofuels. Current plans for infrastructure expan-
sion and integration could reduce forest cover
from 5.4 million km2 (2001, 87% of original
area) to 3.2 million km2 (53%) by 2050 (2) (Fig.
2A). This exceeds the likely threshold for rain-
fall maintenance and would emit 32 ± 8 Pg of

carbon. Deforestation will be more concentrated
in the south and east, with >50% forest loss, and
along the Andean piedmont, isolating the warm-
ing lowlands from potential biotic refuges in the
cooler mountains (46). In this scenario, the north-
western Amazon is protected by its remoteness
and wetness, but longer term, this region is also
vulnerable to hydrocarbon exploration and oil-
palm plantations that are suitable for wet cli-
mates and acidic soils and have already replaced
many of Asia’s tropical rainforests (46). Drying
of Amazonia, whether caused by local or global
drivers, could greatly expand the area suitable
for soy, cattle, and sugarcane, accelerating forest
disappearance.

Planning for Climate Change
The probability of substantially enhanced drought
(Fig. 1B) under mid-range greenhouse gas emis-
sions scenarios ranges from >60% in the south-
east to <20% in the west. The severity of this
potential threat merits planning for development,
conservation, and adaptation in all regions. Even
if the drought does not come, a well-conceived
and implemented plan will have built resilience
into the Amazon social ecological system.

It is almost inevitable that substantial further
conversion of forest into agricultural and pasture
lands will occur as part of the economic devel-
opment of Amazonian countries (2, 46). The
danger is that degradation of ecosystem services

could push some subregions into a permanent-
ly drier climate regime and greatly weaken the
resilience of the entire region to possible large-
scale drought driven by SST changes. Hence,
the challenge is to manage the economic devel-
opment of Amazonia so that it occurs where ap-
propriate and sustainable, in a way that maintains
the inherent climatic resilience that the intact

forest provides. Simultaneously, this
would preserve the region’s carbon
store and sink and its exceptional
biodiversity, contributing both toward
mitigating global warming and assist-
ing that biodiversity to adapt to cli-
mate change.

K ey aspects of such a plan for
Amazonia could include

(i) K eeping the total extent of
deforestation safely below possible
climatic threshold values (about 30
to 40% cleared) in a matrix that in-
cludes large protected areas with
limited fragmentation and managed
landscapes that maintain sufficient
forest cover and landscape connectiv-
ity to preserve species migration cor-
ridors and forest transpiration services.

(ii) Controlling fire use through
both education and regulation, prob-
ably for net economic benefit.

(iii) Maintaining broad species
migration corridors in ecotonal areas
that are most likely to show early sig-
nals of climate impacts, such as those

between forest and savanna, between lowlands
and the Brazilian and Guyana shield uplands,
between the Andean piedmont and montane
forest, and between montane forest and highland
Andean grasslands.

(iv) Conserving river corridors to act as hu-
mid refugia and migration corridors for terres-
trial ecosystems and as sedimentation buffers
and refugia for aquatic systems. Many of the
southern tributaries of the Amazon river run
from dry fringes to the wet core and could assist
the migration of wet-adapted species.

(v) Keeping the core northwest Amazon
largely intact as a biological refuge that hosts
the highest biodiversity and is the least vulner-
able to climatic drying.

Is such a plan feasible? With the expansion of
protected areas and effective legal enforcement
of private land use, the projections of loss of 47%
of original forest area by 2050 could be reduced to
28% loss (2), avoiding ~17 PgC emissions (Fig.
2B). Recent developments suggest that such good
governance is achievable. Details of the role that
can be played by protected areas, indigenous peo-
ples, smallholders, agroindustries, and governments
are discussed in the supporting online text.

Financing a Climate-Resilience
Plan for Amazonia
A plan for keeping Amazonia from ecological
and climatic decline faces several challenges:
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Fig. 2. The potential overlap between deforestation and climate change. Potential loss in forest cover (brown) by
2050 under (A) business as usual and (B) increased governance scenarios [derived from (2)], superimposed on the
probability of substantial drought, which is defined as a >20% reduction in dry-season rainfall by the late 21st
century, as shown in Figure 1B. The dry season is defined as from December to February (south of the equator) and
from June to August (north of the equator). Precipitation scenarios are from mid-range (A1B) global greenhouse gas
emissions scenarios, from the 21 climate models employed in IPCC Fourth Assessment Report [extracted and
modified from (15)].
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Amazon drought

The 2010 Amazon Drought
Simon L. Lewis,1*† Paulo M. Brando,2,3* Oliver L. Phillips,1
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Several global circulation models (GCMs)
project an increase in the frequency and
severity of drought events affecting the

Amazon region as a consequence of anthropo-
genic greenhouse gas emissions (1). The proximate
cause is twofold, increasing Pacific sea surface
temperatures (SSTs), which may intensify El Niño
Southern Oscillation events and associated peri-
odic Amazon droughts, and an increase in the fre-
quency of historically rarer droughts associatedwith
high Atlantic SSTs and northwest displacement of
the intertropical convergence zone (1, 2). Such
droughts may lead to a loss of some Amazon for-
ests, which would accelerate climate change (3).
In 2005, a major Atlantic SST–associated drought
occurred, identified as a 1-in-100-year event (2).
Here,we report on a second drought in 2010,when
Atlantic SSTs were again high.

We calculated standardized anomalies from a
decade of satellite-derived dry-season rainfall data
(Tropical Rainfall Measuring Mission, 0.25° res-
olution) across 5.3 million km2 of Amazonia for
2010 and 2005 (4). We used identical reference
periods to allow a strict comparison of both drought
events (4). On the basis of this index, the 2010
drought wasmore spatially extensive than the 2005
drought (rainfall anomalies ≤ –1 SD over 3.0
million km2 and 1.9million km2 in 2010 and 2005,
respectively; Fig. 1 and fig. S1). Because dry-season

anomalies do not necessarily correlate with water
stress for forest trees, we also calculated the max-
imum climatological water deficit (MCWD) for
each year as the most negative cumulative value of
water input minus estimated forest evapotranspira-
tion (5). This measure of drought intensity corre-
lates with Amazon forest tree mortality (6). In
2010, the difference in MCWD from the decadal
mean that significantly increases tree mortality
(≤ –25 mm) spanned 3.2 million km2, compared
with 2.5 million km2 in 2005. The 2010 drought
had three identifiable epicenters in southwestern
Amazonia, north-central Bolivia, and Brazil’sMato
Grosso state. In 2005 only a single southwestern
Amazonia epicenter was detectable (fig. S1).

The relationship between the change inMCWD
and changes in aboveground carbon storage
derived from forest inventory plots affected by
the 2005 drought (6) provides a first approximation
of the biomass carbon impact of the 2010 event.
Summing the change in carbon storage predicted
by the 2010 MCWD difference across Amazonia
gives a total impact of 2.2 Pg C [95% confidence
intervals (CI) 1.2 and 3.4], comparedwith 1.6 PgC
for the 2005 event (CI 0.8, 2.6). These values are
relative to the predrought carbon uptake and rep-
resent the sum of (1) the temporary cessation of
biomass increases over the 2-year drought mea-
surement interval (~0.8 Pg C) and (2) biomass lost

via tree mortality, a committed carbon flux from
decomposition over several years (~1.4 Pg C after
the 2010 drought). Inmost years, these forests are a
carbon sink; drought reverses this sink.

Considerable uncertainty remains, related to the
soil characteristics within the epicenters of the
2010 drought, which couldmoderate or exacerbate
climatic drying, whether a second drought will kill
more trees (i.e., those damaged by the initial
drought) or fewer (i.e., if most drought-susceptible
trees are already dead), and whether drought slows
soil respiration (temporarily offsetting the biomass
carbon source). New field measurements will be
required to refine our initial estimates.

The two recent Amazon droughts demonstrate
a mechanism bywhich remaining intact tropical for-
ests of South America can shift from buffering the
increase in atmospheric carbon dioxide to accelerat-
ing it. Indeed, two major droughts in a decade may
largelyoffset thenetgainsof~0.4PgCyear−1 in intact
Amazon forest aboveground biomass in nondrought
years. Thus, repeated droughts may have important
decadal-scale impacts on the global carbon cycle.

Droughts co-occur with peaks of fire activity
(5). Such interactions among climatic changes, hu-
man actions, and forest responses represent
potential positive feedbacks that could lead to
widespread Amazon forest degradation or loss (7).
The significance of these processes will depend on
the growth response of tropical trees to increases in
atmospheric carbon dioxide concentration, fireman-
agement, and deforestation trends (3, 7). Nevertheless,
any shift to drier conditions would favor drought-
adapted species, and drier forests store less carbon
(8). If drought events continue, the era of intact
Amazon forests buffering the increase in atmo-
spheric carbon dioxide may have passed.
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Fig. 1. (A andB) Satellite-derived standardized anomalies for dry-season rainfall for the twomost extensive
droughts of the 21st century in Amazonia. (C andD) The difference in the 12-month (October to September)
MCWD from the decadal mean (excluding 2005 and 2010), a measure of drought intensity that correlates
with tree mortality. (A) and (C) show the 2005 drought; (B) and (D) show the 2010 drought.
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severity of drought events affecting the
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genic greenhouse gas emissions (1). The proximate
cause is twofold, increasing Pacific sea surface
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Fig. 1. (A andB) Satellite-derived standardized anomalies for dry-season rainfall for the twomost extensive
droughts of the 21st century in Amazonia. (C andD) The difference in the 12-month (October to September)
MCWD from the decadal mean (excluding 2005 and 2010), a measure of drought intensity that correlates
with tree mortality. (A) and (C) show the 2005 drought; (B) and (D) show the 2010 drought.
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El Nino droughts
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• El Nino associated with decreased precipitation, 
increased temperature and radiation.

ENSO index is the multivariate ENSO index (MEI)
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Response to seasonal 
drought

• Photosynthesis usually radiation-limited in Amazon

• Forest well adapted to seasonal ‘drought’ but models often don’t 
capture this

• Deep roots are very important for accessing stored water during 
drought

Introduction     Results 1    Results 2    Results 3     Conclusions

3. Results

3.1. Examples of recent climate-induced forest mortality

More than 150 references that document 88 examples of forest
mortality met our criteria of events that were driven by climatic
water/heat stress since 1970. The examples range frommodest but
significant local increases in background tree mortality rates to
climate-driven episodes of regional-scale forest die-off. We found
examples from each of the wooded continents that collectively
span diverse forest types and climatic zones (Figs. 1–8 and
Tables A1–A6). Despite our collective efforts to secure references
from non-English language sources, this review is clearly more
comprehensive for North America, Europe, and Australia, and
obviously incomplete particularly for some regions, including
mainland Asia and Russia.

Our searches also reveal that published reports of climate-
related forest mortality in the scientific literature have increased
markedly in recent decades. For example, a search of the ISIWeb of
Science (23 July 2009) using the topic words ‘‘forest ANDmortality
AND drought’’ showed 546 references for the period 1985 through
2009, with a steep increase in articles published since 2003 (Fig. 9),
even when standardized for general increases in the forest-related
scientific literature. The years of elevatedmortality documented in
the references that met our criteria also show a clear increase in
mortality events with a jump in 1998 andmarked accumulation of
events in the 2000s, particularly the years 2003–2004. Although
these trends could be coincidental or a reflection of greater
scientific interest in the topic of tree mortality, recent increases in
reported events also mirror warming global temperatures.

3.1.1. Continental-scale summaries

3.1.1.1. Africa. Increased tree mortality linked to drought and heat
in Africa (Fig. 2; Table A1) includes examples from tropical moist
forest in Uganda (Lwanga, 2003), mountain acacia (Brachystegia
glaucescens) in Zimbabwe (Tafangenyasha, 2001), mesic savanna
trees in South Africa’s Kruger National Park (Viljoen, 1995), and
centuries-old Aloe dichotoma in Namibia (Foden et al., 2007). In the
Sahel, long-term decreases in precipitation linked to anthopogenic

climate change (Biasutti and Giannini, 2006) have caused a die-off
of mesic tree species in parts of Senegal (Gonzalez, 2001),
especially following the severe drought of 1968–1973 (Poupon,
1980). Recent extreme drought in North Africa (Touchan et al.,
2008) is linked to severe mortality of Atlas cedar (Cedrus atlantica)
fromMorocco to Algeria (El Abidine, 2003; Bentouati, 2008; Box 1,
see also Fig. 3).

3.1.1.2. Asia. Reports of forest mortality in Asia (Fig. 4; Table A2)
include death triggered by severe El Niño droughts in 1982/1983
and 1997/1998 in the tropical moist forests of both Malaysian and
Indonesian Borneo (Leighton and Wirawan, 1986; Woods, 1989;
Nakagawa et al., 2000; van Nieuwstadt and Sheil, 2005). Severe
droughts are also associatedwith increasedmortality amongmany
tree species from tropical dry forests in northwest and southwest
India (Khan et al., 1994), Abies koreana in South Korea (Lim et al.,
2008), Juniperus procera from Saudia Arabia (Fisher, 1997), and
pine and fir species in central Turkey (Semerci et al., 2008). Recent
droughts have triggeredmortality of Pinus tabulaeformia across 0.5
million ha in east-central China (Wang et al., 2007), and across
extensive areas of Pinus yunnanensis in southwest China (Li, 2003).
The Russian Federal Forest Agency has mapped zones of forest
health risk (‘‘threat’’) across the Russian Federation, showing 338
million ha as ‘‘low threat’’, 260 million ha as ‘‘medium’’ threat, and
76million ha of ‘‘high’’ threat, predominantly in southerly portions
of the country (Kobelkov, 2008), where forest health problems due
to drought appear to be concentrated (Ermolenko, 2008).

3.1.1.3. Australasia. In the sub-humid environments of northeast
Australia (Fig. 5; Table A3), multi-year droughts have repeatedly
triggeredwidespread Eucalyptus and Corymbiamortality (Fensham
and Holman, 1999; Rice et al., 2004; Fensham and Fairfax, 2007),
and have also caused tree death in Acaciawoodlands (Fensham and
Fairfax, 2005). There is also documentation of drought-induced
mortality in temperate Nothofagus forests in New Zealand
(Hosking and Hutcheson, 1988).

3.1.1.4. Europe. In Europe (Fig. 6; Table A4), forest mortality due to
dry and warm conditions in the 1990s and 2000s arcs across the
Mediterranean regions, including increased death among many

Fig. 1. White dots indicate documented localities with forest mortality related to climatic stress from drought and high temperatures. Background map shows potential
environmental limits to vegetation net primary production (Boisvenue and Running, 2006). Only the general areas documented in the tables are shown—many additional
localities are mapped more precisely on the continental-scale maps. Drought and heat-driven forest mortality often is documented in relatively dry regions (!red/orange/
pink), but also occurs outside these regions.

C.D. Allen et al. / Forest Ecology and Management 259 (2010) 660–684662

Limiting factor 
on ecosystem 
productivity;
Allen et al., 2010, Forest 
Ecology and Management
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Response to strong drought

• Severe droughts increased 
mortality by 39-94%

• Isohydric plants regulate 
transpiration in order to prevent 
water loss, vulnerable to death by 
carbon starvation, especially if 
warm temperatures increase 
respiration

• Observed in Amazon trees during 
drought experiments

3. Results

3.1. Examples of recent climate-induced forest mortality

More than 150 references that document 88 examples of forest
mortality met our criteria of events that were driven by climatic
water/heat stress since 1970. The examples range frommodest but
significant local increases in background tree mortality rates to
climate-driven episodes of regional-scale forest die-off. We found
examples from each of the wooded continents that collectively
span diverse forest types and climatic zones (Figs. 1–8 and
Tables A1–A6). Despite our collective efforts to secure references
from non-English language sources, this review is clearly more
comprehensive for North America, Europe, and Australia, and
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these trends could be coincidental or a reflection of greater
scientific interest in the topic of tree mortality, recent increases in
reported events also mirror warming global temperatures.

3.1.1. Continental-scale summaries

3.1.1.1. Africa. Increased tree mortality linked to drought and heat
in Africa (Fig. 2; Table A1) includes examples from tropical moist
forest in Uganda (Lwanga, 2003), mountain acacia (Brachystegia
glaucescens) in Zimbabwe (Tafangenyasha, 2001), mesic savanna
trees in South Africa’s Kruger National Park (Viljoen, 1995), and
centuries-old Aloe dichotoma in Namibia (Foden et al., 2007). In the
Sahel, long-term decreases in precipitation linked to anthopogenic

climate change (Biasutti and Giannini, 2006) have caused a die-off
of mesic tree species in parts of Senegal (Gonzalez, 2001),
especially following the severe drought of 1968–1973 (Poupon,
1980). Recent extreme drought in North Africa (Touchan et al.,
2008) is linked to severe mortality of Atlas cedar (Cedrus atlantica)
fromMorocco to Algeria (El Abidine, 2003; Bentouati, 2008; Box 1,
see also Fig. 3).

3.1.1.2. Asia. Reports of forest mortality in Asia (Fig. 4; Table A2)
include death triggered by severe El Niño droughts in 1982/1983
and 1997/1998 in the tropical moist forests of both Malaysian and
Indonesian Borneo (Leighton and Wirawan, 1986; Woods, 1989;
Nakagawa et al., 2000; van Nieuwstadt and Sheil, 2005). Severe
droughts are also associatedwith increasedmortality amongmany
tree species from tropical dry forests in northwest and southwest
India (Khan et al., 1994), Abies koreana in South Korea (Lim et al.,
2008), Juniperus procera from Saudia Arabia (Fisher, 1997), and
pine and fir species in central Turkey (Semerci et al., 2008). Recent
droughts have triggeredmortality of Pinus tabulaeformia across 0.5
million ha in east-central China (Wang et al., 2007), and across
extensive areas of Pinus yunnanensis in southwest China (Li, 2003).
The Russian Federal Forest Agency has mapped zones of forest
health risk (‘‘threat’’) across the Russian Federation, showing 338
million ha as ‘‘low threat’’, 260 million ha as ‘‘medium’’ threat, and
76million ha of ‘‘high’’ threat, predominantly in southerly portions
of the country (Kobelkov, 2008), where forest health problems due
to drought appear to be concentrated (Ermolenko, 2008).

3.1.1.3. Australasia. In the sub-humid environments of northeast
Australia (Fig. 5; Table A3), multi-year droughts have repeatedly
triggeredwidespread Eucalyptus and Corymbiamortality (Fensham
and Holman, 1999; Rice et al., 2004; Fensham and Fairfax, 2007),
and have also caused tree death in Acaciawoodlands (Fensham and
Fairfax, 2005). There is also documentation of drought-induced
mortality in temperate Nothofagus forests in New Zealand
(Hosking and Hutcheson, 1988).

3.1.1.4. Europe. In Europe (Fig. 6; Table A4), forest mortality due to
dry and warm conditions in the 1990s and 2000s arcs across the
Mediterranean regions, including increased death among many

Fig. 1. White dots indicate documented localities with forest mortality related to climatic stress from drought and high temperatures. Background map shows potential
environmental limits to vegetation net primary production (Boisvenue and Running, 2006). Only the general areas documented in the tables are shown—many additional
localities are mapped more precisely on the continental-scale maps. Drought and heat-driven forest mortality often is documented in relatively dry regions (!red/orange/
pink), but also occurs outside these regions.

C.D. Allen et al. / Forest Ecology and Management 259 (2010) 660–684662

Allen et al., 2010, Forest 
Ecology and Management
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** Observations show the forest is resistant to 
short-term drought, but susceptible to severe or 
long-term drought. However, many ecosystem 
models predict drought stress on short time scales.
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Motivation

• What is the future of the Amazon?

• How does the forest respond to 
drought conditions?

• What are implications of response for 
the climate and climate change?

Introduction     Results 1    Results 2    Results 3     Conclusions
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Take-home 
messages

• Not all forests respond the same to 
drought

• Ecosystem models can represent spatial 
heterogeneity in stress resistance

• Increased stress resistance can decrease 
drought intensity

Introduction     Results 1    Results 2    Results 3     Conclusions
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Outline

• Site level synthesis of forest response to 
severe drought (using ecosystem model: 
SiB3)

• Revised stress resistance for SiB3

• Coupled simulations (using SiB3 and 
BUGS5 GCM)

• Implications & scientific questions for 
Amazonia

Introduction     Results 1    Results 2    Results 3     Conclusions
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Simple Biosphere 
(SiB) Model 

• Ecosystem model that represents plant 
processes like photosynthesis, respiration, and 
tracks water through the air, canopy, and soil.

• Potential photosynthesis rates are weighted by 
stress factors (temperature, humidity, and soil 
moisture stress)

Introduction     Results 1    Results 2    Results 3     Conclusions
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Part 1: Site level simulations

• How well do we understand Amazon 
forest stress response during extremely 
dry conditions?
Methods

• Offline SiB3 run using meteorology 
from observed severe drought 
experiments

Introduction     Results 1: Site level simulations     Results 2    Results 3     Conclusions

Anna Harper                                                                                                      CMMAP Team Meeting                                                                                                            January 10, 2012



Caxiuana

Tapajos

Rainfall exclusion 
experiments

Introduction     Results 1: Site level simulations     Results 2    Results 3     Conclusions

System of panels prevented rainfall from 
reaching forest floor from 2000-2004 at 
Tapajos, and 2002-2008 at Caxiuana

Anna Harper                                                                                                      CMMAP Team Meeting                                                                                                            January 10, 2012



Important conclusions:
1. Some forests can resist drought for 
2-3 years
2. Not all forests respond the same to 
soil water limitations

• Mortality, LAI, and soil respiration more 
impacted at Caxiuana

Rainfall exclusion experiments

Introduction     Results 1: Site level simulations     Results 2    Results 3     Conclusions
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Why would Caxiuana be 
more sensitive?

tapajos caxiuana

rainfall exclusion wet season only year-round

site meteorology drier, longer dry season wetter, shorter dry seasons

water table 100m deep As shallow as 10m during 
wet season

root profiles Roots observed to 12m Roots observed to 8m, 
stony laterite layer at 3-4m
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Why would Caxiuana be 
more sensitive?

tapajos caxiuana

rainfall exclusion wet season only year-round

site meteorology drier, longer dry season wetter, shorter dry seasons

water table 100m deep As shallow as 10m during 
wet season

root profiles Roots observed to 12m Roots observed to 8m, 
stony laterite layer at 3-4m

The forest at Tapajos has both 
the need and the ability to 
develop deeper roots than at 
Caxiuana
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Simulated drought experiments

• Offline SiB3 run using meteorology from observed severe drought 
experiments

• Default experiments use 10m soil 

• Tapajos: 50% reduction during wet season only in rainfall from 
2000-2004

1. Sensitivity test: Run with a deeper soil to represent higher 
drought tolerance observed here. 14m soil

• Caxiuana: 50% reduction in rainfall from 2002-2005

1.Sensitivity test: Run with a shallower soil to represent lower 
drought tolerance observed here. 2m soil

Introduction     Results 1: Site level simulations     Results 2    Results 3     Conclusions
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Tapajos Exclusion

• NPP reduced by 30% in 
2002, and by 42% in 
2003. 

• Default SiB3 reduces by 
54% and 48%. 

• Drought effect on NPP is 
closest with 14m soil.

Introduction     Results 1: Site level simulations    Results 2    Results 3     Conclusions

NPP = net primary productivity
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Caxiuana Exclusion

• Measured NPP reduced by 
23% in 2005. 

• Default SiB3 decreased by 
10% (02-05).

• 2005: 2m soil reductions in 
NPP were exactly same as 
observations.
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Lessons from exclusion 
experiments

We get the best results by using a deeper soil 
at Tapajos and a shallower soil at Caxiuana -  
suggesting a way forward for representing 
variations in tropical forest drought 
tolerance
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• Hypothesis: Drought resistance is a function 
of precipitation climatology, soil texture and 
forest cover

• Increase/decrease stress resistance by 
increasing/decreasing soil moisture 
reservoir

• Real forests adapt to drought through a 
variety of mechanisms. We parameterize 
the effect of these adaptations by adjusting 
soil depth

Introduction     Results 1     Results 2: Stress Resistance Index     Results 3     Conclusions

Anna Harper                                                                                                      CMMAP Team Meeting                                                                                                            January 10, 2012

Part 2: Modeling Stress 
Resistance



• Use climatological Stress Resistance 
Index and optimal root depths at two 
exclusion sites to relate the CSRI to a 
map of soil depths.

• Also consider forest cover and soil 
texture
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• Use climatological Stress Resistance 
Index and optimal root depths at two 
exclusion sites to relate the CSRI to a 
map of soil depths.

• Also consider forest cover and soil 
texture
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Part 3: Coupled model 
simulations

• 3 versions of SiB3 with varying stress resistance are coupled 
to the BUGS5 GCM and run from 1997-2006

• Resolution is about 250 km 

MODEL Treatment of water stress

Control Soil depth 10m

SRI Parameterized soil column 
depth

Stressed Lowest stress resistance, 
soil depth 3m
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Coupled model simulations

• Does increased 
stress resistance 
lessen drought 
intensity?

• Does stress 
resistance impact 
circulation outside 
of Amazonia?
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Dry season surface fluxes

• Increased drought tolerance in 
SiB3 SRI = higher LH (up to 1.7 
mm/day), lower SH

• Results in cooler, more moist 
boundary layer in SiB3 SRI

• Define “southern Amazon 
region” as 5-14S; 285-310
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Observed droughts during 
97/98 El Nino and 2005 

drought

SiB3 Stressed SiB3 Control SiB3 SRI

Nov. 97 - June 
98

Nov. 97 - Jan. 
98

Apr. - May 97

June - Aug. 99 June - July 00 Nov. 97 - Apr. 
98

June - Sept. 00 Dec. 02 - Feb. 
03

May - Sept. 99

Apr. - May 02 Nov. 04 - Apr. 
05

Oct. - Nov. 04

Oct. 03 - Feb. 
04

Oct. - Nov. 04
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Defining southern 
Amazon regional droughts
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• Differentiate between wet 
season droughts and dry season 
droughts.

• Next: composite precipitation 
and other variables during these 
months.

Control



wet season droughts (97/98)

• Increased stress resistance in SiB3 
Control leads to stronger 
precipitation.

• Stronger rising motion at 500 hPa 
indicates stronger convection.

• Interesting differences to the 
southeast! ...

Introduction     Results 1     Results 2    Results 3: Coupled simulations    Conclusions

Average 
precipitation

6.6 7.2 7.0 7.3

mm/day SiB3 Stressed SiB3 Control SiB3 SRI GPCP

Difference: SiB3 Control - SiB3 Stressed
Precipitation

Anna Harper                                                                                                      CMMAP Team Meeting                                                                                                            January 10, 2012



wet season droughts (97/98)

• Up to 5 mm/day more rainfall in 
southern Brazil in SiB3 Control

• Higher latent heat flux, more 
precipitable water

• Stronger convergence at 850 hPa, 
and lower surface pressure
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• Higher latent heat in SiB3 SRI (on 
average by 1.2 mm/day)

• anomalous dry air advection into 
Amazon

• Latent heat effect wins and important 
for maintaining relatively high 
precipitation during the drought
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Dry season droughts (1999)
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Research Conclusions
• Two forests that underwent imposed multiyear drought had very 

different responses:

• Tapajos forest took longer to respond, possibly due to the forest 
being more adapted to drought conditions.

• Caxiuana forest is adapted to wetter conditions and so was 
more susceptible to drought.

• A spatially varying “stress resistance index” can represent effects 
of climate, forest cover, and soil texture on drought tolerance.

• Forest stress resistance has implications for carbon fluxes and 
circulation 

• Increased stress resistance can decrease drought intensity, and 
impact precipitation patterns in southern Brazil.
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Implications for coupled models

• Due to feedbacks in the vegetation-atmosphere system, how 
the Amazon responds to drought is extremely important!

• How can better representing drought tolerance in models 
improve these predictions?

UMD) simulate a sink/source transition for the land
carbon flux. The source arising in the UMD simulation
is mainly due to the fact that this model already simu-
lates a very weak land carbon uptake in the uncoupled

simulation (uptake of 0.3 GtC yr!1 for the 1990s and 1
GtC yr!1 by 2100). These two models are also the ones
that simulate the larger atmospheric CO2 concentration
by 2100, as the land is a source of CO2 at that time. This

FIG. 1. (a) Atmospheric CO2 for the coupled simulations (ppm) as simulated by the HadCM3LC (solid black),
IPSL-CM2C (solid red), IPSL-CM4-LOOP (solid yellow), CSM-1 (solid green), MPI (solid dark blue), LLNL
(solid light blue), FRCGC (solid purple), UMD (dash black), UVic-2.7 (dash red), CLIMBER (dash green), and
BERN-CC (dash blue). (b) Atmospheric CO2 difference between the coupled and uncoupled simulations (ppm).
(c) Land carbon fluxes for the coupled runs (GtC yr!1). (d) Differences between coupled and uncoupled land
carbon fluxes (GtC yr!1). (e), (f) Same as (c), (d), respectively, for the ocean carbon fluxes.
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Transition Forests
• Southern edge of the Amazon is where 

deforestation is focused. Transitional 
forests between “ever-wet” and seasonal 
climates.
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that allow them to survive even low-intensity
fires (41).

Fire use for land management is nearly
ubiquitous in rural Amazonia. About 28% of
the Brazilian Amazon faces incipient fire pres-
sure, being within 10 km of a fire source (42).
Logging and forest fragmentation also increase
the flammability of forests by providing substan-

tial combustion material, opening up the canopy
and drying the understory and litter layer and
greatly increasing the amount of dry fire-prone
forest edge. This synergism between fragmenta-
tion and fire is becoming increasingly important,
with 20,000 to 50,000 km2 of new forest edge
being created annually in Brazilian Amazonia
alone (43). Once burnt, a forest becomes more
vulnerable to further burns (44), loses many pri-
mary forest species, and decreases sharply in
biomass (41). A tipping point may be reached
when grasses can establish in the forest under-
story, providing a renewable source of fuel for
repeated burns.

In scenarios of increased drying, it is pos-
sible to see this logging, fragmentation, dessi-
cation, and repeated burning as a likely fate for
many of Amazonia’s forests. The 2005 drought
provides evidence of this in southwest Amazonia:
Remote forests remained fairly unaffected, but
there was substantial penetration of fires from
agricultural areas into surrounding, temporarily
flammable forests (45).

Despite the very recent slowdown in defor-
estation rates, there is potential for extensive
deforestation in Amazonia, as more roads (both
official and unplanned) are built through its core
and connect across to Pacific ports and as inter-
national demand for tropical timber, soybeans,
and free-range beef continues to grow, particu-
larly from rapidly expanding Asian economies

(2, 46, 47). Existing pressures might be exac-
erbated by accelerating worldwide demand for
biofuels. Current plans for infrastructure expan-
sion and integration could reduce forest cover
from 5.4 million km2 (2001, 87% of original
area) to 3.2 million km2 (53%) by 2050 (2) (Fig.
2A). This exceeds the likely threshold for rain-
fall maintenance and would emit 32 ± 8 Pg of

carbon. Deforestation will be more concentrated
in the south and east, with >50% forest loss, and
along the Andean piedmont, isolating the warm-
ing lowlands from potential biotic refuges in the
cooler mountains (46). In this scenario, the north-
western Amazon is protected by its remoteness
and wetness, but longer term, this region is also
vulnerable to hydrocarbon exploration and oil-
palm plantations that are suitable for wet cli-
mates and acidic soils and have already replaced
many of Asia’s tropical rainforests (46). Drying
of Amazonia, whether caused by local or global
drivers, could greatly expand the area suitable
for soy, cattle, and sugarcane, accelerating forest
disappearance.

Planning for Climate Change
The probability of substantially enhanced drought
(Fig. 1B) under mid-range greenhouse gas emis-
sions scenarios ranges from >60% in the south-
east to <20% in the west. The severity of this
potential threat merits planning for development,
conservation, and adaptation in all regions. Even
if the drought does not come, a well-conceived
and implemented plan will have built resilience
into the Amazon social ecological system.

It is almost inevitable that substantial further
conversion of forest into agricultural and pasture
lands will occur as part of the economic devel-
opment of Amazonian countries (2, 46). The
danger is that degradation of ecosystem services

could push some subregions into a permanent-
ly drier climate regime and greatly weaken the
resilience of the entire region to possible large-
scale drought driven by SST changes. Hence,
the challenge is to manage the economic devel-
opment of Amazonia so that it occurs where ap-
propriate and sustainable, in a way that maintains
the inherent climatic resilience that the intact

forest provides. Simultaneously, this
would preserve the region’s carbon
store and sink and its exceptional
biodiversity, contributing both toward
mitigating global warming and assist-
ing that biodiversity to adapt to cli-
mate change.

K ey aspects of such a plan for
Amazonia could include

(i) K eeping the total extent of
deforestation safely below possible
climatic threshold values (about 30
to 40% cleared) in a matrix that in-
cludes large protected areas with
limited fragmentation and managed
landscapes that maintain sufficient
forest cover and landscape connectiv-
ity to preserve species migration cor-
ridors and forest transpiration services.

(ii) Controlling fire use through
both education and regulation, prob-
ably for net economic benefit.

(iii) Maintaining broad species
migration corridors in ecotonal areas
that are most likely to show early sig-
nals of climate impacts, such as those

between forest and savanna, between lowlands
and the Brazilian and Guyana shield uplands,
between the Andean piedmont and montane
forest, and between montane forest and highland
Andean grasslands.

(iv) Conserving river corridors to act as hu-
mid refugia and migration corridors for terres-
trial ecosystems and as sedimentation buffers
and refugia for aquatic systems. Many of the
southern tributaries of the Amazon river run
from dry fringes to the wet core and could assist
the migration of wet-adapted species.

(v) Keeping the core northwest Amazon
largely intact as a biological refuge that hosts
the highest biodiversity and is the least vulner-
able to climatic drying.

Is such a plan feasible? With the expansion of
protected areas and effective legal enforcement
of private land use, the projections of loss of 47%
of original forest area by 2050 could be reduced to
28% loss (2), avoiding ~17 PgC emissions (Fig.
2B). Recent developments suggest that such good
governance is achievable. Details of the role that
can be played by protected areas, indigenous peo-
ples, smallholders, agroindustries, and governments
are discussed in the supporting online text.

Financing a Climate-Resilience
Plan for Amazonia
A plan for keeping Amazonia from ecological
and climatic decline faces several challenges:
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Fig. 2. The potential overlap between deforestation and climate change. Potential loss in forest cover (brown) by
2050 under (A) business as usual and (B) increased governance scenarios [derived from (2)], superimposed on the
probability of substantial drought, which is defined as a >20% reduction in dry-season rainfall by the late 21st
century, as shown in Figure 1B. The dry season is defined as from December to February (south of the equator) and
from June to August (north of the equator). Precipitation scenarios are from mid-range (A1B) global greenhouse gas
emissions scenarios, from the 21 climate models employed in IPCC Fourth Assessment Report [extracted and
modified from (15)].
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Business as Usual deforestation



Deforestation 
• Moderate 

deforestation could 
increase convection

• Threshold 
deforestation level 
where precipitation 
decreases

• Severe implications 
for remaining 
ecosystem
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the southern boundaries of previous mesoscale simula-
tions generally pass through these areas (Ramos da Silva
et al. 2008; Walker et al. 2009). To rigorously quantify
how mesoscale simulations would be impacted by these

changes in boundary conditions, we can, in principle,
modify OLAM so that it runs as a mesoscale model.
However, such modifications are beyond the scope of
this study.

FIG. 5. Change in simulated precipitation (mm day21) for different deforestation scenarios and seasons: (a) BAU
minus CON, DJF; (b) TOT minus CON, DJF; (c) BAU minus CON, SON; (d) TOT minus CON, SON; (e) TOT
minus CON, MAM; and (f) TOT minus CON, JJA.
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Medvigy et al, 2011

Precipitation changes due to:
Business as usual defor.    Total deforestation



Aerosols, Clouds & 
Climate

• Biomass burning during the dry season

• Green Ocean-Amazon campaign: cloud-
aerosol-precipitation interactions 
downwind of Manaus
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Implications

• How we represent drought stress can affect the 
conclusions we make about the future of the Amazon. IE:

• It’s doomed! (based on results from SiB3 Stressed)

• Everything will probably be okay (according to control 
SiB3)

• It depends on where you are in the forest, and how 
much forest remains undisturbed (SiB3 SRI)

• It is imperative for as much of the forest to remain intact 
as possible, due to the ability of forest to impact 
precipitation and circulation.
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