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Abstract Climate change is strong in the Amazon basin. Climate models consistently
predict widespread warmer and drier conditions by the end of the 21st century. As a
consequence, water stress will increase throughout the region. We here review current
understanding of the impact of climate change on forests’ distribution patterns, species
diversity and ecosystem functioning of lowland rainforests in the Amazon basin. We
reviewed 192 studies that provide empirical evidence, historical information and
theoretical models. Over millions of years rainforests expansions and contractions have
been accompanied by changes in the diversity and productivity of forests. In the future,
drought will produce forest contractions along the forest edges and the savanna
ecotone, causing an extensive savannization, particularly in the east. In terms of
diversity, warming will reduce plant species survival by decreasing their productivity,
but extinctions may also occur as a result of vegetation disequilibrium, as many plants,
dispersal and pollinator species will fail to track changing climate; mild drought kills
understory trees and severe drought may eliminate canopy trees as well. Severe
droughts will thus produce directional changes in species composition, although these
shifts may vary among forests on different soil types. In terms of ecosystem function-
ing, droughts will reduce root growth and standing biomass and may shift the Ama-
zonian forest from being CO2 sinks to become CO2 sources. Physiological and
ecological responses to warming and the feedback between vegetation and climate
are still not completely understood. In particular, experimental assays that allow direct
conclusions on the response of Amazonian plants to the predicted climatic conditions
are needed. Such studies could make possible more reliable estimates of future climatic
and vegetation responses.

Resumen El cambio climático es intenso en la cuenca Amazónica. Los modelos
climáticos predicen condiciones más secas y cálidas para finales del siglo 21. Como
consecuencia, el estrés hídrico aumentará a través de la región. Aquí revisamos el
conocimiento actual del impacto del cambio climático en los patrones de distribución,
diversidad y funcionamiento de los bosques en la cuenca Amazónica. Examinamos 192
estudios basados en evidencia empírica, información histórica y modelos teóricos.
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Durante millones de años, las expansiones y contracciones de los bosques húmedos han
estado acompañadas por cambios en su diversidad y productividad. En el futuro, la
sequía provocará contracciones de los bosques húmedos a lo largo del límite con las
sabanas, causando una extensa sabanización, particularmente en el oriente. En términos
de diversidad, el calentamiento puede afectar la sobrevivencia de las especies vegetales
al disminuir su productividad; sin embargo, podrían ocurrir extinciones como resultado
de un desequilibrio en la vegetación, pues muchas especies vegetales, dispersores y
polinizadores sucumbirán ante el cambio climático; sequías leves podrían eliminar los
árboles del sotobosque y sequías severas podrían a su vez eliminar las especies del
dosel. Intensas sequías producirán entonces cambios direccionales en la composición
de las especies vegetales, pero estos cambios podrían variar de acuerdo al tipo de suelo.
En términos del funcionamiento de los ecosistemas, las sequías reducirían el
crecimiento de las raíces y la biomasa existente y transformarían los bosques
Amazónicos en fuentes en lugar de sumideros de CO2. Aún no entendemos
completamente las respuestas fisiológicas y ecológicas al calentamiento, así como la
retroalimentación entre vegetación y clima. En particular, se requieren ensayos
experimentales que permitan conclusiones directas sobre la respuesta de las plantas
Amazónicas a las futuras condiciones climáticas. Tales estudios podrían dar lugar a
estimativos más confiables de la futura distribución climática y de la vegetación en la
cuenca Amazónica.

Keywords Geographical ecology . Functional ecology . Species distribution change .

Plant communities . Tropical forests

Palabras clave Ecología del paisaje . Ecología funcional . Distribución de especies .

Comunidades vegetales . Bosques tropicales

Introduction

Shifts in plant community composition (Enquist & Enquist, 2011) and accelerated
carbon cycles (Allen et al., 2010; Laurance et al., 2004; Lewis et al., 2004; Phillips
et al., 2002) show that climate change is already impacting tropical rainforests. Paleo-
ecological records show that similar shifts occurred in the past (Behling &
Hooghiemstra, 2000; Mayle & Power, 2008; Moreira et al., 2013), but often over time
frames of hundreds or thousand of years instead of decades as they currently occur
(Malhi & Wright, 2004; Vincent et al., 2005).

Among rainforest areas, the Amazon basin is of particular interest in this context
because it influences precipitation and carbon cycles at global and regional scales (Cox
et al., 2008). Through evapotranspiration, Amazonian rainforests subsidize 15–30% of
the total precipitation in the region (Trenberth, 1999; Betts et al., 2004). In addition,
Amazonian plant communities release, capture (Saleska et al., 2003) and store (Malhi
et al., 2006; Saatchi et al., 2007) large amounts of carbon. Amazonian forests are highly
threatened by two main factors; high deforestation rates (Soares-Filho et al., 2006;
Hubbell et al., 2008), and the environmental changes caused by the increasing accu-
mulation of heat-trapping gases in the atmosphere (Johns et al., 2003; Scholze et al.,
2006; Malhi et al., 2008; Cook et al., 2012).

Ecological Responses to Warming, Drought and Prolonged Dry Season 43



Amazonian warming has been evident since the late 20th century, particularly in the
eastern parts of the region (Victoria et al., 1998; Jones et al., 1999). Currently, warming
occurs at an average rate of 0.25°C decade−1 for the whole region (Malhi & Wright,
2004). Climate models predict increasing warming rates that will lead to a regional
temperature increase of 2.5°C by 2050 (Feeley & Rehm, 2012). Increasing frequency
and intensity of drought periods in the region are also projected for the coming decades
(Phillips et al., 2002; Phillips et al., 2009a). Yet, drought trends are difficult to predict
because data are only available for the last 60 years and from a few areas within the
basin (Malhi & Wright, 2004).

Changes in temperature, precipitation and seasonality are widely recognized as
major threats to Amazonian diversity and stability (Cox et al., 2004; Malhi & Wright,
2004). However, many studies are confronted with major methodological and funding
limitations, and have focused on short-term impacts, small forest areas (Williamson
et al., 2000; Laurance et al., 2001; Metcalfe et al., 2010) or a few species (Lloyd &
Farquhar, 2008). Yet, to fully understand climate change effects on species distribu-
tions and ecosystem functioning, research at multiple scales ranging from physiolog-
ical mechanisms that determine individuals and species fitness to the large-scale
distribution patterns is needed. Here, we aim to provide a synthesis of studies that
evaluate effects of warming, drought and prolonged dry seasons across Amazonian
rainforests.

This review is related to those of Bush & Flenley (2007) and Bush et al. (2011),
particularly to the chapters therein by Phillips et al. (2007) and Marengo et al. (2011).
However, our review has a different focus, analyzing the relative effects of warming,
drought and dry season length on forest extension, species diversity and ecosystem
functioning. We cite 192 references of which 115 were not included in the mentioned
reviews and 44 were published after Bush and collaborators’ work was published.

Concerning the paleoecological evidence, we restricted our review to studies that
evaluate climatic change impacts from the Last Glacial Maximum (LGM) ca. 21,000
years ago and onwards through the Holocene, to ensure that species and communities
were similar to those found in the region today. We reviewed literature found onWeb of
Science and Google Scholar using combinations of terms regarding the Amazonian
region (Amazon basin, Amazon rainforest); climate changes (drought, climate change,
warming); and the types of impact we focused on (biomass, plant distribution changes,
plant richness, plant diversity).

Diversity and Distribution of Rainforest Communities in the Amazon basin

After the Andean uplift (65–7 Ma BP), the Amazon basin became a dynamic system
mobilizing large amounts of sediments and nutrients. This dynamic system, coupled
with a heterogeneous landscape, fostered the diversification of entire animal and plant
linages (Hoorn et al., 2010; Fernandes et al., 2014; Honorio et al., 2014). Pleistocene
glaciations such as the LGM also caused large-scale changes in forest distribution and
species composition (van der Hammen & Hooghiemstra, 2000). As such, interactions
between montane biota and the existing lowland elements resulted in various forest
types similar to the modern ones (Graham, 2011). Subsequently, after overcoming a
period of intensive drought during the early-mid Holocene (11.7–6 ka), the Amazon
forests reached their current extent (Fig. 1).
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For our analysis, we subdivided the Amazon basin in western and eastern regions at
the 60°W longitude, and we also differentiate the Guiana Shield, and the northwest,
southwest, south, east, and central Amazon basin (Fig. 1). We focused on the five major
forest types in Amazonian lowlands: terra firme, várzea, white-sand forest, swamps
and igapó, and we exclude areas above 700 m on the Andean slopes in which other
factors determine the overall climatic variation and hence plant species distribution
patterns, species diversity and ecosystem functioning.

Although only 227 tree species dominate in the whole Amazon basin (ter Steege
et al., 2013), diversity varies between regions, and types of forest follow patterns in soil
fertility and dry season length (Gentry, 1988; Terborgh & Andresen, 1998; van der
Hammen & Hooghiemstra, 2000; Higgins et al., 2011). High diversity is reached in the
central and western Amazon basin, whereas the eastern part and the Guiana Shield

Fig. 1 The Amazon basin. The Amazon basin sensu stricto refers to the area occupied by the Amazon and
part of the Tocantins river watersheds, which includes parts of Brazil, Bolivia, Peru, Ecuador, Colombia and
Venezuela and demarcated by a solid black line on this map. In total, the Amazon basin covers 5,569,174 km2,
with Brazil harbouring the largest proportion (Eva & Huber, 2005). The Guiana and Brazilian Shields are
Precambrian geological formations consisting of well-weathered sedimentary rocks; the rivers Negro, Xingú
and Tapajós draining these areas tend to be nutrient-poor, in contrast to the Amazon and Madeira rivers that
drain the fertile Andean slopes. White lines represent the isopleths of mean daily precipitation during the three
driest months of the year (in mm) (Davidson et al., 2012). Isopleths are only available for Brazil; however,
they illustrate the increase of drought conditions towards the east and south of the Amazon basin.
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(Fig. 1) have lower diversity (Malhi et al., 2004; ter Steege et al., 2006). Three principal
vegetation types are recognized across the basin: terra firme, floodplains and swamp
forests. These formations are primarily differentiated by local topography and hy-
drology. Terra firme forests dominate the Amazon basin occupying more than 70%
of the total area (4,587,000 km2, Eva & Huber, 2005). They are found at low
elevations, generally below 200 m, in areas that are not flooded during the wet
season (Pires & Prance, 1985). Within the terra firme, two formations are
distinguished, terra firme proper and white-sand. Floodplain forests cover a smaller
area of about 190,000 km2 (Eva & Huber, 2005) and are located in low-lying areas
that are periodically inundated by rivers. Floodplains are subdivided in formations
named várzea and igapó, reflecting differences in geology, soil texture and water
chemistry. Swamps are also a common vegetation type. Located either close to the
rivers or embedded within terra firme forests, swamps are depressed areas that never
fully drain during the dry season.

Across the Amazon basin, terra firme forests are the most diverse in all regions
followed by white sand formations (Malhi et al., 2004; ter Steege et al., 2006). Low
diversity is found in inundated vegetation types, in particular in the eastern parts of the
basin and the Guiana and Brazilian Shields (Campbell et al., 1986; Richards, 1996;
Parolin, 2010). Like diversity, the physiognomy of the vegetation is controlled by the
intensity of the dry season in the Amazon basin (Gentry, 1988; ter Steege et al., 2000).
Basal area and stem density are higher in the northwest Amazon basin where the dry
season is weak (Butt et al., 2008). In contrast, highly seasonal forests in the southern
and eastern parts of the basin have lower stem densities (Pires & Prance, 1985; ter
Steege et al., 2000). Basal area can exceed 40 m2 hectare−1 in dense terra firme forests,
whereas it may be less than 25 m2 hectare−1 in more open forests (Pires & Prance,
1985).

Terra Firme Forest. This vegetation type is mainly found on ultisols in the west and
oxisols in the eastern Amazon basin (Malhi et al., 2004). Both types of soils are acid,
deep and well drained (Sombroek, 2000). Although terra firme is a general term for the
non-inundated forests, high variation exists within them. Tall and dense forests develop
in aseasonal and humid areas of western terra firme forests (e.g. Korning & Balslev,
1994). Large tree species are abundant and form a continuous and dense canopy.
Arecaceae, Fabaceae, Moraceae, Myristicaceae and Rubiaceae are the most abundant
families in the dense forest of the western Amazon basin (Balslev et al., 1987; ter
Steege et al., 2000). There are also more open terra firme forests, particularly in the
east, where the vegetation is lower and the canopy less dense, and, as a consequence,
biomass (Pires & Prance, 1985) and productivity (Aragão et al., 2009a) are lower in
these formations. Lower humidity and seasonality as well as substrate features, such as
low permeability or poor drainage affect the composition of these open terra firme
forests (Pires & Prance, 1985).

White-sand Forest. These forests are scattered throughout the central and eastern
Amazon basin, where podsol or spodosol soils are found. Given the low nutrient
content of these soils, white sand forests have low species diversity and high ende-
mism. Large areas of forests are dominated by single species like Micrandra sprucei
and Eperua leucantha (Myster, 2009). Slender trees up to 20 m high characterize these
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forests; herbs and shrubs are abundant in the understory because the canopy is rather
open (Anderson, 1981). Members of Malvaceae, Clusiaceae, Fabaceae and Euphorbi-
aceae are abundant in the western white-sand forests (Honorio et al., 2008; Myster,
2009). In the east, also different epiphytes such as orchids and bromeliads are common
(Anderson, 1981).

Várzea. Rivers such as the Amazonas and the Madeira inundate floodplains known as
várzeas. These rivers transport large amounts of sediments that originate in the nutrient
rich soils of the Andean slopes. Várzeas located in the west are flooded during the rainy
season and inundation may last up to five months. In contrast, tidal movements rather
than precipitation regimes determine the flooding level in várzeas in the east close to the
Atlantic Ocean (Pires & Prance, 1985; ter Steege et al., 2000). These muddy waters
charged with clay sediments are sometimes called Bwhite water^ because of their
characteristic light brown colour. Sediments accumulate along the river forming fertile
levees. The fertile alluvial soils support plant communities with high abundance of
Arecaceae, Heliconiaceae, Marantaceae and Urticaceae. Overall species diversity is
lower than in terra firme forests, but within várzeas diversity, trees density and basal
area are determined by gradients in soil fertility and inundation levels (Damasco et al.,
2013). Hence, species diversity is higher in várzeas of the western part of the basin and
in places with short periods of inundation. Yet, productivity in várzeas is higher than in
terra firme forests, reaching up to 100 tons ha−1 year−1 in contrast to 27 tons ha−1 year−1

in terra firme (Myster, 2009).

Igapó. This term defines the floodplains inundated by rivers of black or crystalline
nutrient poor waters. Blackwater rivers (as the Rio Negro) originate within the Amazon
basin in areas of white podsolic soils; waters are black because the vegetation and
litterfall in this region have high concentrations of tannins that are leached into the
water. Crystalline rivers (e.g., Tapajós river) originate and flow over the hard rocks of
the ancient Precambrian areas of the Guiana and Brazilian shields. As a consequence,
their igapós are located on sandy soils, and, since almost no sediments are transported
in the river water, no levees are formed. Hence, during the flood season stems, and
sometimes crowns, of many trees are completely underwater. Members of Myrtaceae
are abundant in these floodplains and Leguminosae species are particularly abundant
(Pires & Prance, 1985; ter Steege et al., 2000). Asteranthus brasiliensis, Glandonia
williamsii, Henriquezia nitida, Leopoldinia piassaba, Mauritia carana, Ocotea
esmeraldana and Vitex calothyrsa are just a few examples of the many species that
exclusively inhabit igapó forests (Junk & Piedade, 2011).

Swamps. They may be inundated by either white waters, which is most common or by
black waters. In general, swamps have low species diversity and low density of tall
trees. Palms are important in swamp forests (Prance, 1979). Although many Amazo-
nian swamps are dominated by Mauritia flexuosa, a palm that reaches up to 30 m
height, other palm genera such as Euterpe and Bactris are also common (Richards,
1996) as are other tree genera such as Triplaris (Polygonaceae) and Virola
(Myristicaceae). Herbaceous genera are characteristic of non-forested swamps; among
them are Hydrocotyle (Apiaceae), Pistia (Araceae), Eichornia (Pontederiaceae) and
Azolla (Salviniaceae) (Kalliola et al., 1991; Richards, 1996).
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Past, Current and Future Climates in the Amazon basin

The uplift of the Andes started 65 Ma ago with plate subduction along the Pacific
coastline, and it represents a geologic milestone explaining most of the current climatic
and physiognomic characteristics of the Amazonian forests; although other aspects of
Amazonian vegetation physiognomy also relate to even deeper-time factors. Mountain
uplift resulted in the formation of fluvial systems that covered a large area in north-
western and northeastern South America, and changes in climatic regimes included
increased precipitation in the east (Hoorn et al., 2010). Later, Pleistocene glaciations (2
Ma–11.7 ka BP) reshaped moisture and temperature gradients across the Amazon basin
(van der Hammen & Hooghiemstra, 2000). Dry conditions persisted until the mid-
Holocene (9–6 ka) (Maslin & Burns, 2000). During that time, the eastern Amazon
basin was particularly dry with 15–30% less rainfall than today, while temperatures
were similar (van Breukelen et al., 2008). Causes of the early-mid Holocene drought
relate to solar radiative forcing fluctuations (Silva Dias et al., 2009) that characterize the
multi-millennial orbital cycle (Wanner et al., 2008). The decrease in solar forcing would
account for a decline in moisture transportation from the Atlantic Ocean to the Amazon
basin and an increase of sea surface temperature (SST). These processes ultimately
resulted in a weak monsoon responsible for an extensive dry period (Silva Dias et al.,
2009). The displacement of the Intertropical Convergence Zone (ITCZ) southwards at
2.2–0.7 ka BP reversed the situation, increasing convective rainfall in the Amazon
basin (Mayle et al., 2000; Moreira et al., 2013). Wet climatic conditions, which prevail
until today (Behling et al., 2001), allowed Amazonian rainforests to reach their current
geographical extent (Mayle et al., 2000; Bush et al., 2007).

Today, the climate of the Amazon basin is characterized by mean annual tempera-
tures around 26°C and mean annual precipitation around 2,400 mm with 0–3 dry
months with precipitation <100 mm (Malhi & Wright, 2004). Still, some parts of the
eastern Amazon basin are highly seasonal, with up to six months of low rainfall (<100
mm, Fisher et al., 2008). High variation exists among the regions. Precipitation is
highest and most constant in northwestern Amazon, whereas the east experiences
shallow dry seasons in the northeast and more intense dry seasons in the southeast.
Although high variation in precipitation exists across the Amazon basin, the main
patterns are determined by the correlation between precipitation and dry season length
along both latitudinal and longitudinal gradients (Gentry, 1988; ter Steege et al., 2003).
The northwestern Amazon basin (at 2–4°S) is the wettest with approx. 3,000 mm of
rain per year and no dry season. To the north and south, precipitation declines and
variation increases. Highly seasonal climates occur around 15°S where precipitation is
<1,500 mm yr−1, and this trend becomes stronger eastwards (Silman, 2007).
Interannual variation in Amazonian climate is to a large extent determined by a 3–5
year oscillation of the SST and the atmospheric pressure patterns in the equatorial
Pacific Ocean; a phenomenon currently known as El Niño Southern Oscillation
(ENSO). During ENSO events the Amazon basin in general experiences less
precipitation and higher temperatures (Fig. 2), particularly in the northern and eastern
parts (Ropelewski & Halpert, 1987), whereas the western Amazon basin experiences
almost no effect (Malhi & Wright, 2004).

Among the processes that govern the Amazon basin climate, the ITCZ deserves
particular attention. Throughout a year, the air at the ITCZ moves along gradients in
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altitude and latitude, and that migration determines the annual distribution of rainfall
across the Amazon basin (Fearnside, 2009). In the northwestern Amazon basin (10°S–
5°N; 70–60°W) the ITCZ crosses the equator twice a year, producing two precipitation
maxima. In contrast, the south and central Amazon basin have a single rainy season
from December–March (Sturm et al., 2007). If the water in the North Atlantic Ocean is
warmer than usual, a strong gradient in SST emerges and forces the ITCZ to migrate
further north. In consequence, dry airflows disperse through the Amazon basin, causing
devastating droughts in the southern part of the basin, as was the case in 2005
(Marengo et al., 2008).

For future climatic conditions, predictions are based on the IPCC CO2 emission
models. Four broad groups of scenarios apply, named A1, A2, B1 and B2 (IPCC, 2001,
2007). Currently, CO2 concentration in the atmosphere has reached 400 ppm (NOAA,
2013) with an emissions rate of approximately 34 billion tons CO2 year

−1 (Le Quéré
et al., 2013). IPCC scenarios A2 and B1 are commonly used for future climate
projections. Scenario A2 assumes that emissions maintain their current rate and CO2

concentration reaches approximately 860 ppm by 2100, whereas in B1 a decrease in
CO2 emissions, through strong environmental policies, leads to a concentration of
550 ppm (IPCC, 2001). For most of the Amazon basin, models predict higher
temperatures, a significant reduction in precipitation and longer dry seasons for the
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Fig. 2 Drivers of climate change in the Amazon basin. The cumulative effects of the disequilibrium
between local and regional circulation patterns determine climate change. Warming and drought are largely
controlled by atmospheric circulation patterns (a), but local factors provide positive feedbacks that enhance
and prolong their effects (b). Deforestation and reduced evaporation increase warming and decrease precip-
itation, providing positive feedback that enhances and prolongs droughts, which in turn increases fires
frequency and intensity. Planned development including strategies to increase reforestation as well as unsettled
and protected areas could offset local stress factors. Slow economic growth and environmental law enforce-
ment are needed to counteract large-scale threats. SSTs: Sea Surface Temperatures; ITCZ: Intertropical
Convergence Zone; ENSO: El Niño Southern Oscillation.
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period 2071–2100 (Malhi & Wright, 2004; Coppola & Giorgi, 2005; Rojas et al.,
2006). Under an optimistic scenario B2, temperature would increase by 2–3°C and
precipitation would decrease by 5% by 2100. Under A2 scenarios, however, temperature
is expected to increase by 4–6°C and precipitation to decrease by 20–30% by the end of
this century (Marengo, 2007; Harris et al., 2008). In this case, the southeastern Amazon
basin would experience an extreme decline of >10mm day−1, whereas an increase by
>2 mm day−1 would occur in the west (Cook & Vizy, 2008). Many studies predict that
changes in precipitation are likely to enhance seasonal regimes, again as a result of
increasing SSTs in the Atlantic and Pacific Oceans (Malhi et al., 2009; Cook et al., 2012)
(Fig. 2), although projected precipitation changes differ among models (Harris et al.,
2008; Cook et al., 2012). There are also models that predict an increase in rainfall across
the basin as a consequence of increasing accumulation of CO2. According to these
simulations, rainfall will increase and be evenly distributed throughout the year in the
west. In the east, however, increases will only occur during wet seasons, again causing
stronger seasonality (Cook et al., 2012). The increasing precipitation effect would,
however, be cancelled if deforestation rates continue at their current level (Costa &
Foley, 2000) (Fig. 2). The lack of forest cover due to deforestation causes poor moisture
recycling (Eltahir, 1996; Costa & Foley, 1997; Betts et al., 2004; Stickler et al., 2013). If
current deforestation rates continue, the Amazon basin will lose 40% of forest cover by
2050 (Soares-Filho et al., 2006). In this case, an overall decrease of 12 and 25% in
precipitation would occur during wet season and dry seasons respectively, across the
whole region (Spracklen et al., 2012; Stickler et al., 2013).

Another human-induced feedback that must be considered is fire. If precipitation
decreases and dry periods strengthen, anthropogenic fires will become more intense
and frequent (Cochrane & Barber, 2009). Under these conditions, both forest areas and
regional precipitation would disappear at a high pace (Cochrane & Laurance, 2002) and
would supress Amazonian forests in the mid-term (Cochrane & Schulze, 1999;
Cochrane, 2003) (Fig. 2).

It is important to note that current data on precipitation are inaccurate, because large
areas of Amazonian forests are still uncovered by climatic stations and usually records exist
for even less than six decades (Malhi & Wright, 2004). Thus, many of the studies we
reviewed pointed to difficulties in obtaining reliable inferences for this factor (e.g., Costa &
Foley, 1997). For further discussion of the causal mechanisms of changes in temperature
and precipitation regimes see Marengo (2004, 2007), Cook & Vizy (2008), and Dai
(2011). Overall, however, there is an increasing consensus pointing to widespread drier
and warmer conditions across the Amazon basin by the end of the 21st century.

In order to preserve some of the natural ecosystems andmitigate the impacts of climate
change, detailed knowledge on the past and current ecosystem responses to climate is
needed. In the next sections, we discuss crucial findings on the effects of warming,
drought and prolonged dry seasons on three levels of impact in Amazonian forests.

Effects of Warming

Plant diversity in the Neotropics appear to have been considerably higher than today
during past periods of maximumwarmth (e.g., Bermingham&Dick, 2001; Svenning &
Condit, 2008), namely during most of the Eocene (55–40 Ma; Jaramillo et al., 2006).
Today, tropical lowlands are subject to the highest temperature estimated for the last two
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million years (Bush, 2002). However, this warming is on a time scale much too short for
effects on species origination rates to be realized (Svenning & Sandel, 2013). Instead,
changes in vegetation distribution (Feeley, 2012), functional composition (Nepstad
et al., 2007) and demographic rates (Lewis et al., 2004) have been documented and
are expected to increase as climate change intensifies.

Forest Distribution. An analysis of herbarium records from 1970–2009 revealed
temperature-related distribution changes in South American plants across the last
decades (Feeley, 2012). Such warming-induced changes in distributions may be partic-
ularly strong when climate change occurs at rates that are too fast for species to
acclimatize or adapt (Svenning & Sandel, 2013). In such cases, species have to migrate
to track their suitable climatic conditions, or theymay become extinct if they fail to do so
(Feeley & Silman, 2010b; Feeley et al., 2012a). The lack of high elevations across the
Amazon basin would constrain species to cooler and wetter small-scale refuges within
the lowlands under warmer conditions (Bush et al., 2004). Even if upslope migration
were possible and migration rates could keep pace with temperature increases, analo-
gous climates may not exist in the uplands in the coming decades (Williams et al., 2007)
or deforestation could restrict the access to them (Higgins, 2007; Feeley & Rehm, 2012;
Feeley et al., 2012b). This, in consequence, could result in regional extinction of many
plant species and the habitat loss for others, which might depend on the formers as
providers of suitable microenvironmental conditions (Feeley et al., 2012a).

Model projections of future habitat areas have been made with respect to the
distribution of plant species across the Amazon basin (Feeley et al., 2012b). Different
scenarios of climate change, and different levels of plant species adaptability and
migration rates were assessed. The first scenario assumed a low rate of deforestation,
positive effect of increased CO2 on plant water use efficiency (WUE), and ability of
plants to migrate and adapt to higher temperatures. This scenario showed that an
increase of 2–4°C would cause species to lose a small percentage (8–12%) of their
current habitat. In contrast, the second scenario assumed deforestation rates similar as
those of today, and that neither temperature adaptation nor migration occur. In this case
species would lose 82–99% of their current habitat under 2–4°C global warming. The
largest percentage of habitat loss occurred under the assumption that species are not
able to adapt to increasing temperatures (Feeley et al., 2012b).

Another model that does not assume adaptation indicated that a progressive
warming of 2–6°C may cause complete depletion of Amazonian tree coverage in less
than 500 years (Hirota et al., 2010). The earliest changes in forest cover are expected to
occur at the end of this century and in areas with high variation in temperature or
precipitation (Cook et al., 2012; Feeley et al., 2012b). Hence, the southern and eastern
Amazon basin will most likely experience changes to open savanna vegetation by the
end of the 21st century (Hutyra et al., 2005; Salazar et al., 2007). In the west changes
will be moderate, but the combined effect of deforestation (Feeley et al., 2012b) and
increased temperatures may accelerate the loss of forest coverage (Salazar et al., 2007).

Species diversity. The Amazon basin experienced strong environmental changes since
the Paleogene with likely effects on plant species diversity in the region. Despite
intense periods of cooling and warming, plant species diversity has increased through-
out the Amazon basin over the past 56 Ma, except in periods when water was a limiting
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factor (Svenning & Condit, 2008; Jaramillo et al., 2010). Changes in tectonics, sea level
and climate produced heterogeneous habitats that contributed to plant diversification in
the region (Hoorn et al., 2010). While low temperatures allowed the entrance of
montane taxa, warm and humid periods allowed the diversification of many other
species by providing habitat heterogeneity (van der Hammen & Hooghiemstra, 2000).
Thus, if a high percentage of current Amazonian plants already lived during the warm
period in the Pliocene (2.6–5 Ma), they may be capable of tolerating or adapting to such
warm conditions again (Colwell et al., 2008). In fact, various abundant and widespread
Amazonian tree species descend from ancestor populations that lived through warm
periods similar to what is estimated for 2100 without upslope migration (Dick et al.,
2013), suggesting that other factors than warming itself may be the main drivers of
diversity losses in the Amazon basin. Diversity losses might instead occur when
warming causes disequilibrium in demographical and ecological factors such as pop-
ulation sizes and fragmentation or a decline in pollinators and dispersal availability
(Svenning & Sandel, 2013).

Ecosystem Functioning. At the cellular level, temperature modulates enzymatic activity
and the electron transport rate. Temperature also affects photosynthesis by modulating
stomata responses to the evaporative demand. At high temperatures stomata closure
reduces transpiration losses. Prolonged stomata closure causes a decrease of intercel-
lular CO2 and therefore it reduces photosynthetic rates (Koch et al., 1994; Tribuzy,
2005). Leaves with high exposure to sunlight and higher leaf temperatures, reach the
threshold of stomatal closure faster than shaded leaves (Doughty & Goulden, 2008).
The relative importance of temperature-direct and indirect effects on photosynthesis
differs between models. In some models, it is the indirect effect of temperature on
stomatal conductance that causes the highest decline in photosynthesis (Doughty &
Goulden, 2008; Lloyd & Farquhar, 2008), but others showed that direct effects on
photorespiration and photosynthetic machinery are more important (Galbraith et al.,
2010; Doughty, 2011).

Even if tropical trees have high physiological heat tolerance (Krause et al., 2010),
they are often close to their temperature optima for carbon acquisition at temperatures
higher than 28 °C (e.g., Doughty & Goulden, 2008; Lloyd & Farquhar, 2008). In gas
exchange chambers, tropical leaves showed sharp decline in photosynthesis at temper-
atures of 26−34°C (Koch et al., 1994; Keller & Lerdau, 1999; Doughty, 2011). Over a
period of 13 weeks at 30°C, Amazonian tree leaves showed decrease in maximum
photosynthetic rate compared to the control, and no signs of acclimatization appeared.
When heated to 37°C over more than three weeks leaves suffered necrosis and
abscission (Doughty, 2011). CO2 uptake in entire Amazonian plant communities is
considerably lower during warmer than average periods (Grace et al., 1995; Goulden
et al., 2004). For instance, net ecosystem exchange declined by 12 μmol m2s−1 during
days that were 3°C warmer than average in the central Amazon basin and further
increases caused sharp decline in CO2 uptake (Goulden et al., 2004).

Under high temperatures, plant productivity decreases because stomatal closure
causes CO2 shortage (Lloyd & Farquhar, 2008), an effect that higher atmospheric
concentrations of CO2 might counteract (Clark, 2004; Wright, 2005; Lloyd & Farquhar,
2008; Huntingford, et al., 2013). However, empirical evidence supporting this in
tropical plants is scarce (Würth et al., 1998). Increased CO2 causes only a slight and
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transient increase in the rate of carbon fixation, which is not sufficient to increase
plant growth (Lovelock et al., 1999; Wright, 2005). Furthermore, there is no evidence
that tropical trees are CO2 limited (Cernusak et al., 2013). Under an optimistic
scenario, an increase in CO2 concentration from 270 ppm to700 ppm would increase
productivity only by 25% (Chambers & Silver, 2004). Although increased CO2 con-
centrations may — in part — offset the impact of warming, the ability of Amazonian
plants to shift their photosynthesis and respiratory rates would determine the stability of
individuals’ growth (Ghannoum & Way, 2011) and the resilience of entire plant
communities (Feeley & Silman, 2010a; Feeley et al., 2012a; Huntingford et al., 2013).

Effects of Drought

Drought conditions are not new to Amazonian forests. First, drier periods during the
LGM and the Holocene modified the spatial distribution (Mayle et al., 2000; Mayle &
Power, 2008; Silva Dias et al., 2009) and diversity (van der Hammen & Hooghiemstra,
2000) of Amazonian forests. Second, a current climatic gradient exists from the
aseasonal west to the highly seasonal eastern Amazon. Thus, the predicted increase
of water stress throughout the region might — in part — cause similar changes as
during the past and will vary along the gradient in seasonality. Nevertheless, the
interaction between drought, warming and deforestation could lead to a non-
analogous scenario. The effects of drought are discussed from a historical perspective
in the two following subsections.

(i) Past and Current Effects of Drought

Despite past changes in the spatial distribution (Mayle et al., 2000; Mayle & Power,
2008; Silva Dias et al., 2009) and diversity (van der Hammen & Hooghiemstra, 2000),
Amazonian forests have endured such changes and persisted for at least 55 million
years (Bush et al., 2007; Hoorn et al., 2010).

Forest Distribution. During the LGM, climate was cold and dry. Temperatures were
4.5 ±1°C lower than today across the basin (Stute et al., 1995; van der Hammen &
Hooghiemstra, 2000). As a consequence of the decrease in condensation, precipitation
was 20% and 40% lower than today in the central and eastern Amazon basin
respectively (Anhuf et al., 2006) (Fig. 3a and c). Hence, the area covered by
rainforests during the LGM is thought to be smaller than today (François et al.,
1999) (Fig. 3e), although other estimates suggest relatively little fragmentation during
the LGM (e.g., Mayle et al., 2000). During the Holocene, drought was strong in the
east and along the ecotones, whereas the northwest (Cheng et al., 2013) and central
Amazon were less affected (Behling & Hooghiemstra, 2000; De Freitas et al., 2001;
Moreira et al., 2013) (Fig. 3b). Indeed, minor floristic changes occurred in the
northwest, where rainforest communities prevailed (Bush et al., 2007), but savannas
were extensive in the south (Mayle et al., 2000), inducing a contraction of forests in
the southeastern Amazon basin (Ledru et al., 1998) (Fig. 3f). Finally, rainforest
expanded in the southwest during late-Holocene (2.2–0.7 ka BP, Mayle et al.,
2000), reaching their current extent (Fig. 3g).
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Today as well as in the past, changes in precipitation regimes are likely to affect the
extension of rainforests mainly along the ecotones and where there are steep moisture
gradients. The south-eastern ecotone is particularly vulnerable because of its high
seasonality and because it holds one of the highest rates of forest loss worldwide
(Hansen et al., 2013).

Species Diversity. As a consequence of dry conditions during the Holocene, fire events
were frequent (Bush et al., 2008; Mayle & Power, 2008). Depending on fire extents,
smaller or larger shifts in forests distribution and composition occurred (Silman, 2007).
Pollen and charcoal records attest to regular fire events during early-mid Holocene
across the Amazon basin that had little impact on forest composition and coverage
(Urrego et al., 2013). This was, however, not the case during the late-Holocene, when
fires of human origin became more frequent and covered larger areas (da Silva Meneses
et al., 2013). Late-Holocene fires caused changes in rainforests composition and
structure. Abundance of herbaceous (e.g., Asteraceae, Lamiaceae) and shoreline taxa
(e.g., Cyperaceae, Sagittaria) increased, whereas mature forest elements
(Anacardiaceae, Lecythidaceae, Myristicaceae) declined (Urrego et al., 2013).

While the total amount of rainfall previously was seen as the main predictor of
current diversity patterns in the Amazon basin (Clinebell et al., 1995), more recent
interpretations suggest that current diversity patterns are driven by seasonal variability
in the amount of precipitation throughout the region (Silman, 2007; Gentry, 1988; ter
Steege et al., 2003). Thus, today the highest diversity of vascular plants occurs where

Fig. 3 Climate and rainforests distribution in the Amazon basin through time.Maps (a-d) show drought
distribution in the Amazon basin since the Last Glacial Maximum (LGM, 21 ka BP) to the end of the 21st
century based on the distribution of precipitation anomalies (mm/month) with respect to the present for the
LGM (a) and for the mid-Holocene (9–6 ka) (b) (drawn after François et al., 1999); and based on the mean
annual self calibrated Palmer Drought Severity Index (scPDSI) for years 2000–2009 (c) and for years 2090–
2099 (d) (drawn after Dai, 2011). Maps (e-h) show rainforest distribution during the same periods and relative
to present-day; (e) drawn after Anhuf et al. (2006); (f) drawn after Jonathan Adams at http://www.esd.ornl.
gov/projects/qen/nercSOUTHAMERICA.html; (g) Amazon basin, current distribution area (h) drawn after
Cook & Vizy (2008)
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there is high rainfall and no dry seasons (Gentry, 1988). This explains the gradient of
diversity from the rich very wet and aseasonal forests in the western Amazon basin, to
the poor drier and highly seasonal forests in the eastern Amazon. Similarly, it explains
the high diversity found in the central forests, where the amount of precipitation is low
but more evenly distributed over the year (ter Steege et al., 2000). In the absence of
competition for water, forest communities reach high stem density and complete
canopy coverage (Pires & Prance, 1985). Such conditions provide moist-shade habitats
for numerous species in the lower strata (Gentry, 1988; Wright, 1992; Butt et al., 2008).

Ecosystem Functioning. Seasonality in precipitation appears to be the most important
factor driving regional variation in vegetation patterns. Unfortunately, studies on the
strategies of Amazonian plants to endure seasonality have been addressed mostly at
local scales, which prevent us from drawing conclusions that refer to the entire Amazon
basin. However, we draw attention to a coarse geographical contrast between different
growth phenologies and growth strategies, assuming that studies performed at each
local area represent the pattern at a wider scale. Hence, plants in the eastern forests are
often deciduous which reduces the transpiring surface area, or they increase water
uptake by producing fine-large roots, which have larger area per unit mass (Metcalfe
et al., 2008). In central, less seasonal forests, overstory species access water from deep
soil layers (to depths of 8 m or more) to counteract drought and maintain their crowns
throughout the year (Nepstad et al., 1994; Jipp et al., 1998; Oliveira et al., 2005). Deep
soil moisture is in turn redistributed in the upper layers, a process known as water uplift
or hydraulic redistribution that delays drought in entire plant communities (Oliveira
et al., 2005; Nepstad et al., 2008). In understory species, survival is mainly limited by
the lack of long roots, which limits their access to deep-water sources (Butt et al.,
2008). Thus, during dry periods understory species strongly depend on overstory
species, because they provide a source of water and also because canopy coverage
prevents desiccation by sunlight. This drought-avoiding mechanism is only possible
under medium-term water deficits. Its maintenance during long dry seasons represents a
major hydraulic limitation.

Biomass stocks in the Amazon basin forests vary along precipitation gradients,
because restrictions to development in tropical plants are usually related to the lack
or excess of water (Pires & Prance, 1985). Hence, tree basal area (Malhi et al., 2006)
and Leaf Area Index (LAI) (Spracklen et al., 2012) are higher in areas of high rainfall.
At very low moisture levels, resistance to water transport through the vascular system
increases and plants usually undergo water column disruptions or embolisms (Hacke
et al., 2001). Embolisms increase with tree height (Hartmann, 2011; Choat et al., 2012),
and inhibit efficient transport of water from roots to leaves (Taiz & Zeiger, 1998).
Therefore they constitute a common cause for loss of twigs and branches. Yet,
embolism by itself is not a major cause for mortality of entire plants. Instead, mortality
of trees during drought events may be the result of limited water transport from the
xylem to the phloem, which may cause a shortage of assimilates (Hartmann, 2011).

During droughts trees’ growth-rates decline and mortality increases. This results in
the loss of large amounts of biomass (da Costa et al., 2010; Lewis et al., 2011) that
significantly contribute as CO2 sources (Phillips et al., 2010), particularly when drought
kills the largest trees (da Costa et al., 2010; Phillips et al., 2010). Amazonian plant
communities are resilient to biomass losses when precipitation shortage lasts less than
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three years (Nepstad et al., 2002; da Costa et al., 2010). After three years, losses are
massive and may modify forest structure (Nepstad et al., 2007; da Costa et al., 2010).
The LAI is also susceptible to dry conditions. An 8% decrease in soil moisture produced
a decline of about 1% in LAI of forests in the central and southern Amazon basin (Cook
et al., 2012).

The transport of water and assimilates through the vascular system involves physio-
logical constraints that increase at larger distances (Hartmann, 2011). Large trees may be
susceptible to drought because of physiological mechanisms related to roots functioning
(McElrone et al., 2007), a possible relationship between wood density and resistance to
cavitation (Hacke et al., 2001), and the apparent carbon starvation effect, caused by
prolonged stomatal closure (McDowell et al., 2008; Sevanto et al., 2013). Yet, there is no
consistent evidence for any of these arguments in Amazonian trees, preventing direct
conclusions on the direction of changes in forest communities under drier conditions.
Although the impacts of water shortage alone on ecosystem functioning do not seem
large, rainforests may undergo major and differential changes caused by differences in
forest composition (da Costa et al., 2010; Fisher et al., 2010; van der Molen et al., 2011),
as well as the interaction between drought and seasonality (Wright, 1992), soil texture
(Fisher et al., 2008) and land use (Higgins, 2007). Importantly, the effects of drought on
soil organic matter decomposition, nitrogen mineralisation, carbohydrate reserves and
carbon allocation to defense compounds are well understood in temperate forests (van der
Molen et al., 2011 and references therein) but remain elusive in Amazonian forests. As
such, further studies are needed, with more ecophysiological data that will make it
possible to determine and quantify the underlying functional relationships.

(ii) Effects of Future Prolonged Droughts

Drought and longer dry seasons will intensify the effects of warming (Bush et al., 2008;
Colwell et al., 2008) and exacerbate the contraction of rainforest communities (Salazar
et al., 2007). In the central and southern Amazon basin, hypothetical increases in rainfall
are not expected to alleviate water stress caused by warming, because during wet
seasons excess rainfall will drain as runoff, and during dry periods soil water depletion
would cause severe drought (Zeng et al., 2008; Phillips et al., 2009a; Cook et al., 2012).

Forest Distribution. Models predict a range of potential forest distributions by the end
of the 21st century depending on the grid size and the assumptions considered. Awhole
range from more seasonal forests (Cook et al., 2012) to a complete dieback across the
Amazon basin (Cox et al., 2004; Zeng et al., 2013) exists. Models using coarse grid
scales tend to underestimate the amount of rainfall and misrepresent local climate
features. They generally suggest the replacement of large areas of rainforests with open
savanna vegetation. Instead, less radical effects are suggested by fine-grained projec-
tions. In this case, local feedbacks increase the overall moisture conditions and result in
the loss of smaller forest areas (Li et al., 2006; Malhi et al., 2009; Poulter et al., 2010).

With these finer grain projections, prolonged dry seasons in large areas of Peru,
Brazil, Guyana and Suriname are predicted to cause expansion of savannas by the end
of this century (2081–2100), while arid landscapes will dominate in areas of low
precipitation in Bolivia, Argentina and Paraguay (Cook & Vizy, 2008). There is,
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however, little consensus concerning changes in the central Amazon basin forests,
where droughts are expected to occur less frequently (Salazar et al., 2007) but where
changes in temperature and rainfall regimes are strongly dependent on the synergistic
effects of deforestation and fire (Hutyra et al., 2005). Although model simulations are
only indicators of the potential distribution shifts caused by climate change, the models’
results coincide with distribution patterns that occurred in the Amazon basin rainforests
during the LGM (Fig. 3d and h).

The numerous models for future Amazon landcover show that the dry eastern part of
the basin will most likely suffer from a replacement of evergreen forest by savanna-like
vegetation (e.g., Nepstad et al., 2008; Cook et al., 2012) (Fig. 3h). Assuming that (i)
future climatic conditions are similar to the period between 1996–2005 (i.e., drier and
warmer) (ii) precipitation decreases by 10% and (iii) tree drought tolerance is exceeded
when available soil water is less than 30%; then a 4% decrease in forest cover will occur
in the eastern and southern parts of the basin by 2030 (Nepstad et al., 2008). Other
models showed that the effect of 2°C warming combined with 20% less precipitation
will cause a reduction in forest cover by 11%, and further increases of up to 4°C will
result in the permanent loss of 20% forest cover (Hirota et al., 2010). Nevertheless, it is
also possible that a similar decline in precipitation will not cause major changes in the
distribution of rainforests, but a decrease in total biomass of up to 4.6% (Galbraith et al.,
2010). Still, current estimates may be rather conservative. Abundant georeferencing
errors inflating species ranges and increasing temperature and precipitation tolerances of
tropical plants exist and might be included in some of the models (Feeley & Silman,
2010b). Identification errors are also an important issue that causes differences in plants’
distribution ranges; however, currently no assessment of this factor and its effects on
modelling outcomes exist. Additionally, not all models include the significant effect of
vegetation on rainfall (Spracklen et al., 2012) and the feedbacks between deforestation,
forest fires (Aragão et al., 2008; Cochrane & Laurance, 2002) and drought (Hutyra et al.,
2005) that largely determine the moisture circulation patterns in Amazonian forests. In
fact, South America lost ~16% of rainforests from 2000–2012 mainly due to defores-
tation (Hansen et al., 2013). As such, during the coming decades deforestation feedback
on drought could be the main driver of future biomass and forest cover decline in the
Amazon basin (Spracklen et al., 2012; Stickler et al., 2013).

Species diversity. If the dry season is prolonged, increasing water stress will cause
directional shifts in species composition throughout the Amazonian region. Forests
would support less moisture-adapted species and in general less and lower vegetation
(Butt et al., 2008; Hartmann, 2011), an effect previously documented in Central
American forests (Condit et al., 1996; Enquist & Enquist, 2011). Nevertheless, there
is evidence that this would be a consequence of species’ drought sensitivity and not of
the trade-off between shade and drought tolerance (Engelbrecht et al., 2007). A
pervasive increase in dominance of lianas across terra firme forest in the Amazon
basin occurred over the period 1979–1999 (Phillips et al., 2002). Lianas were hypoth-
esized to thrive in rainforest communities at the expense of trees, because they
efficiently extract water from deep soil layers (Restom & Nepstad, 2001), and also
because they seem to benefit from increasing CO2 concentrations (Phillips et al., 2002).
However, in sharp contrast to this hypothesis, lianas were shown to be highly sensitive
to experimental drought conditions, with mortality rates of 70% or higher than the
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control (Nepstad et al., 2007). High mortality in lianas may be the result of physical
constraints, such as wide vessels and narrow stems, which make them more vulnerable
than trees to xylem embolism (Putz et al., 1989). Hence, whether lianas are prone to
thrive or suffer with longer dry seasons remains elusive. Fast-growing canopy tree
species have also increased in dominance over the last decades in the Amazon basin
despite the high tree mortality caused after numerous ENSO events (Laurance et al.,
2004). However, increases in lianas and fast-growing trees may only be a temporary
effect caused by drought events (Table 1).

Species of Eschweilera and Inga are hyperdominant canopy trees in Amazonian
forests (ter Steege et al., 2013) and both are highly sensitive to drought (Nepstad et al.,
2007; da Costa et al., 2010). During 1997, an intense drought in the central Amazon
basin caused high mortality of mostly canopy and overstory tree species, which

Table 1 Ecosystem responses to warming, drought and prolonged dry seasons in the Amazon basin.
White rows show the current or future responses for which consistent evidence exist; grey rows show aspects
that are still poorly understood in Amazonian rainforests
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suggests low tolerance of large trees to high water stress (Phillips et al., 2010; Laurance
et al., 2001). In contrast, other studies showed that, despite numerous drought events,
basal area and density of fast-growing, canopy and emergent trees increased over the
last two decades, whereas some slow-growing, subcanopy or understory trees declined
in numerous terra firme forests (Laurance et al., 2004). The discrepancy between these
findings could be due to different drought intensities. Initially, moderate drought events
cause mortality of several understory trees. Then reduced competition promotes the
growth of the surviving trees (usually tall trees) (Butt et al., 2012; Williamson et al.,
2000; Laurance et al., 2004; Phillips et al., 2009b), but mortality of tall trees magnifies
when 60% of the available soil water is depleted (Nepstad et al., 2007). Thus, under
low intensity and frequency of drought events, we might expect large trees to persist
and dominate. Indeed, current distribution patterns of diversity (Wright, 1992) and
long-term monitoring studies (Condit, 1998; Enquist & Enquist, 2011) attest to the
decline of understory species with the increase in dry season length. The loss of
understory drought-intolerant species would result in generalist communities with
low species diversity (Butt et al., 2012). Highly intense and frequent droughts would
result in larger changes in community composition. The loss of canopy and emergent
trees results in open canopies, where subcanopy and understory species would disap-
pear by warming and drought in the forest interior (Nepstad et al., 2008). In addition,
increased fire frequency and proportional changes in species diversity are currently
expected more as a consequence of land use than as a consequence of climatic shifts
(e.g., Aragão et al., 2008; Cochrane & Barber, 2009). Although high variation in fire-
related mortality exists across the Amazon basin, small-statured species might be
particularly vulnerable (e.g., Balch et al., 2011).

Drought responses in Amazonian flooded forests have been less studied. Drought
tolerance is expected in some flood-tolerant species, such as Nectandra amazonum,
Pseudobombax munguba and Astrocaryum jauari. These species either maintain or
decrease CO2 assimilation and decrease root respiration (Parolin et al., 2010). However,
high mortality of seedlings observed in floodplains during extended dry periods show
that tolerance level might be moderate (Parolin, 2001). The physiological mechanisms
that determine drought resistance in flood-tolerant trees are similar to those on the terra
firme forests. These mainly include the access to water layers through deep roots and the
maintenance of carbon assimilation under mild-drought conditions (Parolin et al., 2010).

It is important to note that the length of the dry season may not be a cause for water
deficit itself. One study compared the effect of dry season length by comparing two
seasonal forests in the eastern Amazon basin (Fisher et al., 2008). The first site located
in Manaus, received less rainfall (2,088 mm year−1) than the second site in Caxiuanã
(2,350 mm year−1), and the dry season lasted about 7 and 5 months respectively. Unlike
Caxiuanã, the Manaus site experienced a strong decline in evapotranspiration during
the dry period but was unrelated to soil water deficit, which was highly similar
(−214 mm at Manaus vs. –210 mm at Caxiuanã). The availability of soil water was
however at least two times lower in Manaus (with low porosity clay soils) than in
Caxiuanã (with highly porous sandy soils). As a consequence plants exhibit different
responses to drought depending on soil porosity. Overall, in soils with low water
holding capacity, trees are more vulnerable and likely to suffer water stress (Fisher
et al., 2008, and references therein). Finally, it is interesting to note that in sandy soils
the access of trees to deep-water layers is more frequent than in their clayey
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counterparts (Hacke et al., 2000), which must also be taken into account when
assessing drought responses among different plant communities. We still have to
document and thoroughly study plant responses to seasonal drought to draw robust
conclusions on which species are particularly vulnerable (Table 1).

Ecosystem Functioning. Initial studies evaluating the effect of ENSO drought events
reported mortality rates of 1.1% yr−1 (Williamson et al., 2000; Laurance et al., 2001)
and 2.4% yr−1 (Laurance et al., 2001) for old growth and fragmented central Amazon
forests respectively. These studies reported a weak effect of drought on forest dynam-
ics, because tree mortality rates recover to pre-drought values after one year, and neither
composition nor structure were significantly affected. Yet, projections agree on the
negative effect of drought on above ground biomass (Cowling & Shin, 2006; Poulter
et al., 2010). Extensive drought in 2010 caused the loss of 2.2 Pg C through the
interruption of growth and high tree mortality (Lewis et al., 2011). Additional surveys
found that long dry periods cause reduced LAI values (Nepstad et al., 2002; Fisher
et al., 2007; Meir et al., 2008), lower Above Ground Net Primary Productivity (Brando
et al., 2008) and lower root growth (Metcalfe et al., 2008).

In sum, longer dry seasons can alter rainforests structure and carbon dynamics due to
high biomass losses and decreased canopy coverage. A caveat is that most studies relate
to short monitoring periods, which may not adequately capture forests behaviour trends
(Enquist & Enquist, 2011). Long-term surveys over several decades would be needed
to evidence any directional or selective effect of drought on tropical forest functioning.

Synthesis

We here reviewed current understanding of the processes and mechanisms involved in
observed changes in distribution, diversity and functioning of the Amazon basin’s
forests. Overall, longer and intense dry periods will contract forests along the eastern
and south-eastern borders of the region, and perhaps to a similar extent as under the
LGM. These droughts might cause directional changes in species composition, and in
turn switch forests from CO2 sinks to sources due to high biomass losses and decreased
canopy coverage. Warming causes a significant decline in plants productivity. Models
predict that the ability of plants to adapt to rising temperatures and increasing drought
will be a strong determinant of future forests distribution, diversity and ecosystem
functioning in the Amazon basin.

During the early Holocene, when the Amazon became warmer, temperatures in-
creased by approximately 0.01°C decade−1 (Bush et al., 2004). Currently, temperature
increases by 0.25°C decade−1 (Malhi & Wright, 2004) and models predict a rate of
0.6°C decade−1 by the end of the 21st century (IPCC, 2007). Compared to the
Holocene, current-warming rates in the Amazon basin are considerably higher and
additional changes in precipitation regimes and dry season length are expected over the
coming decades. By the end of the 21st century, longer and more intense dry periods as
well as more frequent fires would be the mechanisms driving distribution-range shifts
(Hutyra et al., 2005; Cook & Vizy, 2008) and diversity changes (Wright, 1992) in
rainforest communities. Although it is uncertain which taxa will benefit from the novel
climate, we may expect analogous changes to the ones experienced during Holocene
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dry periods. Climate scenarios suggest that reductions in precipitation are likely to
promote savannization. As such, it is plausible that there will be small areas of
rainforests in the wetter localities surrounded by a rather dry area dominated by savanna
vegetation.

Savannization is more likely to affect species with small range sizes (Wang et al.,
2013). which usually concentrate in areas that have been climatically stable in the past,
but are susceptible to future changes (Sandel et al., 2011). Such areas include western
and central Amazon basin, where deforestation could change the regional water
balance. In addition, those species whose range includes the southeastern extensions
of the Amazon forests are under severe risk of extinction due to high rates of habitat
loss (Feeley & Silman, 2009). Consequently, local extinctions and constrained
rainforest areas make a more plausible scenario than adaptation for most Amazonian
plant species. In this scenario the stability of plant assemblages and their relation to
animal communities could be highly threatened (Parmesan, 2006; Walther et al., 2002).
The decline in tree abundance and the loss of large areas of rainforest will cause a
decrease in evaporation rates and carbon storage, which at the ecosystem functioning
level will generate shifts in carbon and water dynamics. If drought, fires and defores-
tation continue the suppression of large tree species and in general of large forest areas,
Amazonian rainforests will release significant amounts of CO2 (Nepstad et al., 2007,
2008) and have poor water recycling (Spracklen et al., 2012; Stickler et al., 2013).

Preservation of Amazonian forests depends on prompt actions to (1) reduce green-
house gas emissions which would prevent or, at least, postpone warming by two
degrees that would lead to prolonged and more frequent dry periods, (2) reduce
deforestation rates through effective land use planning, (3) reforest and preserve forest
areas and (4) maintain corridors connecting the lowlands to upslope environments
(Fig. 2). Further studies are needed on the physiological and ecological responses of
plant communities to warming and edaphic changes, and also on the feedbacks between
vegetation and climate (Table 1). In particular, experimental assays that allow direct
conclusions on the response of plants to the predicted climatic conditions are needed.
The results of these studies will enable us to produce more reliable estimates of future
climatic and vegetation responses, and in doing so to formulate and strengthen effective
conservation strategies.
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