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Figure 24.A Simplified diagram illustrating the drivers of change that can lead to tipping points in Amazonian rainforests. Drivers of change refer to direct (i.e.,
higher global temperatures) and indirect (i.e., longer dry season and more frequent and intense extreme drought events) large-scale climate change effects,
followed by regional to local scale wildfires and deforestation. If tipping points are crossed in current drivers of change, either individually or in a compound
way, the depicted cascading chains of impacts resembling a domino effect, called feedback mechanisms, are key to trap rainforests into three different potential
states already registered and documented within Amazonian rainforest: white-sand savanna (or “Amazonian campinas”), open-canopy degraded forest or closed-
canopy degraded secondary forest.
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Resilience of the Amazon Forest to Global Changes: Assessing the Risk of Tipping
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Key Messages

e Five tipping points described in the literature comprise disturbances triggered by changes in cli-
matic conditions and human activities, and associated large-scale feedback mechanisms. Never-
theless, the heterogeneity in forest responses throughout the Amazon basin (i.e., how resistant and
recoverable different forests are) seem to be key in determining the systemic resilience of the en-
tire Amazon system, and should be a research priority.

e Based on empirical evidence, there are four potential ecosystem configurations that Amazonian
forests could shift to: (i) a closed-canopy seasonally dry tropical forest state; (ii) a native savanna
state; (iii) an open-canopy degraded state; and (iv) a closed-canopy secondary forest state. Due to
the existence of novel feedbacks associated with invasive plants and human-modified landscapes,
we consider the open-canopy degraded state and the closed-canopy secondary forest state as more
likely to occur over broad areas, particularly across the ‘arc of deforestation’.

e Further studies are needed to understand how past underlying conditions (e.g., soil fertility and
rainfall regimes) affect resilience and how different species cope with the same amount of disturb-
ance. This is key to unveiling how response heterogeneity may either increase or dampen the sys-
temic resilience of Amazonian ecosystems.

e The likelihood of crossing tipping points within Amazonian ecosystems has been best studied so
far with the use of models. Despite continuous model improvements and reductions in uncer-
tainty, there is a lack of observational (field and remote sensing) and experimental evidence to
improve these models and evaluate their results. As such, there is no reasonable/strong scientific
agreement, from a modeling perspective, on the likelihood of crossing an Amazonian tipping point
in the future. However, the likelihood can be expected to increase with higher levels of climate
change and/or direct deforestation/degradation. Priority areas for model-data integration are un-
derstanding the CO, fertilization effect, soil nutrient limitations, recruitment/mortality dynamics,
plant functional diversity, and reducing uncertainty in Amazonian rainfall projections.

Abstract
Here we review and discuss existing evidence of ongoing changes in the Amazon forest system that may

lead to resilience loss and the crossing of tipping points beyond which the ecosystem may shift persis-
tently to an alternative state. Grounded on the theory of complex dynamical systems, we analyze the state
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of the Amazon forest and its potential trajectories in the 21%-century, aiming to provide support for a sci-
ence-based management scheme for enhancing systemic resilience. This review is based on five systemic
tipping points for which there is evidence; four climate-related: (1) annual rainfall value below 1,000-1,500
mm/yr, (2) dry season length above seven months, (3) for Amazon lowlands, a maximum cumulative water
deficit above 200 mm/yr, (4) a global increase of 2°C on the equilibrium temperature of the Earth; and one
associated with human-induced changes: (5) 20-25% accumulated deforestation of the whole basin. Evi-
dence suggests that, depending on varying combinations of stressing conditions, disturbances, and feed-
back mechanisms, current forest configurations could be replaced at local scales by: (i) a closed-canopy
seasonally dry tropical forest; (ii) a native tropical savanna state; (iii) an open-canopy degraded state; and
(iv) a closed-canopy secondary forest. Local-scale forest collapses could trigger cascading effects on rain-
fall recycling, intensifying dry seasons and wildfire occurrence, and leading to massive forest loss at con-
tinental scales, particularly in the southwest of the basin. The probability of crossing such tipping points
depends largely on heterogeneities across the system, including geological, physical, chemical, and cul-
tural processes that influence connectivity and the likelihood of contagious disturbances. Biodiversity
patterns were historically shaped over the past 60 million years by these processes and still today influ-
ence forest adaptive capacity and resilience. Thus, maintaining biodiversity is critical for enhancing re-

silience and reducing the risk of systemic forest collapse in the near future.

Keywords: tipping points, resilience, biodiversity, heterogeneity, connectivity, climate change, land-use change.

24.1 Introduction

The Amazon is a complex dynamical system that
has been constantly changing for atleast 60 million
years ago (Ma), with geological, hydrological, and
evolutionary processes shaping the system that we
know today (Hoorn et al., 2010; Chapters 1-7; Fig-
ure 24.1). While the Amazon River was formed
around 10 — 4.5 Ma (see Chapters 1 and 2), forests
expanded over non-forest habitats, and during the
same time, massive wetlands retreated at the west-
ern parts of the basin. This process altered the
courses of most rivers, causing new geographical
barriers to emerge, altering the distribution of spe-
cies, and creating the conditions for diversification
and speciation (Hoorn et al. 2010, see also Chapters
1 and 2). More recently, around 12,000 years ago,
humans arrived in the Amazon (Potsch et al. 2018,
see also Chapter 8) and began to contribute to fur-
ther changes in the landscapes and alter plant spe-
cies distributions (Levis et al. 2017, see also Chap-
ters 8 and 10).

As a result of the interplay between these pro-
cesses (both natural and anthropogenic) operating
at different spatial and temporal scales, the Ama-
zon is currently an extremely heterogeneous and
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biodiverse system (see Chapters 3 and 4, and Fig-
ure 24.1b). Forest tree communities across the ba-
sin are formed by different sets of species with con-
trasting functional traits selected by continental to
local environmental conditions, the main drivers
of this heterogeneity including soil (Quesada et al.
2012), climate (Davidson et al. 2012; ter Steege et al.
2013; Esquivel-Muelbert et al. 2017), topography
(Oliveira et al. 2019), and microclimate (Barros et al.
2019). Savannas also occur along the fringes of the
Amazon basin and as “islands” within the domi-
nant forest habitat (Prance 1996). The varying
types of forest and non-forest habitats that exist
are connected through a rich web of ecological in-
teractions, which have contributed to maintaining
the whole system for the past 45 ka. Such resilience
has been observed even under the extremely dry
conditions of the Last Glacial Maximum (LGM)
around 20 ka (Wang et al. 2017).

In the last century, however, the Amazon system
began to change faster, mostly due to local, re-
gional, and global human activities that intensified
particularly since the 1970s (See Chapters 14-21,
and Figs. 24.2c-e). Within the last two decades, ex-
treme droughts have become more frequent, and
extremes in precipitation during the wet and dry
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24.1 Heterogeneity in abiotic and biotic conditions throughout the Amazon system, which shaped a range of plant community assem-
blages within different time and spatial scales. (a) geochronological map of South America with the main provinces of the Amazon
Craton (see Chapter 1); (b) past cultural diversity (to be defined either early ceramics complexes or Holocene ceramic complexes - still
to be built by the map team) (see Chapter 8); (c) current climatological mean annual precipitation (MAP, mm/yr, mean value for the
period from 1981 to 2010) from CHIRPS dataset (Funk et al. 2015); (d) current maximum climatological water deficit MCWD, mm/yr,
mean value for the period from 1981 to 2010) from CHIRPS dataset (Funk et al. 2015); (e) wetland and terrestrial ecosystems of the
Amazon to show the tremendous biodiversity embedded within the system (See Chapter 4).

Science Panel for the Amazon 5



Chapter 24: Resilience of the Amazon forest to global changes: Assessing the risk of tipping points

seasons have intensified (see Chapter 22; Marengo
et al. 2011; Gloor et al. 2013; Jiménez-Munoz et al.
2016). Mean, maximum, and minimum tempera-
tures have also risen (see Chapter 22; Jiménez-
Munoz et al. 2013), particularly on fragmented
landscapes due to deforestation (Zeppetello et al.
2020). As a result, mature Amazonian forests are
now losing drought-sensitive species and becom-
ing more dominated by drought-tolerant species
(Esquivel-Muelbert et al. 2016, 2019; see also Chap-
ter 23), with higher mortality rates for drought-
sensitive species taking place particularly along
the southern fringes of the Amazon (Esquivel-
Muelbert et al. 2020). In the central Amazon, inter-
actions between extremely wet and dry periods are
increasing tree mortality rates and reducing
growth (Aleixo et al. 2019; Esteban et al. 2021).

Moreover, human-induced wildfires are intensify-
ing (Alencar et al. 2015, see also Chapter 22), caus-
ing unprecedented levels of tree mortality (Brando
et al. 2014). The expansion of cattle production has
introduced invasive alien grasses, increasing the
flammability of degraded and regenerating forests
(Cochrane 2003). Moreover, deforestation disrupts
forest-rainfall interactions across the Amazon by
interrupting the moisture recycling by forest trees
(see Chapter 7), and consequently the east-west
moisture flow; a process that may accelerate forest
loss (Zemp et al. 2017; Staal et al. 2020). Wildfires
and deforestation also threaten species located
along the southern edge of the system (Steege et al.
2015), particularly where forests are likely to be
more resilient to climate change (Ciemer et al
2019). On the other hand, changes in wildfire re-
gimes may affect areas away from the southern
edges, given that species may have fewer adapta-
tions to thrive under more frequent and intense
wildfire events (Staver et al. 2020). In the case of
Brazil, the Amazonian country that holds the larg-
est deforestation rates (see Chapter 19), rates had
been slowing down but began to rise again starting
in 2012, due to political changes that led to the
weakening of Brazilian environmental governance
(Levis et al. 2020; Rajao et al. 2020, see Chapters 14
and 17). All these changes imply that the Amazon
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now has to deal with unprecedented levels of
stressing conditions and disturbance regimes.

A topic that has raised concern is the potential ex-
istence of an ecological tipping point that could af-
fect the stability of the Amazon, causing large-scale
forest dieback or collapse (Box 24.1). Despite in-
creasing evidence of tree mortality caused by ex-
treme rainfall events (both dry and wet), fire, defor-
estation, and the potential of their combined ef-
fects (Cochrane et al. 1999; Aragio et al. 2007, 2008;
Phillips et al. 2009; Brando et al. 2014; Nobre et al.
2016; Esquivel-Muelbert et al. 2020; Staal et al.
2020; Esteban et al. 2021), the actual behavior of the
Amazon system remains uncertain. For instance,
with increasing water-deficit levels and aridity, the
Amazon forest may not necessarily shift abruptly
across the whole basin, but instead shift gradually
with the least-resilient forests affected first, fol-
lowed by the more resilient ones (Levine et al. 2016;
Figure 24.1). On the other hand, human-induced
changes are likely to occur faster than the time for-
est communities would need to recover. Moreover,
a long-lasting hypothesis is that the Amazon for-
ests that collapse may undergo a “savannization”
process, i.e., forests would be replaced by savanna-
like vegetation (Nobre et al. 1991). Nevertheless, ev-
idence suggests that native savannas are unlikely
to replace all portions of the Amazon forest, since
most stressors are associated with human activi-
ties that would introduce invasive alien grasses in-
stead of native savanna species (Veldman and Putz
2011), trapping forests in a degraded and early suc-
cessional stage (Barlow and Peres 2008).

Grounded on the theory of complex dynamical sys-
tems, we review and discuss existing evidence of
ongoing changes that may reduce forest resilience
and potentially lead to tipping points (Box 24.1), in
which the Amazon forest may shift into other con-
figurations. By analyzing the state of the Amazon
forest and its potential trajectories in the 21%-cen-
tury, we expect to provide critical information that
will support a science-based management scheme
for enhancing the resilience of this iconic system.
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CURRENT, HISTORICAL CHANGES AND FUTURE PROJECTIONS OF ENVIRONMENTAL CONDITIONS
THAT MAY TRIGGER SHIFTS IN VEGETATION CONFIGURATION OF THE AMAZON RAINFORESTS
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Figure 24.2 Tipping points (section 2) and disturbances/perturbations which may affect the resilience of the Amazon. (A) 1991 -
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24.2 Potential Tipping Points and New Configu-
rations

The tipping points that have been proposed for the
Amazon rainforests so far are: (1) annual rainfall
totals below 1,000 mm/yr, inferred from satellite
observations of tree cover distributions (Hirota et
al. 2011; Staver et al. 2011; Figs. 24.2a-d) or 1,500
mm/yr inferred from global climate models (Malhi
et al. 2009), (2) dry season length longer than seven
months, inferred from satellite observations of tree
cover distributions (Staver et al. 2011), (3) for the
Amazon lowlands, maximum cumulative water
deficit values larger than 200 mm/yr or 350 mm/yr,
inferred from different analyses with global cli-
mate models (respectively, from Malhi et al. 2009;
Zelazowski et al. 2011; Figure 24.2e); (4) an in-
crease of 2°C on the equilibrium temperature of the
Earth, inferred from a coupled climate—vegetation
model (Jones et al. 2009; for instance, with conse-
quences shown in Figs. 24.2d,g), and (5) surpass

20-25% accumulated deforestation, inferred from
a combination of environmental changes (i.e., in-
creases in dry season length, see Chapter 22), cli-
mate projections for the most pessimistic pathway
of the Intergovernmental Panel on Climate Change
(IPCC; Figs. 24.2d,g), and human-induced degrada-
tion via deforestation (Figure 24.2h) (Nobre et al.
2016; Lovejoy and Nobre 2019). The main concern
is that beyond these possible tipping points, the
system would enter a loop of rainfall reduction,
fire, and forest mortality.

Given the challenges in acquiring sufficiently long
time series to effectively and directly account for
temporal changes, their impacts on vegetation
cover, and consequent tipping points (Box 24.1),
the ones mentioned above have been inferred and
proposed by different types of modeling and obser-
vational approaches. The first two use a space-for-
time substitution method, which replaces tem-
poral information on changing conditions and

Native Tropical Rainforests

Decreases In annual
rainfall and Increases
In seasonality

Seasonally dry Savanna

troplical forests

Deforestation, land
use changes and
wildfires

Deforestation and

wildfires

Open-Canopy
degraded

Closed-canopy
degraded secondary
forest

Figure 24.3 Potential alternative configurations and drivers. Photo credits: Native tropical rainforests at ZF2 Station (AM, Brazil) by
Marina Hirota; seasonally dry tropical forests at Maraca Island (RR, Brazil) by Marcelo Trindade Nascimento; savanna at Barcelos
(AM, Brazil) by Bernardo M. Flores; open-canopy degraded at Fazenda Tanguro (MT, Brazil) by Paulo Brando; closed-canopy degraded

secondary forest at Tefé (AM, Brazil) by Catarina Jakovac.
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their impacts (e.g., changes in precipitation inten-
sity leading to changes in vegetation cover) by ob-
servational data of vegetation status (canopy clo-
sure using tree cover values) along a gradient of
precipitation (e.g., 1,000 to 2,500 mm/yr) at a single
snapshot in time. Tipping points (3) to (5) are based
on coupled climate-vegetation models, which are
able to simulate long time series with their integra-
tive structure, but depend on a set of parameteri-
zations that may fail to adequately represent soil-
plant-atmosphere interactions. Thus, even having
a glimpse of thresholds that may trigger irreversi-
ble changes, the trajectories leading to stable and
transient configurations of the Amazon basin need
to be further explored and studied by a combina-
tion of experimental and modeling studies. For in-
stance, a recent study has shown that, given the
large uncertainty and variability inv olved in pro-
jecting future climate conditions, after correcting
for models' biases identified using observational
data, a basin-wide Amazon dieback is unlikely to
occur, even under the most pessimist IPCC path-
way (Chai et al. 2021).

Based on existing evidence, we identify four main
configurations Amazonian forests may shift to and
persist in due to self-reinforcing feedbacks (Figure
24.3): (i) a closed-canopy seasonally dry tropical
forest, with increasing abundance of deciduous
tree species; (ii) a tropical savanna state, domi-
nated by native grass and tree species; (iii) an
open-canopy degraded state, dominated by inva-
sive alien grasses and native fire-tolerant tree spe-
cies; and (iv) a closed-canopy secondary forest,
dominated by native early successional tree and
other plants species. In the following subsections,
we explain how current environmental changes in
the Amazon system (see Chapters 14-22 and Figure
24.2) may alter forest dynamics, as well as feed-
back mechanisms (Box 24.1) that could arrest Am-
azonian ecosystems in the configurations (i) to (iv),
and illustrate these trajectories with evidence on
past and current changes.
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24.2.1 Forest shift to a closed-canopy, season-
ally dry tropical forest

Considering the observed trends towards a drier
climate in some parts of the Amazon (see Chapter
22), there is a possibility that forests over nutrient-
richer soils may shift into a closed-canopy state
that resembles, in terms of structure and function-
ing, a seasonally dry tropical forest (SDTF) (Malhi et
al. 2009; Dexter et al. 2018), dominated by fast-
growing deciduous trees, with high tolerance to
drought conditions, and a higher demand for nutri-
ents. This type of semi-deciduous forest (i.e., with
varying abundances of deciduous species) is very
common in the transitional zones along the Ama-
zon’s boundaries, and under drier climatic condi-
tions (Silva de Miranda et al. 2018) could expand
over wet Amazonian forests (Dexter et al. 2018). For
instance, drought-tolerant species are widely dis-
tributed across the Amazon region (Esquivel-Muel-
bert et al. 2017), and a shift in the climate regime
would allow them to dominate (Esquivel-Muelbert
et al. 2019). However, drought-tolerance is not only
expressed in terms of deciduousness, and alterna-
tive phenotypes may include trees with more re-
sistant water-transporting systems (Barros et al.
2019) and/or deeper-rooted species. Nonetheless,
a shift to a semi-deciduous forest would probably
not follow catastrophic non-linear dynamics, with
associated tipping points (Box 24.1, Figure 24.B1)
because rainforests and STDFs occupy separate
climatic niches (Silva de Miranda et al. 2018), im-
plying that tree species may have to migrate long
geographical distances. Hence, such changes
might occur smoothly and more gradually with in-
creasing aridity and seasonality (Oliveira et al.
2021.).

24.2.2 Forest shift to a native savanna state

The Amazon forest is often assumed to shift into a
savanna-like state, once it passes tipping points
such as the ones described above (Cox et al. 2004;
Jones et al. 2009; Hirota et al. 2011; Staver et al.
2011; Lovejoy and Nobre 2019). However, evidence
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Box 24.1 Main concepts and definitions based on the theory of dynamical systems

The theory of dynamical systems suits as a model to any type of system that evolves in time. The dy-
namics of such systems may have linear, nonlinear, chaotic, and complex behaviors, depending on the
underlying conditions or the control/explanatory variables, and the response or state variable (Strogatz
2015). For ecosystems such as the Amazon, conditions would be, for instance, the total amount of pre-
cipitation or nutrient availability; the state variable would represent the status of vegetation cover, e.g.,
tree cover percentage or productivity. When the system presents nonlinear dynamics, we can have a
steep but still gradual shift from one ecosystem state to another (Figure 24.B1, left panel b), meaning
that for each condition there is one and only one ecosystem state associated; and a more abrupt or cat-
astrophic shift (Figure 24.B1, left panel c), when two (or more) ecosystem states can exist under the
same set of conditions (the reason why the sigmoid from panel b turns into an s-shaped curve in panel
¢). The two possible configurations (continuous red line on left panel ¢) represent stability and are called
alternative stable states or attractors; and the dashed red line in the middle represents the transient
behavior of the system and is called the unstable states or repellors (from there the system could move
either upwards to the higher stable state or downwards to the lower state - see green arrows pointing
up and downwards).

The two black open circles (F1 and F2) are named bifurcation points, tipping points, or critical thresh-
olds. In this sense, such tipping points exist only when two or more alternative stable states occur
(Scheffer et al. 2001). Tipping points can be reached if either disturbances (changes in conditions), or
perturbations (changes in the state), or both occur (Fig. 24.B1, right panels) (Van-Nes et al. 2016). First,
if conditions change and F2 is crossed (Fig. 24.B1, right panel a), a sudden drop (downwards) can occur
towards a different state. Interestingly, to return to the original state, the system would need to undergo
amuch stronger change in conditions, in this case, to reach the other bifurcation point F1, which could
lead the system upwards again. This path-dependence behavior is called hysteresis. Such a feature de-
fines the likelihood of irreversibility after crossing a tipping point. Eventually, it is so challenging to
return conditions to F1 levels, and thus return to the original state, that reaching a tipping point can
indeed cause irreversible changes. In the case of Amazon rainforests, climate change translated into
extreme drought events or increases in dry season length could represent changes in one of the under-
lying conditions that maintain Amazonian ecosystems in the current configuration. Secondly, if
changes occur in the ecosystem state, e.g., decreases in tree cover after deforestation and/or wildfire
events, the system could reach the instability region (red dashed line), causing either a return to the
original state or a (irreversible) change in the system configuration.

In either case what drives the accelerated shift to a new state are positive feedback mechanisms (DeAnge-
lis et al. 1986), determined by the internal dynamics of the system in a closed loop, i.e., the initial per-
turbation is self-reinforced and amplified. For instance, deforestation leads to less tree cover, which, in
turn, leads to less evapotranspiration, less precipitation, and thus less tree cover; i.e., in this case, the
initial perturbation is reinforced and amplified. On the other hand, (negative) stabilizing feedback mech-
anisms occur when they dampen the initial disturbance/perturbation (DeAngelis et al. 1986). Therefore,
in broader context, tipping points can refer "to any situation where accelerating change caused by a pos-
itive feedback drives the system to a new state" (Van-Nes et al. 2016).

The connection between tipping points and resilience is more easily observed when building stability land-
scapes (or ball-in-a-cup diagram) using the concept of basins of attraction (Fig. 24.B2a, b) (Scheffer et al.
2001; Strogatz 2015). In this sense, theoretically resilience can be qualitatively understood as the size of
the basin of attraction (valleys on Fig. 24.B2a). Each cross-section of the ecosystem state vs. conditions
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Figure 24.B1 (Left panels) Linear and nonlinear responses of ecosystem state (y-axis) depending on underlying conditions (x-
axis). (Right panels) Illustration of how catastrophic shifts can occur under changes in conditions (e.g., climate changes) and in
the state variable (e.g., human activities). Modified from Scheffer et al. (2001).

graph corresponds to a different stability landscape, showing potential alternative stable states and the size
of the basin of attraction separating them. Particularly, for tropical forests, Fig. 24.B2b shows five condi-
tion cross-sections (for increasing precipitation): 1) only a treeless state, i.e., only one basin of attraction
representing one state possible; 2) two alternative stable states, namely treeless and savanna, with a
higher resilience (deeper valley) associated with the treeless state; 3) and 4) forests and savannas as
alternative states with higher forest resilience related to higher levels of precipitation; 5) only forests as a
stable state with the highest levels of precipitation. Note that this diagram shows only precipitation as a
driving condition. We can go further and think about changes in the conditions or in the ecosystem state
(Fig. 24.B1) using this type of diagram (Figs. 24.B2c-e).

For instance, increases in the frequency of extreme droughts and/or in dry season length could erode
the basin of attraction of the forest state, i.e., forests lose resilience up to a point that a relatively lower-
intensity drought could trigger a shift towards another basin of attraction easier than if climate change
impacts would not occur (Fig. 24.B2d). Human-induced changes affecting the ecosystem state directly
(e.g., wildfires or deforestation) would provoke a state flip independently on whether forests had lost
resilience or not (Fig. 24.B2e).
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Figure 24.B2 The connection between tipping points and resilience using stability landscapes. Modified from Scheffer et al. (2001);
Hirota et al. (2011); van Nes et al. (2016).

Based on the ball-in-a-cup diagram, we use the qualitative definition of resilience as the capacity of the
Amazon region to persist as a tropical rainforest, maintaining similar interactions and functioning, de-

spite being constantly pushed away from its stable states by disturbances and perturbations (Holling
1973).
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for such shifts at the local scale is lacking, mostly
because disturbed forests are commonly invaded
by alien grasses (see section 22.2.3) instead of na-
tive grass species from South American savannas
(Veldman 2016). This happens particularly in land-
scapes where forest is converted into pastures; in-
vasive grasses escape and become dominant in
disturbed forests. Nonetheless, far from the agri-
cultural frontier (“arc of deforestation”), and far
from small-scale pastures at the core of the Ama-
zon forest system, black water floodplain forests
disturbed by wildfires are being replaced by native
savanna vegetation (Flores and Holmgren 2021)
(Figure 24.3). In floodplain landscapes of the Rio
Negro, fires are highly destructive, killing practi-
cally all trees, and allowing the ecosystem to shift
to a savanna state within only 40 years. After the
first wildfire, soils start to change from clayey to
sandy, while tree composition shifts from forest to
white-sand savanna species, and the herbaceous
community remains dominated by native oppor-
tunistic plants (Flores and Holmgren 2021). This
local abrupt shift from forest to white-sand sa-
vanna seems to be driven by repeated wildfires and
a strong flood erosion mechanism that alters plant-
soil interactions, favoring savanna species. Previ-
ous analyses at the basin scale have shown that
these floodplain forests are less resilient than up-
land forests (Flores et al. 2017), including in the wa-
tersheds of large white-water rivers, such as the
Madeira and Solimdes. Hence, as in other forest-
savanna transition zones, evidence suggests that
savannas of the Amazon system may expand and
persist due to feedback mechanisms involving re-
peated wildfires and soil erosion processes (Flores
et al. 2020; Flores and Holmgren 2021).

24.2.3 Forest shift to an open-canopy, degraded
state

When forests are repeatedly disturbed and native
savanna species are not able to colonize, the eco-
system often becomes trapped in an open-vegeta-
tion state, dominated by fire-tolerant tree and palm
species that usually occur in the forest, together
with invasive alien grasses and opportunistic her-
baceous plants (Perz and Skole 2003; Veldman and
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Putz 2011), as well as vines and lianas (Tymen et al.
2016; Maiaetal. 2021; Medina-Vega et al. 2021) (Fig-
ure 24.3). Below, we describe the feedback mecha-
nisms that have been proposed to explain how the
ecosystem can be trapped in this state.

Numerous disturbances that open the forest struc-
ture immediately increase light availability at
ground level, allowing herbaceous plants to invade
(Cochrane and Schulze 1999; Silvério et al. 2013;
Longo et al. 2020). Satellite observations of fire oc-
currences from across the global tropics reveal
that when tree cover is reduced below 50%, ecosys-
tem flammability rises steeply (van Nes et al. 2018).
Because most trees in the Amazon forest are fire-
sensitive, repeated fires often kill most of the tree
community (Cochrane and Schulze 1999; Barlow
and Peres 2008; Balch et al. 2011; Brando et al.
2012; Staver et al. 2020), particularly the younger
individuals, reducing tree recruitment (Balch et al.
2011). As a result, disturbances that reduce forest
cover below this threshold may cause the ecosys-
tem to be trapped in an open-canopy state by re-
peated wildfires. Such consequences have been re-
ported in multiple studies in the Amazon, showing
that shifts to an open-canopy degraded state are al-
ready occurring (Barlow and Peres 2008; Brando et
al. 2012; Flores 2016).

Other feedback mechanisms are also known to
contribute to this ecosystem shift at the landscape
scale. For instance, the expansion of invasive alien
grasses may also directly reduce tree recruitment
due to light competition with young seedlings
(Hoffmann et al. 2004), which maintains low tree
cover and grass dominance. Forest loss, degrada-
tion, and fragmentation inhibit the movement of
many mobile animal species, particularly the ones
that are sensitive to open habitats (Laurance et al.
2004), causing many species to disappear from the
system (Barlow et al. 2016). In the case of frugivore
species, by avoiding the use of open disturbed hab-
itats, tree seed dispersal in those sites may become
limited, reducing tree recruitment and forest re-
growth. This dispersal limitation feedback is ex-
pected to be stronger where disturbances are most
severe (Turner et al. 1998). Evidence from the trop-
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ical Atlantic Forest suggests that 30% tree cover
could be a threshold in which many forest adapted
animal species disappear, and are replaced by dis-
turbance-adapted species (Banks-Leite et al. 2014),
potentially disrupting plant-animal interactions
that are critical for forest recovery.

The current expansion of open-canopy degraded
ecosystems across vast portions of the southeast-
ern Amazon forest is triggering other types of feed-
back mechanisms at the regional and global scales.
Forests play a major role in maintaining the rain-
fall regime of the Amazon by allowing moisture
that originates in the Atlantic Ocean to be trans-
ported across the basin; a process that may involve
up to seven cycles of rainfall and re-evapotranspi-
ration (Spracklen et al. 2012; Zemp et al. 2017; Staal
etal. 2018; see also Chapter 7). Hence, by interrupt-
ing this process, deforestation and forest degrada-
tion will likely reduce rainfall at the central and
western Amazon, with stronger potential impacts,
particularly during the dry season. This process
also involves a feedback between drought and de-
forestation that is already strengthening with accu-
mulated deforestation, in which the more forest
area is lost, the stronger the dry seasons will be,
further increasing deforestation rates (Staal et al.
2020) and forest fires (Xu et al. 2020). In addition to
its effects on precipitation, deforestation also af-
fects regional temperatures, with fragmented
landscapes being considerably hotter than non-
fragmented ones (Zeppetello et al. 2020). Due to
this large-scale feedback, a tipping point (5) has
been proposed to cause major forest dieback
within the Amazon basin (Nobre et al. 2016;
Lovejoy and Nobre 2019). A previous model study
had estimated this deforestation tipping point at
40% (Sampaio et al. 2007), yet, recent evidence
based on a climate-vegetation model that accounts
for the combined effects of climate change, defor-
estation and wildfires (Nobre et al. 2016; Lovejoy
and Nobre 2019), suggests that this threshold
might indeed be closer to 20-25%. In sum, consid-
ering these broad-scale interactions, the more Am-
azonian forests become trapped in an open-canopy
degraded state, the more likely that a 20-25%
threshold is sufficient to accelerate a critical sys-
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temic transition.

24.2.4 Forest shift to a closed-canopy, secondary
forest state

Different from the previous cases, in which the for-
est is trapped in a contrasting open-canopy state,
here, disturbed forests recover their closed-cano-
pies but do not progress towards a mature forest
state. Instead, they persist in an early successional
stage, trapped by different feedback mechanisms
(Figure 24.3). Such secondary forests may not be
identified through satellite monitoring of canopy
conditions, as high levels of greenness and leaf
area index may be interpreted as if the ecosystem
has recovered its original forest state; however, as-
pects such as biodiversity and carbon storage
would remain at much lower values (Poorter et al.
2016; Rozendaal et al. 2019). In the Brazilian Ama-
zon, for example, around 23% of previously defor-
ested land is currently covered by secondary for-
ests (INPE and EMBRAPA 2016), but the ecological
state of regrown vegetation is unknown.

Under optimal conditions, during regrowth, envi-
ronmental conditions in the understory gradually
change along with species taxonomic and func-
tional composition, in a transition from an open-
canopy state with light-demanding species to-
wards a closed-canopy state with mature-forest
species. With time, species diversity increases and
plant-animal interactions recover complexity and
biomass (Poorter et al. 2016; Rozendaal et al. 2019).
Nonetheless, secondary forests are almost two
times more likely to be cleared for land use than
mature forests, possibly due to lower governmen-
tal restrictions and higher accessibility (Wang et al.
2020). As a result, most secondary forests are
cleared again before 20 years of regrowth (Chazdon
etal. 2016; Jakovac et al. 2017; Schwartz et al. 2020).
Such feedback causes secondary forests to persist
in the landscape only at an early-successional state
(Barlow and Peres 2008).

A combination of socio-economic and biophysical

factors defines where and when forests recover
their previous state in terms of structure and com-
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position. Within the traditional shifting cultivation
systems that dominate riverine landscapes of the
Amazon, forest regrowth constitutes the fallow pe-
riod that supports repeated crop yields, being an
essential element of the rotational system. In con-
trast, throughout the extensive pasturelands that
dominate Amazonian landscapes in the “arc of de-
forestation”, forest regrowth constitutes an obsta-
cle to pasture productivity and is often managed
with prescribed burning. Eventually, regrowth may
occur in abandoned areas when landowners do not
have the means to continue managing the land or
when land productivity is reduced by soil degrada-
tion (Vieira et al. 2014; Nanni et al. 2019). Therefore,
feedback mechanisms between social and ecologi-
cal elements partly determine whether the ecosys-
tem will become arrested in a closed-canopy sec-
ondary forest state.

The capacity of secondary forests to fully recover
depends on the management practices applied
prior to the abandonment and on the landscape
context where it occurs (Jakovac et al. 2021). Re-
peated fire use to clean pastures and fertilize crop-
ping fields reduces soil fertility and consequently
the rates of forest recovery, particularly when re-
turn-intervals between slash-and-burn events are
shortened (Zarin et al. 2005; Jakovac et al. 2015;
Heinrich et al. 2020). Under a high disturbance re-
gime, survival strategies are favored over growth
strategies and a plant community with conserva-
tive traits is more likely to thrive. Survival traits in-
clude high sprouting ability and low nutrient de-
mand (Jakovac et al. 2015), high wood density and
high leaf toughness (Fernandes Neto et al. 2019), all
of which are traits associated with resistance to
disturbance and often with slow growth rates
(Poorter et al. 2010). Lianas and grasses are also fa-
vored by disturbances (Roeder et al. 2010; Veldman
and Putz 2011), contributing to arrest succession
by competing with trees and leading to reduced
growth rates and higher tree mortality (Schnitzer
and Bongers 2002). Combined, these feedbacks im-
pede forest succession, maintaining lower basal
area, biomass, canopy height, and species diver-
sity, as well as higher density of stems, lianas in the
canopy, and grass cover in the understory (see also

Science Panel for the Amazon

Chapter 19).

Furthermore, forest fragmentation associated with
deforestation limits tree seed dispersal, reducing
tree recruitment (Arroyo-Rodriguez et al. 2015),
representing another amplifying feedback that can
hinder secondary forest succession. The seed rain
in such landscapes is mainly composed of early
successional pioneers dispersed by wind or by gen-
eralist seed dispersers such as bats and birds that
are able to cross large extents of pasture or crop-
ping fields (Cubifna and Aide 2001; Wieland et al.
2011). Overhunting in degraded forests embedded
within human-modified landscapes further con-
tributes to reduce the availability of animal dis-
persers and increase dispersal limitation (Bagchi et
al. 2018). The slow inputs of seeds from mature for-
ests results in consistently slow species accumula-
tion over time and therefore a slow species turno-
ver during regrowth (Mesquita et al. 2015).

In sum, different combinations of drivers and feed-
back mechanisms can cause Amazonian forests to
be trapped in different configurations, some of
which are alternative states (Box 24.1). Shifts to the
abovementioned alternative configurations may
occur locally, but depending on the scale of the
feedbacks, they may become contagious and
spread disturbances across large parts of the ba-
sin, increasing the probability of a systemic forest
dieback. Moreover, other types of configurations
are possible, such as the bamboo-dominated
(Guadua sarcocarpa) forests of the southwestern
Amazon that self-perpetuate facilitated by fire
feedback; however, we have focused on four gen-
eral types that are more likely to expand in the
coming future.

24.3 Past Evidence of the Dynamics of Amazo-
nian Ecosystems Since the Last Glacial Maxi-
mum (20 Ka)

Studies focusing on past vegetation changes have
documented several of the forest change scenarios
outlined in section 22.2 (see also Chapters 1 and 2).
For instance, an expansion of savannas inthe
northeastern portions of the basin during a climat-
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ically unstable period with increasing tempera-
tures was registered at the beginning of the Holo-
cene, i.e., approximately 11 ka (Rull et al. 2015).
However, the changes observed in sedimentary ar-
chives have not always shown a change towards sa-
vannization, but depended on the nature of the en-
vironmental driver. For instance, pollen analy-
sis revealed a rainforest expansion during the last
3,000 years in forest-savanna boundaries of the
southern Amazon, driven by wetter conditions re-
lated to changes in the location of the intertropical
convergence zone (Mayle et al. 2000). Hence, under
wetter conditions, these forests have likely reached
their maximum potential southern limit for the
past 50 ka (Mayle et al. 2000), with a 22% increase
in the CO, storage budget since the mid-Holocene
(6 ka) (Mayle and Beerling 2004). Given the histori-
cal observations registered during the last decades
(see Chapter 22), the climate projections fore-
casted for this region towards drier conditions (Ma-
grin et al. 2014), and the current levels of human
impacts, it is unlikely that this forest expansion
and consequent increased carbon sequestration
will continue. Instead, combined evidence sug-
gests that these forests are more likely to recede,
being replaced by open vegetation types.

Empirical data of long-term forest dynamics have
shown the differential sensitivity to past climate
change across the Amazon basin. Regions like the
southern and southeastern Amazon have shifted
between forest and open savanna vegetation in rel-
atively recent periods of colder and drier LGM cli-
mate (Absy and Hammen 1976), whereas the An-
dean flank in the western (van der Hammen and
Absy 1994) and eastern portions of the Amazon
(Wang et al. 2017) seem to have persisted as forest.
Long-term ecological data from pollen analysis
have shown the prevalence of various types of rain-
forests, both in the southwestern cloud forests and
northwestern pre-montane forests of the Amazo-
nian highlands, showing the importance of cloud
cover in buffering forests when facing climate
change (Urrego et al. 2010; Montoya et al. 2018). The
presence of forests with distinct composition dur-
ing the LGM has also been observed in the north-
western Brazilian Amazon (Bush et al. 2004;
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D’Apolito et al. 2013). This regional evidence of a
persistently forested Amazon are consistent with
large-scale speleothem analyses showing a re-
markable stability of the Amazon rainforest for the
past 45 ka, even under a 60% decrease in precipi-
tation totals (Wang et al. 2017).

The Mid-Holocene Dry Event (MHDE; 9-4 ka) has
been proposed as a potential past analog of current
and future trends of decreased precipitation, yet
there is still limited evidence covering the entire
duration of MHDE throughout the basin. Currently
available paleo-records, however, suggest a higher
vulnerability of tropical forests to extended
droughts in peripheral transitional zones (Mayle
and Power 2008; Smith and Mayle 2018). In addi-
tion, changes in plant functional traits spanning
the termination of the MHDE (i.e., a period of in-
creasing rainfall amount) suggest that rainfall in-
creases led to a replacement of slow-growing,
drought-tolerant taxa by fast-growing, drought-
vulnerable taxa (van der Sande et al. 2019). Indeed,
secondary forest species usually differ in their eco-
logical strategies from mature forest species,
changing the forest functioning and stability. In
southeastern Venezuela, for instance, rainforest
taxa were replaced by secondary dry forests
around 2.7 ka, a shift that persisted for more than
1,000 years. These secondary forests were finally
replaced 1.4 ka under a period of high fire occur-
rence by the current vegetation consisting of open
savanna (Montoya et al. 2011).

When a forest is disturbed, the rates of ecosystem
change observed in sedimentary archives depend
on the ecological scale, being abrupt (decadal) at
the species level, but gradual (centennial) at the
community level (Montoya et al. 2018, 2019). In a
tropical meta-data analysis of forest recovery rates
after disturbances based on pollen records, Cole et
al. (2014) observed that South American forests re-
quired an average of 325 years to recover from dis-
turbances (natural and human-induced). The re-
covery rate was calculated in terms of attaining a
forest cover (expressed in % of tree pollen) similar
to that prior to the disturbance, without differenti-
ating changes in the forest composition, structure,
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or function. Forests exposed to natural, large, in-
frequent disturbances (i.e., hurricanes or volcanic
eruptions) recovered faster compared to those af-
fected by post-climatic and human impacts. How-
ever, forests exposed to more frequent disturb-
ances usually recovered faster, suggesting that re-
peated disturbances may increase forest adaptive
capacity and resilience, yet over multi-centennial
time scales (Cole et al. 2014). In the Andean Ama-
zon region, Loughlin et al. (2018) studied lands that
were managed by Indigenous populations, but fol-
lowing European conquest, forests recovered
structurally (not compositionally) in only 130
years, possibly because the higher soil productivity
of this region boosted tree growth. Despite differ-
ences in these estimates, both studies manifest
that the temporal range required for forests to po-
tentially recover is multi-centennial (Cole et al.
2014; Loughlin et al. 2018).

In summary, paleoecological evidence hints at two
main directions. Firstly, the Amazon forests have
undergone local to regional shifts to dry secondary
forests or savannas depending on the disturbances
at play (climate- or human-induced changes), but
not a basin-wide abrupt dieback, even during in-
tense drier and warmer periods that could well
represent analogs of the hypothesized climate-re-
lated tipping points (1) — (4). Secondly, the recovery
ability of Amazonian forest ecosystems depends on
their disturbance histories; the more disturbance-
adapted, the faster the recovery rates. Neverthe-
less, long-term ecological data are still limited in
the basin and concentrate primarily along the Am-
azon’s margins; more work is still needed to un-
ravel the dynamics of such heterogeneous ecosys-
tems (Lombardo et al. 2018). In addition, some im-
portant caveats need to be addressed when using
paleo-data as reference for future dynamics: (1) the
rates and magnitudes of the changes projected for
the near future, with combined disturbance events
(climatic and human-induced) acting synchro-
nously, are unprecedented and may hamper forest
recovery due to novel mechanisms; and (2) the
baseline conditions we have shown are no analog
of ecophysiological drivers such as the enhanced
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atmospheric CO, concentrations of the 215 century
(section 22.5.3).

24.4 Drivers of Amazon Forest Resilience

Across the Amazon forest system, biotic diversity
and abiotic heterogeneity promote a huge variety
of responses to disturbances such as extreme
droughts and wildfires (Feldpausch et al. 2016;
Longo et al. 2018). This spectrum of responses af-
fects the balance between plant growth, survival,
and mortality, and therefore, the resilience of eco-
systems. Below, we discuss the main environmen-
tal factors that affect plant growth and mortality at
different spatial and temporal scales.

The resilience of the Amazon forest is directly
linked to the functional characteristics of individ-
ual trees and their capacity to resist adverse condi-
tions and disturbances. Thus, processes that exert
pressure on the capacity of trees to maintain their
functioning and survival are critical. Water deficit
associated with increasing length of the dry season
or extreme droughts (i.e., related to tipping points (2)
and (3), section 22.2), is likely to be the major cli-
matic threat to Amazonian trees, as suggested by
observational and experimental studies, showing
that droughts increase tree mortality rates of indi-
vidual trees (Nepstad et al. 2007; DaCosta et al.
2010; Phillips et al. 2010; Rowland et al. 2015; Zuleta
et al. 2017; Aleixo et al. 2019; Janssen et al. 2020b).
Atleast 50% of the Amazon forest is exposed to sea-
sonal droughts of three months or more (Nepstad
et al. 1994), and contrasting rainfall regimes have
selected species with different drought resistance
mechanisms (Oliveira et al. 2021; Barros et al. 2019;
Brum et al. 2019). In many cases, extreme drought
events may not necessarily cause the death of
trees, but reduce their growth and capacity to
maintain transpiration rates. However, a recent
meta-analysis of field observations reveals that
highly diverse Amazonian tree communities seem
to buffer this effect, conferring higher ecosystem
resistance in terms of evapotranspiration rates
(Janssen et al. 2020a).
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Examples of functional characteristics of Amazo-
nian trees to cope with seasonal water deficit in-
clude: (1) investment in deep roots (Nepstad et al.
1994; Brum et al. 2019); (2) roots that allow hydrau-
lic redistribution during the dry season (i.e., pas-
sive movement of water from deep to shallow soil
through roots) (Oliveira et al. 2005); (3) high embo-
lism resistance, particularly in shallow-rooted un-
derstory trees and trees over plateaus far away
from the water table (Oliveira et al. 2019; Brum et al.
2019); (4) strong stomatal control in the dry season
resulting in high water use efficiency (Barros et al.
2019; Brum et al. 2019); (5) leaf shedding capacity
by deciduous species (Wolfe et al. 2016). Although
these traits do not guarantee survival under the in-
creasingly drier and variable climates of the future,
in locations where the dry season has been intensi-
fied, changes in forest composition dynamics are
already underway through the recruitment of more
dry-affiliated species and the mortality of more
wet-affiliated species (Esquivel-Muelbert et al
2019). Also, life-history strategies (e.g., fast-slow
continuum in growth rates) have been shown to de-
termine species-level mortality, i.e., the faster you
grow, the higher is the mortality risk (Esquivel-
Muelbert et al. 2020).

There is also evidence that temperature changes
(see Chapter 22; Figure 2¢) could already be chang-
ing forest functioning. Warmer temperatures tend
to reduce forest productivity rates (Sullivan et al.
2020), particularly by intensifying the atmospheric
vapor pressure deficit (Smith et al. 2020), indicat-
ing that rising temperatures may eventually im-
pact forest functioning and persistence (Araujo et
al. 2021). Additional CO; is expected to buffer the
effect of water stress by increasing plant water-use
efficiency and accelerating tree growth (section
22.5.3). Elevated atmospheric CO, may be the
cause of the increase in woody biomass and
productivity observed across Amazonian forests
(Brienen et al. 2015), favoring fast-growth species
(Esquivel-Muelbert et al., 2019). However, elevated
atmospheric CO, driven accelerations of tree
growth have come at the cost of decreasing tree
longevity across the basin, further contributing to
increased tree mortality rates (Brienen et al. 2015;

Science Panel for the Amazon

Hubau et al. 2020). The acceleration of the system
via CO, fertilization may allow trees to reach the
canopy earlier and be more vulnerable to death
(Brienen et al. 2020), and particularly vulnerable to
water deficits (Oliveira et al. 2021).

Despite the uncertainties regarding forest re-
sponses to climate change, current findings sug-
gest that, in the absence of fire, Amazonian forests
may change both compositionally and functionally
in response to climatic changes, but still remain as
closed-canopy forests. Furthermore, if climate-re-
lated tipping points (2) — (4) (section 22.2) are
crossed, shifts are likely to be sparse and local be-
cause of the high heterogeneity and diversity of for-
est types. Increased tree mortality caused by hu-
man-induced disturbances (e.g., wildfires and de-
forestation), however, may contribute to destabi-
lize the Amazon forest (Silva et al. 2018), increasing
the likelihood that forests will be trapped in an
open-canopy degraded state, and that the system
as a whole will cross the tipping point (5) (section
22.2.3).

24.5 Uncertainties Associated with Tipping
Points within the Amazon System

24.5.1 How does forest heterogeneity affect
large-scale tipping points?

Amazonian forests are home to more than 15,000
tree species (ter-Steege et al. 2020; Chapters 3 and
4). Most of these species are rare, and many remain
unknown to science (ter Steege et al. 2013), imply-
ing that this huge diversity imposes an enormous
challenge to the understanding of how the system
functions. In particular, dominant species are re-
sponsible for most of the ecosystem functions,
such as carbon cycling (Fauset et al. 2015). Yet, the
many non-dominant and rare species that exist in
a forest theoretically also play a fundamental role
in ecosystem resilience (Walker et al. 1999). When
stressing conditions and disturbance regimes
change, these rare species can offer new possibili-
ties of functioning, thus increasing the capacity of
the ecosystem to adapt and persist (Elmqvist et al.
2003). For instance, if a tree species is rare in wa-
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terlogged forests, but common on drier climatic
conditions, due to adaptations such as deep roots,
it could emerge as a dominant species if the cli-
mate becomes drier. As a general rule, species di-
versity is therefore expected to increase the resili-
ence of Amazonian ecosystems. First, because di-
versity has a positive impact on forest productivity
(Coelho de Souza et al. 2019) and carbon storage
(Poorter et al. 2015), potentially accelerating re-
growth after disturbances. Moreover, as the num-
ber of species is related to the number of strategies
and potential responses to disturbances, diversity
increases stability at the community and ecosys-
tem levels, and the overall forest resilience
(Elmqvist et al. 2003; Sakschewski et al. 2016; An-
deregg et al. 2018). For instance, disease and herbi-
vore outbreaks have been causing large-scale tree
mortality in temperate regions, yet such events
have not been observed in the tropics, likely be-
cause the high species diversity of tropical ecosys-
tems reduces the spread of contagious diseases.
Drought-tolerant species are often distributed
across a vast range of precipitation conditions,
hence they may occur as rare species in the wet
parts of the basin (Esquivel-Muelbert et al. 2016).
This pattern implies that if climate becomes drier
in the more diverse wet forests, drought-affiliated
species may already be present and could increase
in abundance, maintaining forest cover, while al-
tering forest functioning.

Rainfall variability (intra- and inter-annual fluctu-
ations) may also add more heterogeneity to the sys-
tem, as forests that experience more variability
seem to be more resilient, likely due to a training-
effect after experiencing multiple wet and dry pe-
riods (Ciemer et al. 2019). For instance, tree com-
munities embedded within a more seasonal rain-
fall regime are more diverse in terms of their toler-
ance strategies to cope with drought, when com-
pared to communities within a less seasonal rain-
fall regime (Barros et al. 2019). In other words,
while higher mean annual precipitation (above
2,500 mm/yr) increases forest resilience (e.g., the
northwestern Amazon; Hirota et al. 2011; Staver et
al. 2011), forests exposed to higher seasonality and
interannual variability seem to be more resilient to
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intermediate mean annual precipitation values
(between 1,300 and 1,800 mm/yr), compensating
the lower resilience (e.g., eastern x northwestern
forests). Valley forests may also be less resistant to
droughts than plateau forests due to a similar
mechanism, due to a training-effect related to wa-
ter table fluctuations selected for tree communities
with contrasting hydraulic traits (Zuleta et al. 2017;
Cosme et al. 2017; Oliveira et al. 2019). Nonetheless,
tipping points (2) and (3), related to dry season in-
creases in length and intensity, imply that in for-
ests where the climate is already drier, increases in
rainfall seasonality could potentially cause forest
loss. Also, increases in the frequency of extreme
drought events may prevent proper forest recovery
(Anderson et al. 2018; Longo et al. 2018).

Another heterogeneity that may affect the proba-
bility of tipping point (1) (1,000 mm/yr; section 22.2)
is related to seasonal flooding. Amazonian flood-
plains cover around 14% of the basin and the for-
ests in these ecosystems were shown to be less re-
silient than the dominant upland forests, with a po-
tential tipping point of forest collapse when annual
mean precipitation reaches approximately 1,500
mm/yr (Flores et al. 2017). Therefore, exploring the
sources of heterogeneities in forest responses to
different types of disturbances is key to under-
standing whether the Amazon could shift gradually
or abruptly from local to basin-wide scales (e.g.,
Higgins and Scheiter 2012; Levine et al. 2016).

24.5.2 How does forest connectivity affect large-
scale tipping points?

Spatial heterogeneity implies reduced connectivity
(fewer interactions) and may have a huge influence
on the systemic resilience of the Amazon, altering
how the forest responds to changes in climate and
human pressures (Levine et al. 2016; Longo et al.
2018). For instance, the climatic, hydrological, and
biogeochemical connections between the Andes
and the low-lying Amazon are undeniably key fac-
tors in determining the functioning of the entire
system, current and future, on the large scale (see
Chapters 5, 7 and 22; Builes-Jaramillo and Poveda
2018). Nonetheless, theoretically, connectivity
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may still be high even in heterogeneous environ-
ments, with different processes linking parts of the
system (Scheffer et al. 2012). Although forests with
contrasting geomorphological, climatological, bio-
logical, and cultural histories have formed the Am-
azon (see Chapters 1-13; Figure 24.1), these forests
can interact. For instance, biogeochemical cycles
involve fluxes that transport water vapor from plat-
eau to valley forests on a landscape scale. At
broader scales, large white-water rivers transport
huge loads of nutrient-rich sediments from the
west to the east of the basin (see Chapters 1, 3 and
4), depositing them along floodplains where forests
can grow faster. Eastern Amazonian forests are
also connected to western forests through rainfall
recycling (Zemp et al. 2017, see also Chapter 7); a
mechanism that enhances the resilience of west-
ern forests but may be losing strength due to defor-
estation (Staal et al. 2020). When a forest is dis-
turbed locally, mobile animals may transport tree
seeds and propagules from surrounding forests
and accelerate its recovery (Lundberg and Moberg
2003). However, mobile animals may also
transport the seeds of alien invasive grasses from
open areas to degraded forested landscapes, in-
creasing their flammability. Local human popula-
tions of different Amazonian regions may share
ancient knowledge of forest management practices
(Levis et al. 2018, see also Chapters 8 and 10), po-
tentially changing tree species composition and re-
shaping forest resilience.

In sum, connectivity may theoretically increase
systemic forest resilience, because spatial interac-
tions facilitate recovery of disturbed sites, but as
conditions change and disturbance regimes inten-
sify, increasing, for instance, landscape fragmen-
tation and wildfires, disturbances may become
contagious, resulting in systemic collapse
(Scheffer et al. 2012). Managing the various pro-
cesses that connect different parts of the Amazon
is therefore critical for enhancing its resilience.

24.5.3 The interplay between the CO, fertiliza-
tion effect and nutrient availability

Two of the most pressing uncertainties regarding
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the resilience of the Amazon forest to climate
change and other anthropogenic disturbances are
the potential physiological effect of increased at-
mospheric CO; (also known as the “CO; fertilization
effect”, eCO,; see also Chapter 23) and the hypo-
thetical limitations to forest productivity and bio-
mass accumulation imposed by soil nutrient con-
straints, notably phosphorus (P). The current gen-
eration of ecosystem models (namely standard Dy-
namic Global Vegetation and Earth System Mod-
els), are constrained in their ability to provide more
trustful projections on the impact of climate
change on the forest, due mainly to the acute lack
of evidence about the existence, magnitude, and
duration of a CO; fertilization effect and associated
limitations imposed by soil nutrients (Lapola
2018).

On the one hand, the CO, fertilization effect could,
theoretically, increase forest productivity, biomass
accumulation rates (Ainsworth and Long 2005),
and water use-efficiency (Kauwe et al. 2013). On the
other hand, the lack of key nutrients for plant me-
tabolism constrains further biomass gains under
elevated CO, conditions (Norby et al. 2010). There
are preliminary (i.e., short-term) indications from
other phosphorus-limited forests (in sub-tropical
Australia), subjected to increased atmospheric CO,
concentrations, that did not significantly increase
biomass (Jiang et al. 2020) given that phosphorus is
needed especially for making the cell membrane,
and also for energetic (ATP) and genetic (DNA and
RNA) plant molecules. As such, trees might in-
crease their photosynthetic rates under enhanced
CO; but do not allocate these extra photosynthates
to additional plant biomass, possibly simply in-
creasing biomass turnover rates across the forest
ecosystem. Nevertheless, this evidence comes
from single-species forests and the response of
highly diverse forests such as the Amazon to en-
hanced CO; is yet to be understood. In this sense,
observational data along a P availability gradient in
Panamanian tropical forests revealed that, alt-
hough such P limitation exists, it does not affect
different species in the same way (Turner et al
2018). This latter finding is of particular relevance
for the Amazon forest given that climate change
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and other anthropogenic disturbances may imply
significant alteration of the forest tree community
composition and dominance relations, both in tax-
onomic and functional terms (Norby et al. 2016). Al-
ternatively, it is hypothesized that Amazon forest
trees could change symbiotic exchanges of carbo-
hydrates and nutrients with mycorrhizae fungi to
access currently unavailable soil P pools.

Besides the implications for the Amazonian forest
carbon budget and functional diversity, the physi-
ological effects of elevated CO, have the potential to
interfere in the flux of humidity from trees to the
atmosphere, which is especially relevant for the re-
gion, where up to 50% of the precipitation that falls
within the basin is regionally recycled (Zemp et al.
2014). In that sense, free-air concentration enrich-
ment (FACE) experiments in temperate forests in
the United States and in an Eucalyptus-dominated
woodland in Australia have found a reduction of
stomatal conductance and canopy transpiration on
the order of -20% (Kauwe et al. 2013; Gimeno et al.
2016). That is the same magnitude of reduction in
transpiration found in recent coupled climate-veg-
etation modeling studies for the region, which is ul-
timately related to a basin-wide reduction of 15%
to 20% in rainfall (Kooperman et al. 2018). Such a
rainfall reduction possibly caused by the physio-
logical effect of elevated CO, is equivalent to the
rainfall reduction in a scenario with complete de-
forestation of the Amazon (Sampaio et al. 2020).

Without an enhancement of productivity and with
a reduction of forest canopy transpiration due to
increased atmospheric CO,, the actual Amazon for-
est and its current community compositions and
functional relations are thought to become less re-
silient to climatic changes, deforestation, degrada-
tion, and other anthropogenic disturbances, with
pervasive impacts on the regional socio-economy
(Lapola 2018). Two ongoing ecosystem-scale ex-
periments - the AmazonFACE experiment and the
Amazon Fertilization Experiment (AFEX) - will
soon provide valuable information about the CO,
fertilization effect and the limitation of forest
productivity and biomass stocks by soil nutrients
in the Amazon forest (Hofhansl et al. 2016).
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24.6 Modeling the Resilience and Tipping Points
of the Amazon Forest

For modelling the impact of global change on veg-
etation at scales as large as the Amazon basin, Dy-
namic Global Vegetation Models (DGVMs) and Land
Surface Models (LSMs) are the most used tools
(Sato et al. 2015; Fisher and Koven 2020). Those
models are capable of simulating long time series
of various pressures on vegetation and are there-
fore key to project the future of the Amazon system
(e.g., Whiteetal. 1999; Cox et al. 2004). Often DGVMs
and LSMs are the vegetation component in Earth
System Models (ESMs), and their success in com-
prehensively representing processes of vegetation
growth and interactions with other Earth System
components relies on empirically-derived evi-
dence. This means those models need to make use
of the information described in section 22.4. Given
the extreme complexity involved in soil-plant-at-
mosphere interactions at different temporal and
spatial scales, selecting the most relevant pro-
cesses and implementing them into models are
very challenging tasks (Fisher and Koven 2020),
and leads to substantial uncertainties (e.g., Ram-
mig et al. 2010).

Model simulations can be performed a) offline,
meaning the vegetation model is driven stand-
alone by externally generated climate data or b)
coupled, meaning that the vegetation model is part
of an ESM in which different compartments of the
Earth System (e.g., the vegetation and the atmos-
phere) can interact. Such a coupling increases the
amount of accounted feedback mechanisms (Box
24.1) which are theoretically necessary to identify
classical tipping points, besides the prerequisite that
the DGVM/LSM allows for the existence of two or
more alternative vegetation cover configurations
under the same underlying conditions (e.g., cli-
matic; Box 24.1). For Amazonian ecosystems, tip-
ping point simulations performed so far rely on
both offline and coupled runs (tipping points (4) and
(5) from section 22.2). Taking the inherent limita-
tions of simulating alternative stable states into ac-
count, below we present a summary of what such
models can already tell us about dieback, thresh-
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olds (Box 24.1), and resilience within the Amazon
basin.

About 20 years ago, modeling studies pointed to a
potential Amazon dieback under climate change
(White et al. 1999; Cox et al. 2000, 2004; Cramer et
al. 2001; Oyama and Nobre 2003). Up to now a sub-
stantial amount of literature has painted a complex
picture with key uncertainties regarding the resili-
ence and potential tipping points of the Amazon
under global and regional environmental changes.
The results span from the clear identification of
crossing tipping points in time, as represented by
decreasing levels of tree cover or biomass stock
(e.g., Cox et al. 2004; Sitch et al. 2008), up to an over-
all increase of biomass and forest cover (Schaphoff
et al. 2006; Lapola et al. 2009; Rammig et al. 2010;
Huntingford et al. 2013). Such a large variety of re-
sults can be explained by: 1) whether the
DGVM/LSM was coupled (e.g., Cox et al. 2004); 2) the
existing variety of underlying model assumptions
and processes; and 3) general uncertainties on fu-
ture climate changes in the region. Moreover,
DGVMs and LSMs represent vegetation using a lim-
ited set of plant functional types (PFTs), which are
still not capable of comprising the entire range of
plant strategies that confer more or less resilience
to Amazonian forests (Oliveira et al. 2021). In this
sense, a more comprehensive representation of
different vegetation ecosystems is needed to im-
prove the simulation of the gradual and abrupt
shifts to alternative configurations for the Amazon
forests described in section 22.2. Hence, so far,
there is a fairly binary possibility simulated by cur-
rent models: either the current configuration or a
complete replacement of forest by another vegeta-
tion type.

The main drivers behind this original modeled for-
est dieback (Cox et al. 2004) are acute reduction in
regional rainfall, and a prolonged dry period,
which affects photosynthetic rates and the accom-
panying increase in temperature that further in-
creases plant respiration and water demand, re-
sulting therefore in a considerable reduction of
plant productivity and growth. The effects on car-
bon assimilation also impact the flux of water from
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the surface vegetation to the atmosphere through
transpiration, reinforcing the moisture limitation
and ultimately leading to a shift of PFTs, from pre-
dominantly tropical broadleaf trees to C, grasses
with about 30% of broadleaf tree cover, resembling
savanna vegetation (Betts et al. 2004; Cox et al.
2004). Even without acknowledging such feed-
backs through coupling within ESMs, previous of-
fline simulations support such “savannization”
processes (section 22.2.2) under future scenarios
of precipitation and temperature changes (Nobre
et al. 1991; Oyama and Nobre 2003). Importantly,
the feedbacks magnify the regional climate and
vegetation response, and a long-term commitment
to Amazon dieback occurs at 2°C global warming,
determining an actual tipping point (4) from section
22.2 (Jones et al. 2009). Therefore, it is clear that the
Amazon dieback is an issue about feedbacks (i.e.,
interactions within a closed-loop) between the re-
gional climate and the forest vegetation function-
ing. In this sense, a key component is the regional
climate response to global warming and the role of
non- or dysfunctional forest states in magnifying
this process; in other words, whether the regional
climate moves from a configuration supporting the
rainforest to another, which it does not. This de-
pends on the availability of soil moisture, which it-
self depends on precipitation and evaporation,
both of which change with global warming (see Fig-
ure 24.2 for historical and projected changes in
some of these variables). If the regional climate
reaches a critical state, the resulting forest dieback
maghnifies the regional climate change and causes
further forest dieback.

However, as in many regions of the world, the pro-
jected changes in precipitation in the Amazon due
to anthropogenic climate change are highly uncer-
tain (e.g., Jupp et al. 2010). While the majority of the
current generation of climate models project a de-
crease in annual mean precipitation with global
warming (see Chapter 22), the rate of the Amazon
precipitation decrease in relation to global warm-
ing varies widely between the models. A family of
climate models notable for their projection of se-
vere Amazon drying, HadCM3 (Gordon et al. 2000),
project annual precipitation in the eastern Amazon
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Figure 24.4 Simplified sketch of processes involved in the potential Amazon dieback tipping point due to climate change.

to fall below 1,500 mm/yr at approximately 3°C
global warming (Betts et al. 2012). This precipita-
tion level has been identified as one of the climatic
thresholds critical to the support of rainforests
(Malhi et al. 2009), with empirical evidence sug-
gesting this seems to be the tipping point (1) for
floodplain forests (Flores et al. 2017). The largest
decrease in precipitation in the HadCM3 model
family was largely a result of atmospheric circula-
tion changes driven by particular patterns of sea
surface temperature (SST) (Harris et al. 2008). The
variation in precipitation change between the
models was found to be related to the strength of
the SST changes in the equatorial Atlantic (Good et
al. 2008, 2013). Most other models also project de-
creased precipitation, but less severely.

On the one hand, there are three main underlying
drivers to the aforementioned climatic changes
that can trigger or reinforce a modeled threshold
crossed in the region, even under less severe
decreases in precipitation: global climatic changes
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due to higher atmospheric greenhouse gas (GHG)
concentration (Cox et al. 2004; Schaphoff et al
2006; Lapola et al. 2009; Jupp et al. 2010; Hunting-
ford et al. 2013), deforestation and forest degrada-
tion (Sampaio et al. 2007; Staal et al. 2020), and for-
est fires (Burton et al.; Barlow and Peres 2008;
Cochrane and Barber 2009; Nobre et al. 2016). The
occurrence of the climate tipping point for Amazon
forest dieback projected in the models therefore
depends partly on the nature of the regional cli-
mate response to global warming and the impact of
CO, fertilization, wildfires, and deforestation (Fig-
ure 24.4). If the regional climate response is rela-
tively small, forest dieback does not occur. How-
ever, if the regional climate response is large, for-
est dieback could in principle occur and magnify
itself through local and global climate feedbacks.

Regardless of the feedbacks involved, after correct-
ing for biases (found in climatic projections under
climate change conditions) identified using obser-
vation data, a basin-wide Amazon dieback would
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be unlikely to occur, even under the most pessimist
IPCC pathway (Chai et al. 2021). Furthermore, there
are some ecological processes that can potentially
dampen, offset, or prevent Amazon dieback,
namely the CO,-fertilization effect under enhanced
atmospheric CO, (section 22.5.3) (Hickler et al
2008; Huntingford et al. 2013; Kooperman et al.
2018), the acclimation of tree physiology to warmer
and drier climates (Kumaranthunge et al. 2018), as
well as the reorganization of forest communities
and/or their functional characteristics such that
biomass and other broad characteristics that de-
fine crucial ecosystem functions are maintained
(Sakschewski et al. 2016).

Processes related to functional diversity (e.g.,
Fyllas et al. 2014; Fischer et al. 2016; Sakschewski
et al. 2016), including plant hydraulics (e.g., Chris-
toffersen et al. 2016; Xu et al. 2016; Eller et al. 2020)
and rooting depth (Langan et al. 2017; Sakschewski
et al. 2020), have already started to be implemented
in current vegetation models to improve the repre-
sentation of local-scale heterogeneity of the Ama-
zon basin and consequently the ability models
have to capture resilience increases due to biotic
and abiotic heterogeneity (section 22.5.1) (Levine
et al. 2016; Sakschewski et al. 2016; Longo et al.
2018). Furthermore, models demand a high
amount of observational, field-based, and/or ex-
perimental data, which are still scarce. Kooperman
et al. (2018), for example, point out that stomatal
closure under enhanced CO; (as part of the CO,-fer-
tilization effect) can drive significant modeled
rainfall reduction in the Amazon through reduced
forest transpiration and moisture recycling (Zemp
et al. 2017), even though ecosystem-scale evidence
on the interplay between enhanced CO, and sto-
matal conductance is very scarce. Adding to that
complexity, other studies suggest that stomatal
closure under enhanced CO, might not turn out to
be as strong as anticipated by models, since leaves
need to increase transpiration cooling under ele-
vated temperatures (Dong et al. 2014). Another ex-
ample is that modeled phosphorus limitation (ex-
istent in about 60% of Amazonian soils, Quesada et
al. 2012; see Chapter 1) might reduce or even elim-
inate any gains in primary productivity arising

Science Panel for the Amazon

from a supposed CO, fertilization effect in the Am-
azon (Fleischer et al. 2019); but, again, there is lack
of field data and knowledge on the Amazon phos-
phorus cycle to corroborate such a result (section
22.5.3).

As such, the way forward for modeling and evalu-
ating the likelihood and mechanisms behind an
Amazon tipping point passes first through a closer
integration between models, data, and field exper-
iments. Field data show us, for example, that com-
munity dynamics — tree recruitment and mortality
— play a key role in the impact of climate change
and climatic extremes in the Amazon (section 22.4)
(Esquivel-Muelbert et al. 2019, 2020; Hubau et al.
2020). Thus, improving the representation of such
recruitment and mortality dynamics and its driv-
ing causes is one priority for modeling. Other pro-
cesses such as the role of plant hydraulics (Eller et
al. 2018) and increased plant functional diversity
(Scheiter et al. 2013; Sakschewski et al. 2016), as
well as large scale heterogeneities related to cli-
mate, hydrology, and soil chemistry, for instance,
should be explored in more depth by other models.
The potential CO, fertilization effect on photosyn-
thesis and water use and possible limitation of for-
est productivity by soil nutrients (section 22.5.3)
represent a quasi-complete gap in existing models
of the Amazon forest vegetation due to the lack of
understanding of mechanisms and field data. Last,
but not least, narrowing down the uncertainties of
rainfall projections for the region would also be
very important for better constraining modeling
studies on the Amazon tipping point.

24.7 Conclusions

The pressure of intensified anthropogenic activi-
ties has promoted the appearance of new stressing
factors operating in Amazonian forests, as well as
an intensification of some environmental drivers
at different spatial and temporal scales. It has been
hypothesized that the cumulative effect of disturb-
ances such as deforestation, droughts, and fires
may unbalance the natural dynamics of these glob-
ally important ecosystems due to the systemic loss
of forest resilience. The analysis of the existing lit-
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erature performed in this chapter has highlighted
five different scenarios of tipping points to which
Amazonian forests could be sensitive (Figure 24.2),
namely: (1) the annual rainfall between 1,000
mm/yr and 1,500 mm/yr inferred from global cli-
mate models, (2) the dry season length of seven
months, inferred from satellite observations of tree
cover distributions, (3) for the Amazon lowlands,
the maximum cumulative water deficit values be-
tween 200 mm/yr and 350 mm/yr, inferred from
global climate models; (4) an increase of 2°C on the
equilibrium temperature of the Earth, inferred
from a coupled climate—vegetation model, and (5)
the 20-25% accumulated deforestation of the
whole basin, inferred from a combination of envi-
ronmental changes and human-induced degrada-
tion via deforestation. Based on empirical evi-
dence, four different ecosystem configurations,
some of which could be alternative stable states,
have been proposed for Amazonian forests if a tip-
ping point or threshold is crossed, including: (i) a
closed-canopy seasonally dry tropical forest state;
(ii) a native savanna state; (iii) an open-canopy de-
graded state; and (iv) a closed-canopy secondary
forest state. However, due to the existence of novel
feedbacks associated with invasive plants and hu-
man-modified landscapes, we consider the open
degraded state and the closed-canopy secondary
forest state as more likely to occur over broad ar-
eas, particularly across the “arc of deforestation”.
New evidence, however, indicates that in remote
parts of the Amazon basin far from the agricultural
frontier, the native savanna state could be replac-
ing seasonally inundated forests disturbed by wild-
fires. Ecological features including differential tree
growth, recruitment, and survival among Amazo-
nian species are key to promote forest resistance
to, as well recover from, disturbances at local
scales. We identify three mechanisms that may af-
fect the risk of a large-scale tipping point due to
contagious forest dieback: (a) the environmental
heterogeneity and connectivity among forests
across the basin; (b) the functional diversity and
adaptive capacity of the species present in the dif-
ferent forest types; and (c) the uncertain effect of
enhanced CO, and nutrient limitation. The lack of
this ecological information for many Amazonian
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species, the uncertainty of the potential feedbacks
operating, as well as the need for further improve-
ments in climate change projections hamper the
development of robust models for anticipating the
potential shifts that Amazonian forests may un-
dergo in the near future. The way forward for mod-
eling and evaluating the likelihood and mecha-
nisms behind an Amazonian tipping point passes
first through a closer integration between models,
observational data, and/or field experiments. Even
with models where a tipping point is not met, and
accounting for the uncertainty due to the limited
data available, we need to urge the international
community within and outside academia to pro-
tect, maintain, and sustainably manage the resili-
ence of these complex and dynamic entities that
are Amazonian forests.

24.8 Recommendations

e Combining analysis of future environmental
change scenarios with past and present dy-
namics can help improve our understanding of
alternative ecosystem configurations.

e A holistic and integrative scientific framework
is needed to assess the main heterogeneities,
drivers, and ways to manage the resilience of
Amazonian forest systems.

e Understanding the heterogeneities of the Ama-
zon is key to assessing the risk of a large-scale
tipping point and to design ways to manage the
resilience of the system.

e An effective transnational monitoring system
is needed to improve our knowledge on the dy-
namics of different Amazonian ecosystems
(embedded in a wider range of environmental
conditions), and their potentially heterogene-
ous response to various types of disturbances
(e.g., climatic extremes, wildfires, deforesta-
tion).

e Managing Amazonian resilience locally can
help reduce the risk of reaching a tipping point.
This requires protecting and restoring forest
cover, biodiversity, agrobiodiversity, and cul-
tural diversity, as well as controlling the use of
fire.
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