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Abstract

Amazon forests are undergoing rapid transformations driven by deforestation, climate change,
fire, and other anthropogenic pressures, leading to the hypothesis that they may be nearing a
catastrophic tipping point—beyond which ecosystems could shift to a permanently altered state.
This review revisits the concept of an Amazon tipping point and assesses the risk of forest col-
lapse from an ecological perspective. We synthesize evidence showing that environmental stressors
can drive critical ecosystem transitions, either gradually through incremental loss of resilience or
abruptly via synergistic feedbacks. The interplay between climate and land-use change amplifies
risks to biodiversity, ecosystem services, and livelihoods. Yet, there is limited evidence for a sin-
gle, system-wide tipping point. Instead, the Amazon’s resilience—although not unlimited—offers
meaningful pathways for recovery. The most immediate and effective strategies to support this
resilience include slowing forest loss, mitigating climate change, reducing fire activity, curbing de-
faunation, and restoring degraded ecosystems. Without decisive action to address direct threats,
the Amazon system may be pushed beyond safe ecological-climatological operating limits—even
in the absence of sharply defined thresholds—due to the scale and persistence of anthropogenic
pressures. Preserving the Amazon’s ecological integrity and its vital role in regulating the global
climate requires urgent, sustained conservation efforts in collaboration with local and Indigenous

communities.
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1. INTRODUCTION

Tropical forests have evolved under a range of natural climatic variability, soil compositions, and
disturbance regimes. Over time, the species in these forests have developed mechanisms to cope
with environmental factors and interacting biotic variables—ranging from species competition
and seed dispersal to animal nutrient cycling (1-4). Thanks to these and other adaptations (5), most
tropical forests have historically withstood and rebounded from natural disturbances, climatic fluc-
tuations, and climate change (6) while maintaining their fundamental structure, biodiversity, and
ecosystem functions (4). Over the past few decades, however, these forests have experienced an
unprecedented array of stressors and disturbances driven by human activities and modern climate
change (7-10), potentially pushing them beyond thresholds of resilience (11-14).

Given the scale and rate of current habitat loss, forest degradation, and climate change, the
structure, composition, and functioning of contemporary Amazon forests could fundamentally
diverge from those of primary old-growth forests (9, 12, 15, 16). Some forests risk entering a
downward spiral of severe and widespread degradation (see sidebar titled Terminology for defini-
tions), which would compromise key ecosystem services and natural regeneration and ultimately
undermine the remaining forest’s ability to sustain itself (17). Future climate change and direct
human-induced degradation could lead to the collapse of 20-40% of the region’s forests (15, 18),
with changing wildfire regimes likely to accelerate and reinforce this process (19, 20).

If the Amazon crosses a tipping point, highly degraded and impoverished ecosystems are
hypothesized to replace large expanses of old-growth forests (Figure 1), with profound socio-
economic and ecological consequences (13, 15). The release of even a fraction of the 90-120 PgC
currently stored in Amazonian forests would significantly accelerate global warming (21, 22). Ad-
ditionally, the loss of evapotranspiration (ET) from the Amazon could further degrade adjacent
forests, disrupt regional hydrological cycles, and amplify regional warming (23-25). These changes
would threaten food security, public health, and economic stability across the region.

Critically, the degradation of Amazonian old-growth forests would erode the social, economic,
cultural, and spiritual values deeply embedded in Indigenous and local communities (26). Such
degradation, depending on its scale and intensity, could undermine much of the socioeconomic
fabric that has evolved intertwined with the forest ecosystem over millennia (27). The complexity
and irreplaceability of these biocultural relationships underscore the urgent need for effective
conservation efforts, given that recovery is unlikely on human timescales. Even if recovery from
degradation were possible, such an effort would certainly be much more costly and slower than
deterring the tide of destruction now facing several Amazon forests (26).
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TERMINOLOGY

Changes in forest properties encompass a wide range of processes and outcomes, often leading to confusion due to
inconsistent terminology. This sidebar defines key terms as they apply to forest dynamics in the Amazon Basin.

Drivers of Change

Distinguishing natural dynamics from human-driven impacts is critical to understanding how forests function and
recover under pressure. Natural processes describe stem turnover and forest responses to succession, natural
disturbances, or long-term ecological shifts. These dynamics are an intrinsic part of forest ecosystems, support-
ing speciation, adaptation, and regeneration over time. Human-driven impacts describe measurable changes
in the structural, functional, or compositional integrity of forests caused by human activities such as logging,
human-ignited fires, defaunation, edge effects, and climatic events attributable to anthropogenic climate change.
Unlike natural forest dynamics, human drivers often result in long-lasting changes that diminish ecological at-
tributes and lead to impoverished or degraded forests. Interactions between natural and human factors can amplify
impacts.

Outcomes of Change

Several terms are used to describe the outcomes of human-driven impacts. Impoverished or degraded forests refer
to the state of the forests following human disturbances. While some definitions of degradation or impoverishment
focus on carbon dynamics (e.g., reductions in biomass), we take a broader perspective that includes biodiversity,
ecosystem function, and structural complexity. When human activities degrade or alter ecosystems beyond their
historical baselines, novel ecosystems may emerge [but see Murcia et al. (28) for a critique of this concept]. Like
degraded or impoverished forests, these will exhibit significant changes in structure, function, or biodiversity—but
may also contain novel species combinations not found following natural disturbances (e.g., exotic grasses or other
introduced species), novel species interactions, and an element of self-organization that makes recovery to historical
baselines less likely. The term savannization, sometimes used to describe one end point of repeated Amazonian for-
est degradation, is misleading and diminishes the ecological importance of savannas as distinct and valuable biomes.
However, the term derived savannas has been used to describe shifts to grass-dominated vegetation due to Anthro-
pogenic action in some regions. Forest collapse or forest dieback describes near-total loss of structure, function,
and biodiversity after severe disturbances. This differs mechanistically from forest loss, which refers to the active
removal of tree cover as part of deforestation and land clearing. Forest cover loss is frequently used in satellite-
based assessments and describes the combined outcomes of land clearing and impoverishment and degradation of
the remaining forests, reducing leaf area.

Ciritical thresholds and tipping points are synonymous terms that involve pivotal changes in ecosystem con-
ditions. Both refer to the combined set of environmental stressors leading to ecosystem shifts—often abrupt and
nonlinear, such as sudden loss of aboveground biomass, diversity, and functions. Critical transitions are these types
of system behavior when tipping points are crossed, triggering a shift in the state of the system. Whether a degraded
forest recovers or transitions to a new state depends on its resilience. High resilience is indicated by a forest’s ability
to recover rapidly even after severe degradation, while low resilience results in slow recovery rates and potentially
irreversible critical transitions maintained by reinforcing feedbacks that perpetuate and potentially amplify the
ecosystem state shifts toward or beyond a critical transition, such as climate-vegetation interactions. The likeli-
hood of critical transitions increases if systems exhibit hysteresis—the tendency for recovery pathways to differ
from the processes that caused degradation, making a return to the original state more difficult once a threshold is
crossed. Bistability refers to the existence of two or more ecosystem states that can persist under the same external
conditions (e.g., precipitation levels).
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Figure 1

Map of the Amazon Basin showing (#) protected areas, (b)) major land cover types (2023), and (c) edges
created by habitat fragmentation. The maps show the upper Xingu region (denoted by the white rectangle),
where forest edges near rivers are natural ecological boundaries but recent wildfires have expanded those
edges, contributing to forest degradation and further fragmentation. In this region, rapid land-use change
has drastically altered the landscape, with a large proportion of forests growing close to agricultural land.
While the Xingu Indigenous Park has slowed forest cover loss due to deforestation, fires have decreased
forest cover over the past two decades.

Despite broad scientific consensus about these mounting pressures, there are large uncertain-
ties about the timing, scale, and intensity of potential tipping points in the Amazon, as well as
the extent to which tipping points will compromise ecological and cultural resilience (15). This
review (z) assesses the likelihood of forest collapse in different regions of Amazonia; (b) evaluates

www.annualreviews.org o Tipping Points of Amazonian Forests 101



102

the potential ecological consequences of such transformations; and (¢) explores potential strate-
gies for preventing forest losses and preserving the Amazon’s ecosystem services, including climate
regulation.

2. HISTORY OF TERMS AND CONCEPTS
2.1. Amazon Deforestation and Regional Climate Change

The hypothesis that Amazonian forests could collapse due to climate change originated from
early research examining deforestation impacts on regional climate dynamics (23, 29) (Figure 2).
These studies showed that converting forests to pastureland in idealized models could disrupt the
regional energy balance by reducing the net energy available for ET shifting energy partitioning
from latent heat to sensible heat. This shift was predicted to cause declines in relative humidity
and precipitation and to drive regional warming. In some areas of the Amazon, these climatic shifts
were predicted to cross critical thresholds that sustain the region’s forests, potentially leading to a
new equilibrium. As a result, it was hypothesized that 20-25% of the Amazon Basin could expe-
rience climatic conditions typical of savannas—a process dubbed savannization (23), highlighting
the substantial climatic risks posed by large-scale deforestation through disruptions to the region’s
hydrological cycle.

2.2. Amazonian Forests and the Hydrological Cycle

Early research into forest—climate interactions underestimated ET by trees, as well as the strong
relationship between the carbon and water cycles in tropical forests (20). The prevailing view in
the 1980s and early 1990s stated that the region’s nutrient-poor soils drove trees to optimize nutri-
ent recycling by developing shallow root systems that could efficiently take up nutrients from leaf
litter decomposition (48, 49). Deep-rooted trees were considered ecologically improbable. This
assumption grossly underestimated the role of deep roots in accessing soil moisture and sustaining
high ET throughout the year, the associated cooling effects, and the potential feedback between
forests and climate. This knowledge gap also hampered our ability to properly quantify the sus-
ceptibility of tropical ecosystems to extreme climate events such as droughts and heat waves (50).
Without deep root systems, trees in the Amazon were assumed to be much more vulnerable to
drought. The long-held conceptual model of shallow-rooted Amazon forests began to shift with
growing evidence that much of the region’s rainfall is recycled by the trees via ET. Research in
the mid-1980s estimated that 30-50% of the Amazon’s rainfall is cycled through its vegetation
(30, 51), suggesting that some Amazonian trees must access moisture from deeper soil layers than
previously thought to sustain such elevated levels of transpiration during the dry season. Address-
ing this apparent paradox, Nepstad et al. (32) conducted a study, digging soil pits in search of
deep-rooted Amazonian trees. While most roots were found near the soil surface, some extended
as deep as 10 m into the soil profile, allowing trees to avoid dry season water stress and maintain
high ET rates year round, especially in regions with high seasonality. The study also highlighted
how deforestation and forest degradation can impair this water cycling capability.

2.3. Susceptibility of Amazonian Forests to Droughts

The droughts of the late 1990s and early 2000s provided valuable data to assess the sensitivity of
Amazonian forests to extreme climate conditions (38, 52). Studies from field-based plot networks
estimated that the widespread droughts of 2005 had a total impact of 1.5 PgC on the carbon
cycling of Amazon forests (38), primarily due to increased tree mortality and, to a lesser extent,
reduced growth. The 2010 drought had comparable impacts on carbon cycling, but the direct
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Timeline of key concepts related to evolution of the Amazonian tipping points. Abbreviations: ENSO, El Nifio-Southern Oscillation;
ET, evapotranspiration.
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effects of climate on tree mortality differed from those of the 2005 drought (44, 53, 54). The
observed mortality corresponded to the death of just a few additional large trees per hectare, but
these droughts provided physical evidence of potential climate thresholds governing the survival
of large trees under drier future conditions (38, 44, 55).

Rainfall exclusion experiments at two humid locations in the Brazilian Amazon partially cor-
roborated these findings. These studies experimentally simulated a 50% decrease in precipitation
over several years (36, 56), expecting forest trees to reach their hydraulic functional limits quickly.
Surprisingly, large trees began to die at higher rates than the control only after 2 or 3 years of
exclusion, indicating that they have several mechanisms to cope with extended soil drying [e.g.,
stomatal regulation, hydraulic lift, and deep soil water uptake (56-59)]. Despite these strategies
for coping with plant water stress, once deeper parts of the soil profile reached low levels of
plant-available water [272 mm lower than in normal primary forest (60)], large tree mortality
increased markedly—from 1% to 9% in Santarém-Tapajés and from 3% to 8% in Caxiuani (61,
62)—and aboveground live biomass declined by 20-30%. The elevated mortality drove substantial
changes in species composition and richness, with surviving species tending to have drier funda-
mental niches (63). Results from these experiments suggest that, while adult trees can access deep
soil moisture to survive seasonal water deficits, they are still susceptible to the extreme droughts
projected under future climate (54, 59).

2.4. Hysteresis and Novel Ecosystems

Regional warming and extreme weather events can substantially alter forest dynamics, structure,
and diversity. However, whether such climatic stressors could push these forests beyond a critical
threshold remains uncertain, including whether transitions will result in a shift toward ecosys-
tems characteristic of neighboring biomes (e.g., savannas) or the emergence of novel ecosystems.
Observational studies have provided important insights into this issue (41, 42), promoting the hy-
pothesis of bistability in the region, where forests and savannas can coexist under specific climatic
conditions (e.g., 1,000-2,200 mm of annual precipitation). This could point to the existence of
hysteresis between savannas and forests in parts of the tropics.

If hysteresis were present in the Amazon, it would support the theory that forests can transition
into new stable states driven by global climate change, feedbacks between vegetation and climate,
and/or disturbances. Biome distribution models suggest that most wet and moist forests in the
region would likely persist under climate change alone, with minimal to no significant expansion
of savanna ecosystems. However, although some regions in southeastern Amazonia are predicted
to shift toward drier, transitional forest types (38, 64), climate change alone is unlikely to lead to
a large-scale savannization (i.e., the expansion of savannas) in the Amazon.

Nonetheless, interactions among disturbances could erode forest resilience and increase the
likelihood of forests giving way to ecosystems that fundamentality differ from their current struc-
ture and function (8, 65). Human-ignited wildfires, for instance, could accelerate this process,
since fire-driven tree mortality creates open canopy conditions (33, 66) that favor early suc-
cessional, light-wooded tree species; bamboos; and certain invasive or native grasses (67). This
phenomenon, in which forests become progressively more degraded, could lead to novel, grass-
dominated systems sometimes referred to as derived savannas (see sidebar titled Terminology for
definitions).

2.5. Altered Fire Regimes in Amazonia

The interaction of climate change, droughts, previous forest disturbances, and heat waves has in-
creased flammability across the Amazon Basin, reversing the region’s historically low susceptibility
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to wildfires (20, 68). During the 1998 drought, for example, Nepstad et al. (33) estimated that 30—
40% of the Brazilian Amazon became vulnerable to understory fires, a finding later highlighted
by the IPCC as a potential trigger for a forest tipping point [IPCC ARS (69)]. As deforestation
accelerated throughout the 1990s and 2000s, it increased the number of ignition sources and the
overall extent of flammable forest edges, allowing uncontrolled fires across vast tracts of standing
Amazonian forest (50). Between 1985 and 2020, an estimated 16% of Amazonian forests burned
at least once (70), decreasing aboveground live carbon stocks by an average of 24.8 £+ 6.9% com-
pared to unburned forests (71). The increasingly hot and dry conditions in the southeast Amazon
further elevated forest flammability, raising the likelihood of larger, more intense, and more severe
fire events (43), as observed during the El Nifio in 2023 and 2024.

In the wetter regions of the Amazon, fires are less frequent but can be far more severe than in
drier areas when they do occur, typically under extreme dry and hot climatic conditions. Staver
etal. (72) found that wetter upland forests in the Amazon are more vulnerable to fire due to thinner
bark, a key trait that influences fire-induced tree mortality. In igap6 forests, located in some of the
wettest parts of the Amazon floodplain, fires have even more severe and lasting impacts, with
postfire mortality sometimes reaching 100% and forest regeneration often stalling for decades
(73). Nevertheless, there is a large variability in forest response to fires, with observations in less
seasonal terra firme forests showing relatively low levels of tree mortality (74). Given the potential
for extreme tree mortality under dry-hot climatic conditions (43), repeated fires could catalyze
abrupt and severe changes in forest health (8).

Uncontrolled fires also impact atmospheric chemistry though emissions of ozone precursors
and particulate aerosols, with potential feedbacks on forest ecosystems. Ozone has a large im-
pact on net ecosystem exchange, and biomass-burning emissions of aerosol particles affect cloud
formation, development, and precipitation, as well as the radiation balance over large areas of
Amazonia (75).

3. FEEDBACK MECHANISMS

While climate change alone may lead to the rapid, widespread collapse of tropical forests
(38, 64), feedback mechanisms could push ecosystems into alternative, degraded stable states
(Figure 3). We highlight three potential feedback loops that could affect the future of Amazon
forests (76): (#) hydrological (biosphere—atmosphere) feedbacks driven by deforestation and/or
CO; effects on stomatal conductance; (b)) temperature feedbacks on respiration and biomass loss;
and (c) fire feedbacks, whereby the compounding effects of drought, fire, and reduced rainfall drive
self-reinforcing cycles of forest degradation.

3.1. Hydrological Feedbacks

Structural changes in forest canopy cover (caused by deforestation or disturbances) and tree
physiology (e.g., altered stomatal conductance and respiration rates) could drive climate—forest
feedbacks, with important implications for the surrounding forests. Once initiated, these changes
could disrupt forest-atmosphere water exchange and potentially reinforce degradation of the
remaining forests through interactions with the regional climate system.

3.1.1. Forest cover loss. In the Amazon, deforestation is the primary cause of forest cover loss
(see sidebar titled Terminology), leading to changes in climate that can influence forest dynamics
locally and regionally via feedback loops. As forests are cleared and replaced by agricultural lands,
declines in ET, net radiation, and surface roughness can reduce the availability of water, energy,
and atmospheric mixing. These changes are expected to alter rainfall patterns, with climate models
suggesting that deforestation of most of the Amazon could drive reductions in annual precipitation
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Hypothesized model illustrating how deforestation, land-use change, and the accumulation of CO; in the
atmosphere may trigger potential positive feedback loops among forest cover loss, regional climate change,
wildfire, and the proliferation of flammable vegetation (grasses, forbs, and bamboos). Text in rectangles
highlights key mechanisms associated with these feedbacks. Darker and wider arrows represent hypothesized
stronger interactions, indicating processes that may significantly reinforce ecosystem degradation and
potential transitions. Although negative feedbacks may be present, we hypothesize that the net effect of these
interactions leads to overall positive feedbacks. Abbreviations: BVOC, biogenic volatile organic compound;
Rnet, net radiation flux.

of less than 16 + 13% (77-79). Regions of the Amazon with high soil moisture recycling via forest
ET may be particularly vulnerable to forest cover loss, further amplifying the climatic effects
(79). Supporting this view, satellite observations identified reduced precipitation over deforested
regions of the Amazon, with a projected 20% reduction in precipitation for complete Amazon
deforestation (80).

While the overall decline in annual precipitation may appear modest, the timing of precipita-
tion is crucial. Reductions in rainfall in the dry season could also increase forest water stress, often
measured as the cumulative water deficit (ET minus precipitation). If reductions are concentrated
in the transitional months between the dry and wet seasons, they could extend the dry season—an
important factor influencing biome distributions. Natural climate variability complicates the di-
rectattribution of deforestation as a driver of dry season lengthening. However, scientific evidence
increasingly suggests that deforestation, along with the accumulation of greenhouse gases in the
atmosphere, contributes to longer dry seasons (22, 78).

Forest cover loss can also potentially reduce rainfall via aerosol particles, which act as cloud
condensation nuclei (CCN) that are essential for cloud production and development over Amazo-
nia (75). Vegetation produces primary organic aerosol particles such as pollen and fungal spores, as
well as volatile organic compounds (VOCs) like isoprene, which are crucial for producing particles
feeding the CCN population over Amazonia (81, 82). Altering either VOCs or primary particle
emissions can directly impact the hydrological cycle, although their contribution to long-term,
large-scale changes in precipitation patterns remains unclear.

Forest loss can alter atmospheric circulation patterns, potentially reducing moisture
convergence—the inflow of atmospheric moisture into the Amazon. This reduction may further
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decrease precipitation, reinforcing positive feedback loops that exacerbate forest decline (83).
However, climate models disagree as to whether Amazon forest loss leads to decreased or in-
creased moisture convergence (84). Early modeling studies in the Amazon hypothesized that
deforestation exceeding 40% could trigger a large-scale feedback loop and associated reductions
in rainfall (23), potentially causing forest dieback across the region’s remaining forests. More re-
cently, it has been speculated that the threshold for this feedback loop causing dieback could be
as low as 20-25% due to the compounding effects of local, regional, and global climate change
interacting with local stressors (12). However, while deforestation-induced change in the regional
climate may alter forest dynamics, carbon storage capacity, and diversity patterns, other studies
suggest that the scale of these effects is unlikely to drive forest transitions to novel ecosystems

(15, 85, 86).

3.1.2. CO; feedbacks. Modeling simulations suggest that elevated CO, levels could have a
strong influence on the water-use efficiency (WUE) of remaining forests. As atmospheric CO,
concentrations rise, stomatal conductance and ET decline. In response, some idealized models
project feedbacks that would further alter rainfall and warm the region. For example, Li et al. (87)
estimated that 40% of projected future changes in rainfall over the Amazon could be attributed
to CO,-induced alterations in stomatal conductance. However, the influence of this feedback on
Amazonian forests remains poorly understood. While Earth system models (ESMs) appear to
be too sensitive to elevated atmospheric CO,, we have limited capacity to properly evaluate the
accuracy of these model results. Many early studies predicted significant biomass losses in the
Amazon due to positive feedbacks between vegetation physiology and reductions in precipitation,
a phenomenon referred to as forest dieback (88, 89). In contrast, more recent ESMs suggest that
higher CO, levels may enhance photosynthesis and improve WUE, a phenomenon known as the
CO; fertilization effect. This effect is one potential explanation for observed increases in plot-level
biomass in intact primary forests (e.g., 90), and it could partially offset the negative consequences
of reduced ET and precipitation, adding uncertainty to projections of Amazon forest responses to
climate change.

3.2. Temperature Feedbacks

As air temperatures rise, forests experience increased metabolic demands, potentially leading to
higher carbon losses through respiration. Higher temperatures may also negatively impact pho-
tosynthesis through increased photorespiration and membrane damage (91). Combined, these
processes can reduce biomass accumulation and the forest’s capacity to maintain high canopy
density, given that trees enter prolonged carbon deficits. A sparser canopy results in decreased
ET, initiating a feedback loop of reduced rainfall, higher temperatures, and further biomass de-
cline. Early ESMs overestimated the impact of respiration on forest biomass, predicting that rising
temperatures would lead to rapid forest dieback (92). More recent refinements suggest that, while
respiration does increase with temperature, the associated biomass loss occurs more gradually than
previously thought.

3.3. Fire Feedbacks

The third feedback mechanism arises from interactions between drought, fire, and vegetation
dynamics (33, 93). Under severe soil water stress, forest flammability increases due to drought-
induced canopy loss. Such loss reduces the forest’s ability to intercept light; increases air dryness
in the understory; and accelerates the accumulation of flammable materials such as dead leaves,
twigs, and other fine debris (94). Once ignited by human activities, these fires drastically alter forest
structure, dynamics, and biodiversity, often killing more vulnerable, thin-barked tree species (72,
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95, 96). Following a fire, forests become increasingly flammable during recovery due to fuel ac-
cumulation and increased canopy openness, which raise the likelihood of recurring fires at higher
severity (e.g., 17).

This fire feedback loop is expected to intensify along forest edges, where most tropical forest
fires occur (e.g., 97). Fires at forest edges are more intense and severe than those in forest interiors
(43, 98, 99), creating environmental conditions favoring the establishment of flammable vegeta-
tion. For instance, forest edges invaded by grasses become much more flammable because grasses
undergo annual senescence, contributing to high fine fuel loads even during nondrought condi-
tions (67). The fire—grass feedback could slow the recovery of tree species, impeding succession
and potentially trapping the ecosystem in a cycle of repeated burning and grass encroachment.
It is estimated that grass invasion can occur when canopy leaf area density falls below 3 m?/m?,
roughly half the average canopy density of a primary Amazon forest (67).

Although this grass—fire cycle is well-established in other regions of the world (e.g., 100), its
spatial and temporal dimensions are not fully understood in the Amazon. Spatially, these feedback
loops are most likely to be observed in fragmented landscapes in southeast Amazonia, where distur-
bances are more frequent and intense, and the region already experiences a prolonged dry season.
While currently operating at local scales [e.g., parts of the Xingu Basin (101)], these mechanisms
have the potential to drive rapid, long-lasting forest degradation. In other Amazonian landscapes
(e.g., Acre and Tapajés), fires can promote other pyrophytic vegetation such as bamboos and sedges
(102). These reinforcing feedbacks appear to be strong enough to prevent tree recovery, but some
studies have shown that forest canopy closure during recovery can outcompete grasses and other
pyrophytic vegetation.

In addition to impacting vegetation dynamics, fires reduce precipitation through aerosol-
radiation and aerosol-cloud interactions (75). Smoke aerosol reflects and absorbs shortwave
radiation, resulting in surface cooling and warming in the lower atmosphere, which can suppress
convection and reduce precipitation. Smoke aerosol increases the number of CCN, resulting in
more numerous but smaller cloud droplets that can delay the onset of precipitation. The mag-
nitude of the precipitation suppression is uncertain and complicated by multiple interconnected
processes. Climate model simulations suggest that smoke aerosol can reduce precipitation over the
Amazon by 5-10% (103-105). Analysis of satellite observations confirms that dense smoke, with
aerosol optical depth exceeding 0.4, results in strong suppression of convection and a reduction
in precipitation of up to 30% (106).

3.4. Synergies Between Feedback Mechanisms

The feedback mechanisms potentially operating in the Amazon can reinforce one another in
complex ways. For instance, trees that reduce stomatal conductance to conserve water may avoid
drought stress, but such trees risk overheating due to reduced transpirational cooling. However,
closing stomata limits carbon assimilation, potentially leading to carbon starvation. Reduced ET
from CO; effects or deforestation can also lead to increased fire risk owing to warmer and drier
conditions (107). Finally, changes in air temperatures and precipitation from forest loss can ex-
acerbate drought conditions, making forests more vulnerable to fire and subsequent invasion of
flammable plant species.

4. QUANTIFYING RISK: EXPOSURE, SUSCEPTIBILITY,
AND RESILIENCE

In this section, we highlight recent advances in understanding three interconnected factors that
influence the risk of ecosystem collapse in the Amazon: (#) the region’s exposure to climate change,
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CONGO BASIN

The Congo Basin is the second largest contiguous tropical forest, after the Amazon. Both regions exhibit tightly
coupled land—atmosphere interactions and depend strongly on recycled rainfall (108). Recent evidence suggests
that Congo Basin tropical forests may rely even more heavily than the Amazon on moisture recycling to provide
atmospheric moisture for rainfall (108, 109). Despite these similarities, the Congo Basin appears to be responding
differently to global change than the Amazon (110, 111). For example, each basin responded differently to decadal
drying trends (112, 113) and shows contrasting, albeit uncertain, projections in precipitation trends (114, 115).
Moreover, forest plot data show that, despite long-term declines in the strength of the Amazonian carbon sink
between 1990 and 2015, the strength of the carbon sink over the Congo Basin has remained relatively stable over
the same period (116).

Several factors may account for why the Congo Basin is responding differently to global change. Differences
in the ecological and evolutionary trajectory of the Congo Basin—including prolonged periods of drought during
the evolution of Africa tropical forests (117), the presence of megafauna (118-120), and differences in plant species
and trait composition (121, 122)—may play a role. Moreover, studies have suggested that the different patterns of
land-use change found across the Congo Basin may make the region less vulnerable to global change pressures
(110). Land-use change is driven primarily by small-scale agricultural expansion under rotational cropping systems
to meet local food security and development needs (123, 124). While fires are a key part of the small-scale rotational
agriculture practiced in the Congo Basin, current methods to monitor fire are likely missing the full impacts of fire
across the region. More research is needed to understand how these different factors interact and how they may
influence the current and future resilience of ecosystems in the Congo Basin.

extreme weather events, and human-driven disturbances; (b) the forest’s ability to withstand these

stressors, which is reflected in its ecological susceptibility to crossing critical thresholds; and
(¢) the resilience of ecosystems, or their capacity to recover and restore essential functions follow-

ing disturbances such as deforestation, fires, or droughts. While the Amazon remains the primary

focus of our review, the sidebar titled Congo Basin provides a brief comparative perspective from

the Congo Basin, underscoring both shared challenges, such as vulnerability to climate change and

land-use pressures, and key differences, including variations in climatic conditions, biodiversity,
and the nature of human disturbances.

4.1. Climate Drivers of Change and Exposure

Amazonian forests are increasingly exposed to rising temperatures, prolonged droughts, extreme

rainfall events, and wind disturbances—all of which are expected to intensify with ongoing climate
change. These stressors have significant implications for forest structure, function, and resilience.
Here, we briefly review the main regional climate trends and their potential interaction with land-

use change and disturbances such as wildfires.

4.1.1. Regional climate change. The Amazon region has experienced significant climatic

changes over the past few decades (15, 125). Regional warming averaged 0.2-0.3°C per decade

and was most pronounced during the dry season in eastern Amazonia (0.49°C per decade) (125).

Rising temperatures have contributed to increased air dryness in southeast Amazonia, as indicated

by the rising vapor pressure deficit (125). Local deforestation has amplified these regional climatic
changes. Fragmented landscapes often experience regional warming of 2-3°C, compounded by lo-
calized warming of an additional 2-4°C (126, 127). The cumulative effect may push temperatures

up by 6°C or more during the dry season, exposing forest edge trees to extreme temperatures (16).
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In addition to temperature changes, the Amazon has experienced significant shifts in its hydro-
logical cycle. Since the 1980s, the dry season length in southern Amazonia has grown by 40 days,
particularly in drier regions within the Arc of Deforestation (128). Together, changes in dry sea-
son length and regional warming likely increase plant water stress through higher atmospheric
evaporative demand.

4.1.2. Extreme weather events. Severe droughts have further stressed Amazonian forests.
Linked to variations in sea surface temperature, both the El Nifio-Southern Oscillation (ENSO)
and the Atantic Multidecadal Oscillation contribute to significant shifts in regional hydrody-
namics. When these phenomena coincide, droughts can become more intense, prolonged, and
widespread, leading to extended water deficits and major reductions in deep soil moisture, as
seen during the 2005 and 2010 droughts (129-131). In southeastern Amazonia, full soil moisture
recharge after a drought can take up to 2 years (132). In addition to changing hydroclimate, air
temperatures can be considerably higher during ENSOs—including the 2015-2016 event, when
air temperatures were 1°C higher than the long-term average, with some months surpassing 1.5°C.
These droughts have increased in frequency and intensity over the past two decades (133).

4.2. Forest Susceptibility to Change

The likelihood of crossing a critical threshold depends on both the magnitude of exposure to
stressors and the forest’s inherent resistance (e.g., the inverse of susceptibility). Several studies
have documented changes in forest composition, even in relatively undisturbed primary forests.
The distributions of functional traits, such as wood density and leaf area index, are shifting,
with drought- and heat-tolerant species becoming more dominant while more vulnerable species
decline (63). Studies along elevation gradients have shown directional shifts in forest species com-
position toward species associated with lower, warmer elevations (e.g., thermophilization) (134).
These findings can be interpreted either as detectable small changes in forest functioning due to
global changes or as early signs of declining forest health, with potential near-term consequences.

One of the most comprehensive studies on Amazonian forest thresholds analyzed the current
resilience of forests in relation to various climate and land-use variables (15). The study identified
potential thresholds beyond which we risk ecological degradation from large-scale ecosystem tran-
sitions. They are based on conservative estimates as follows: annual precipitation below 1,800 mm
(range: 1,000 to 1,800), maximum cumulative water deficit lower than —350 mm (range: —350
to 450), mean global air temperature increases exceeding 1.5°C (range: 2°C to 6°C), dry season
lengths extending beyond 5 months (range: 5 to 8 months), and deforestation higher than 10%
(range: 10% to 20%). Crossing these thresholds could signal irreversible alterations in key eco-
logical properties of the region’s forests, such as tree biomass and species composition. Depending
on the context, vegetation may take many decades to equilibrate to novel conditions or may shift
abruptly once thresholds are crossed. Examining vegetation responses to recent disturbances could
provide clues about the likely trajectory and timing of future changes.

Recent extreme droughts provide insights into the critical limits of ecosystem properties, since
they exceeded many of the thresholds defined by Flores et al. (15) (Figure 4). These droughts
have led to reduced photosynthesis, lower ET, and diminished canopy greenness, coupled with
increased tree mortality (Supplemental Table 1), particularly among large, dominant species.
The species most vulnerable to drought-induced soil drying are often from wetter regions of
the Amazon, suggesting that intensified drought conditions could lead to significant losses in
biodiversity, functional traits, and ecosystem services. Despite causing localized abrupt changes
in those characteristics, these extreme events have not yet triggered widespread ecosystem col-
lapse, suggesting that primary forests species are mostly resistant to short-term climatic extremes.

Brando et al.


https://www.annualreviews.org/content/journals/10.1146/annurev-environ-111522-112804#supplementary_data

Time frame

Pressure Susceptibility  Resilience Historic risk
(up to 2024) Historic 4 Projected
(up to I = (2025 and
2024) = beyond)
Trend
oo §2 12 2
- - Decrease
Southwest I = I =
= = Stable
N P\ Unclear
Central I = I =
= = Magnitude of change
Northwest T * T * @
Severe Moderate  Mild
Northeast T ? T ? @ Risk level
Medium
Overall P P . 1'D
Amazon t = t = 1 ? Low High '
Basin = —

Figure 4

Historical (up to 2024) and future (2025 and beyond) trends, derived from the literature (Supplemental
Table 1) for pressure, susceptibility, and resilience to disturbance, and how these metrics interact to
determine the total risk of vegetation collapse for each region of the Amazon Basin, qualitatively categorized
by cardinal directions. The direction of trends was determined by the quantity of studies indicating an
increase, decrease, or no change. The magnitude of change was ascertained using the relative quantity of
studies supporting a given trend in a particular direction, compared to other regions, and the content of the
studies.

Furthermore, many of the droughtimpacts were short-lived, with vegetation recovering after a few
years, although some impacts can last for more than a decade (112). However, forest resistance can
be broken if wildfires occur during these extreme droughts, as these lead to abrupt and prolonged
alterations in vegetation dynamics during drought conditions (19) (Supplemental Table 1).

The largest fire experiment in the Amazon uncovered key mechanisms behind the varied im-
pacts of fire. Initial fires during nondrought years caused lower-than-expected mortality, mostly
affecting smaller trees (135), and in some cases even temporarily boosting forest productivity
(136). However, when fires coincided with droughts, tree mortality increased sharply, reaching
90% along the forest edges. The resulting changes in forest structure facilitated the spread of in-
vasive flammable grasses—first C3 Cerrado species, then C4 African exotic species. Windstorms
further impacted the areas that had been most severely damaged by the experimental fires, proba-
bly due to fire-weakened trees (137). Such interactions among droughts, fires, and fragmentation
have the potential to transform forested systems into novel ecosystems—characterized by lower
diversity, reduced capacity to store carbon, an altered hydrological cycle, and pronounced changes
in ecosystem functioning (7, 138). Indeed, such rapid transitions have been witnessed outside of
experimental conditions, including forests in the Xingu Basin and moist forests across the eastern
Amazon that burned multiple times (17, 66, 95, 101).

4.3. The Resilience of Amazonian Forests

Despite significant transformations driven by disturbances and stressors, Amazonian forests may
still retain the ability to recover fundamental characteristics. While this ecological resilience
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capacity is largely underpinned by natural regeneration and ecological succession, growing ev-
idence suggests that resilience across the Basin is declining, as reflected in various proxies for
forest health.

4.3.1. Loss of ecological complexity. In the Amazon’s Arc of Deforestation, forest fragmen-
tation is compounded by increasingly frequent and intense disturbances such as severe droughts,
fires, and blowdowns (7, 20, 139). Extensive fragmentation in this region has created small, iso-
lated forest patches with large perimeters exposed to edge effects (43, 140, 141). These edge zones
are highly susceptible to extreme climatic events and disturbances (137). Tall canopy trees, which
play a critical role in maintaining forest structure and function, are especially vulnerable in these
fragmented landscapes, with their loss exacerbating structural changes in forest fragments (142).
Fragmentation also disrupts animal-mediated seed dispersal, as defaunation driven by overhunting
and habitat loss diminishes the populations of key seed-dispersing species (143). This disruption
significantly hinders forest regeneration and the inclusion of species with functional traits essen-
tial for full ecosystem recovery (144). In fragmented forests, the proliferation of woody vines can
further slow recovery by competing with trees for resources and reducing overall forest growth.
While these factors may not individually signify resilience loss, the collective decline of multiple
proxies of forest resilience is concerning.

4.3.2. Critical slowing down. Time-series data from remote sensing techniques provide some
insights into resilience patterns across the Amazon and global tropics. For instance, an increase
in autocorrelation within these time series—indicating how closely an ecosystem’s current state
mirrors its past conditions—could suggest a critical slowing down (145) and reduced capacity
for recovery from disturbances. According to this metric, estimates suggest that between 37%
and 80% of the Amazon Basin may be experiencing some loss of resilience, particularly in areas
heavily impacted by logging, fragmentation, and natural disturbances such as drought (65, 146—
148). These findings consistently indicate southeastern Amazonia as a region where resilience is
in decline. However, these proxies of forest resilience are coarse, likely fail to capture the detailed
ecological processes associated with resilience, and may represent degradation rather than loss of
forest resilience.

4.3.3. From carbon sink to source. Assessments of changes in forest resilience have also
considered the forest’s carbon cycling capacity. Airborne measurements of CO, concentrations
have indicated that the western Amazon continues to function as a carbon sink, while the eastern
Amazon has become carbon neutral or, in some cases, a weak carbon source (45). This divergence
is primarily attributed to higher fire activity and longer, more intense dry seasons in the eastern
region. Furthermore, the eastern Amazon is warming at a faster rate than the global average,
largely due to reduced evaporative cooling caused by deforestation and forest degradation,
although forests degraded by repeated fires have been shown to rapidly recover ET (99). While
the reduced capacity to absorb carbon may signal an early decline in resilience, widespread
deforestation may also be obscuring the carbon sink function of remaining old-growth forests.
Forest plot networks in the Amazon show a decline in the rate of carbon accumulation over time
in primary forests associated with higher mortality rates, but they remain a net carbon sink due
to rapid wood increment (116, 149, 150).

4.3.4. Postclearing recovery. The capacity of forests to recover after deforestation can pro-
vide insights into their resilience. Most secondary forests rapidly regenerate, and because they
are below the ecosystem potential for tree heights and densities, they often achieve net carbon
uptake rates significantly higher than those of primary forests over the first decades. On aver-
age, secondary forests can recover approximately 90% of the biomass stocks of primary forests
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within 66 years after being clear cut (151). However, recovery rates vary widely, occurring faster
where rainfall is high and slower in regions with prolonged dry seasons and high-water deficits,
poorer soils, or more frequent natural or human disturbances (152). In addition, recovery of di-
versity measures such as species composition can be much slower, potentially taking more than
200 years (151). The recovery of ET after deforestation can occur even sooner, compared to
carbon accumulation. However, these forests remain vulnerable to droughts for decades during
recovery.

The recovery of degraded forests depends on the input of seeds from surrounding areas. Be-
cause many plants in tropical forests, including several tall canopy trees, are dispersed by animals,
forest resilience may vary according to how the fauna responds to forest degradation. As large
frugivores decline, small-seeded plants may become overrepresented. Seed dispersal limitation
of old-growth forest trees may thus strengthen positive feedbacks that reduce forest diversity or
resilience, especially in defaunated areas (144, 153). However, in some parts of the Amazon, the
abundance of animal dispersed tree species has increased (153).

While most forests embedded in a matrix with high forest cover may rapidly recover biomass
and species tree richness, deforested areas within fragmented landscapes may become arrested
in succession, given limited seed dispersal and an overabundance of lianas (154). Similarly, areas
dominated by grasses often face suppressed regeneration, as grasses outcompete tree seedlings
and saplings, making recovery slow or impossible without human intervention, especially near
water bodies (155, 156). Despite these challenges, vast areas of the Amazon have high poten-
tial for regrowth after deforestation. Roughly 19% of the deforested region is currently in
some stage of regrowth, although most secondary growth is young with high turnover rates

157).

5. THE AMAZON’S FUTURE
5.1. The Domino and the Hammer

The uncertainty surrounding the concept of an Amazon tipping point can be illustrated using
the analogies of a domino effect set and a hammer (Figure 5). The domino effect illustrates the
potential for cascading impacts that may be triggered when climate changes cross specific thresh-
olds, fundamentally disrupting the climate, ecology, and natural disturbance regimes of Amazon
forests. This chain of events can alter species competition, increase flammability, and reduce the
forest’s resistance and resilience to external stressors, leading to a downward spiral of degradation
and, ultimately, the collapse of large forest areas.

The hammer effect, in contrast, can be used to describe direct human-driven impacts such as
deforestation and land-use change, rather than a self-sustaining feedback loop. In this analogy,
the degradation of the Amazon results from repeated hammer blows to the ecosystem. The key
distinction is that stopping destructive activities would halt these impacts, allowing for recovery.
In contrast, the domino effect implies that, even if direct impacts stopped immediately, forest
degradation or impoverishment would continue because the forest’s climate and ecology are al-
ready committed to future change. A third scenario is also possible, whereby repeated hammer
blows degrade forest health to the point at which they initiate a domino effect (Figure 5). While
the domino effect often receives much of the attention in discussions about tipping points and
may operate across certain areas of the Amazon, we speculate that the hammer effect remains the
primary driver of forest impoverishment. These two different pathways—domino and hammer—
would have direct policy and conservation implications since stopping the blows could halt forest
loss and drastically reduce the likelihood of a domino effect (Figure 5).
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Figure 5 (Figure appears on preceding page)

Potential pathways of forest recovery. Forests have been degraded by several drivers (#), or hammer blows. As a result, two conceptual
models of ecosystem trajectories could occur in the Amazon. First, the degraded state (§) illustrates the domino effect, which assumes
tipping points and nonlinear responses in response to stressors, whereby small changes in a driver (e.g., climate) may trigger irreversible
ecosystem shifts due to strong feedbacks. While the system can fluctuate within boundaries, significant stress can push it into a
degraded state, making recovery challenging. Second, the resilient state (d) illustrates the hammer effect, which assumes that
human-driven disturbances (hammer blows) are the primary drivers of Amazon ecosystem degradation. Repeated blows can cause the
ecosystem to cross thresholds beyond which recovery is difficult but possible. These two conceptual models can also be represented as a
system having hysteresis (¢) or nonlinear transformations associated with different potential drivers (e).

5.2. Model Projections

The Amazon is projected to undergo substantial continued warming and shifts in precipitation
patterns because of global climate change. Projections from the Coupled Model Intercomparison
Project (CMIP) indicate that, without considering the effects of CO, fertilization on the veg-
etation, we expect substantial losses in forest biomass (85, 158, 159). For example, Uribe et al.
(64) estimated that climate change alone could drive net biomass losses in tropical ecosystems
of 5.9-9.8 PgC per degree Celsius of warming without CO, fertilization, with 40% of these
losses concentrated in the eastern Amazon. Model projections also indicate that fire activity in the
Amazon is likely to increase in southeast Amazonia, potentially impacting 16% of the forests along
the Arc of Deforestation (20).

A major uncertainty in projecting the future of Amazon forest responses to climate change
relates to how climate models represent CO, fertilization. In CMIP6 simulations, rising atmo-
spheric CO, concentrations are responsible for 70-90% of projected changes in precipitation
and temperature patterns, primarily through alterations in atmospheric circulation (50%) and
vegetation—climate hydrological feedbacks (30-40%)—with the remaining attributable to defor-
estation (87). While empirical studies suggest that increased atmospheric CO; may reduce plant
ET, many ESMs likely overestimate the magnitude of these reductions. If so, projected precipita-
tion declines in the eastern Amazon—where CO,-driven reductions in ET are strongest—could
also be overestimated.

5.3. Potential Ecological Pathways

Current ESMs also lack mechanisms to adequately represent the synergistic effects of fragmenta-
tion, logging, wildfires, and loss of ecosystem function, including defaunation and the breakdown
of interactions between plants and animals (15). These compounding factors, exacerbated by cli-
mate change, could push the Amazon into unpredictable and potentially dangerous trajectories.
Considering these interactions and model limitations, Flores et al. (15) outlined three potential
future outcomes for the Amazon, emphasizing that different parts of the basin may experience
varying drivers and respond differently:

1. degraded forests, driven by competition between trees and opportunistic plants, com-
pounded by interactions between deforestation, fire, and seed dispersal limitation;

2. degraded open-canopy ecosystems, characterized by interactions among low tree cover,
fire, soil erosion, seed dispersal limitation, invasive grasses, and opportunistic plants, with
regional feedbacks between forest loss and reduced atmospheric moisture flow; and

3. white-sand savannas, associated with feedbacks among low tree cover, fire, soil erosion, and
seed limitation, particularly in flooded forests.

We explore two possible end-member outcomes, recognizing that these are not mutually
exclusive and that impoverished forests may be an intermediate stage toward more severe
transitions.
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5.3.1. Impoverished forests. Observational studies and experiments provide ample evidence
of Amazon forest impoverishment due to global changes, including the loss of large, dominant
trees during drought events (38, 43, 62); reductions in average wood density from human distur-
bances (160); and a shift to small-seeded species dispersed by birds and bats along deforestation
and degradation gradients (144, 153). Certain ecosystem features, such as large trees, are partic-
ularly vulnerable to compounding stressors. While many large trees have adapted to survive past
droughts by growing deep roots to access deep groundwater, increasing soil dryness in some re-
gions may render this strategy insufficient. Furthermore, large trees are sensitive to additional
stressors such as windstorms (137); logging (161); edge effects (34); and a breakdown of cer-
tain seed dispersal modes such as synzoochory (144, 153), which is prevalent among some of the
Amazon’s most distinctive tree families such as the Lecythidaceae.

Widespread impoverishment of Amazonian forests could alter their ability to resist or respond
to further environmental changes. The loss of large trees, for instance, could cause decreased forest
rooting depth, thereby decreasing access to deep soil water and leading to forests becoming more
seasonal in drier parts of the Amazon (32). In addition, these forests could become increasingly
dominated by fast-growing, short-lived generalist species typical of secondary forests, which may
be more sensitive to extreme drought or temperatures (e.g., 63, 162) and which tend to be less resis-
tant to disturbances such as fires (95). The loss of large-seeded tree species may also drive changes
in faunal communities that depend on these fruits, although the potential for strong feedbacks
may be ameliorated by a high level of redundancy in fruit-frugivore interactions (163, 164).

5.3.2. Transition to nonforests. A more extreme scenario of forest response to stressors
and disturbances involves the replacement of forests with nonforest vegetation. This is already
occurring due to large-scale deforestation—driven by land speculation, cattle ranching, and
agro-industrial expansion—with economic interests suppressing vegetation regrowth. However,
it is important to distinguish this deforestation-driven forest loss from a potential transition of
the remaining (uncleared) forest (see sidebar titled Terminology), which we focus on in this
review.

Interactions and compounding effects of co-occurring disturbances—including deforestation,
climate change, and fire—could facilitate transitions into ecosystems dominated by nonforest
species, including grasses or shrubs. To date, such transitions are rare, having been observed only
in experimentally burned areas subjected to frequent fire return intervals rarely seen outside
experimental settings—or in repeatedly burned flooded forests (73). Thus, (#) how widespread
these changes might become without further anthropogenic intervention and (#) whether recov-
ery is possible over longer timescales remain uncertain. Nonetheless, climate change and ongoing
deforestation create scenarios in which further changes are inevitable and large-scale forest
degradation is possible. In extreme cases, novel ecosystems may also emerge from widespread
degradation (e.g., 7).

6. MANAGING POTENTIAL TRANSITIONS

From a management perspective, there is little immediate difference between an impoverished
forest and one that is transitioning into a nonforest state. Both are highly undesirable outcomes
with far-reaching consequences for people, nature, and climate. These outcomes can be extreme in
both scenarios and are unlikely to be reverted on timescales relevant to current decision-making.
Moreover, both are initiated by similar drivers, so management actions designed to counter them
are the same. Finally, observed changes in both scenarios can be either linear (e.g., incremental
losses of biomass from successive droughts) or highly nonlinear (e.g., fires leading to sharp losses
of aboveground biomass and biodiversity).
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6.1. Halting Forest Loss and Degradation

Strong governance provides the foundation for designing and implementing strategic measures
to prevent undesirable transitions in the Amazon. Effective governance should orchestrate the
wide range of actors involved in forest stewardship and conservation by establishing robust in-
stitutions, mechanisms, and regulatory frameworks (165). International actors play a pivotal role
since significant land-use changes are driven by globalization and demand from distant markets
11).

Reducing deforestation is the first line of defense to prevent the impoverishment or complete
collapse of Amazonian forests (11, 15). The significant decline in deforestation rates (>80%) in
the Brazilian Amazon between 2004 and 2014 is emblematic of the potential for such coordinated
efforts (166, 167). This reduction was achieved through a combination of national government
policies (e.g., establishment of protected areas, monitoring and enforcement of environmental
laws), supply chain interventions, and financial incentives (166). However, without fundamental
changes in the rationale behind the drivers of deforestation, it tends to rebound with shifts in
markets or political will.

Lessons from Brazil and Colombia demonstrate that success in reducing deforestation lies in
multiple, complementary interventions—combining disincentives and incentives implemented by
public and private actors across different scales (168). Governments can enable conditions that
support market-based incentives (e.g., supply chain initiatives) by imposing regulations, formal-
izing land rights, orchestrating actors, and monitoring compliance. Initiatives targeting specific
commodity sectors—e.g., the soy and cattle moratoria in Brazil and zero-deforestation agree-
ments for palm oil, beef, cocoa, and timber sectors in Colombia (167)—are relevant for scaling
up zero-deforestation efforts. Successful deforestation commitments by national governments can
also attract new financial streams via REDD+, which supports forest conservation and sustainable
management (169).

Coordinated action to strengthen and support Indigenous land rights is among the most
effective strategies to maintain healthy forests and associated ecosystem services. Indigenous ter-
ritories account for almost half of all remaining land with high ecological integrity (wilderness)
across the Amazon (170). Securing and enhancing their collective systems of tenure, governance,
and livelihoods will be essential for achieving socioecological resilience in Amazonian forests
171,172).

Indigenous and traditional Amazonian communities have played key roles in shaping regionally
important forest-based economies. These sustainable sociobioeconomies could deliver substan-
tial socioecological benefits, provided that they are built upon sustainable harvesting and land-use
practices and are implemented with a strong foundation of social justice and equity (173-175).
Although currently limited to niche markets, sociobioeconomies can be expanded through in-
vestments in improved infrastructure, value chains, and social organization (176). Scaling up
sustainable activities—such as ecotourism; gastronomy; and diversified production of fruits, nuts,
oils, medicines, fish, and other products derived from sociobiodiversity—requires dismantling en-
vironmentally destructive sectors through strategic disincentives (176) and the ending of the many
subsidies that encourage them. Viable socioeconomic solutions are essential to incentivize the con-
servation of standing forests and to reduce the appeal of deforestation for short-term economic
gain (177).

Proposals for more sustainable forest management have called for adaptive approaches that
mitigate the risk of ecological transitions while providing a wide range of social, economic, and
ecological benefits (178). Such approaches often shift away from the traditional view of forests as
a predictable source of harvestable products, focusing instead on the comprehensive provision of
diverse ecosystem services (179). In times of climate extremes, the overexploitation of resources
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such as timber can help push ecosystems beyond their limits, rendering them more flammable and
ecologically less resilient (31).

6.2. Managing Altered Fire Regimes

Addressing the escalating threats posed by fire in the Amazon will require ambitious adapta-
tion strategies and comprehensive management approaches. The new Brazilian Integrated Fire
Management Law (180) offers opportunities to manage fire ignitions proactively and to prevent
burning of fire-sensitive Amazon forests. Effective wildfire prevention depends on targeted poli-
cies, incentives, and capacity building to encourage fire-free land management, particularly for
stakeholders with financial resources such as capitalized cattle ranchers (11). At the same time, it
is crucial to support family farmers, Indigenous Peoples, and traditional communities who rely
on fire for their livelihoods and cultural traditions (181). These groups should be provided with
information and assistance to gradually and autonomously adapt their agricultural practices, min-
imizing fire use during periods when climatic conditions pose significant risks (182, 183). They
should also be supported when their forests burn, as fires lead to strong reductions in material
benefits (e.g., nontimber forest products) and relational values (e.g., land rights of place attach-
ment). Proactive strategies to minimize ignition sources—including regulation of deforestation,
slash-and-burn practices, and arson—are also critical, especially during periods when forests are
most flammable.

Mitigating future wildfires also demands advancement on several fronts. As the climate be-
comes warmer and drier in Amazonia, human-ignited forest fires are likely to produce much larger
wildfires (Figure 6). Reducing this risk would require improving seasonal fire forecasting systems
and shifting the focus from ignition probabilities to the risk of fire spread. Enhanced real-time
monitoring of fire types and locations using satellite sensors, airborne surveys, and ground-based
networks of tower-mounted cameras is critical. Although Amazonia’s size and remoteness make
fire emergency response (i.e., firefighting) challenging, it is a key management component and
requires sustained investment in training and equipping local firefighting teams (e.g., 183). Fi-
nally, quantifying the socioeconomic impacts of forest fires—such as damage to infrastructure,
health risks from smoke exposure, and loss of ecosystem services—is essential for raising public
awareness and driving action. This is particularly important because understory fires not only dev-
astate forests and biodiversity but also have immediate and far-reaching consequences for human
livelihoods, public health, and regional stability.

6.3. Promoting Large-Scale Landscape Restoration

Landscape restoration, alongside efforts to reduce deforestation and degradation, is a vital strategy
for strengthening the socioecological resilience of fragmented forest regions such as Brazil’s Arc
of Deforestation. While national policy initiatives aspire to transform the region into an Arc of
Restoration through financial mechanisms, to be effective they should include strategic spatial
planning with cost-benefit analyses that balance multiple benefits such as carbon, biodiversity,
and social and economic indicators (184, 185). Risks related to water and food security, and the
potential for irreversible forest transitions, should be carefully evaluated.

Brazil included a restoration target of 12 million hectares by 2030 in its intended nation-
ally determined contributions, with approximately half of this slated to occur in the Amazon.
A multistakeholder restoration network has emerged within Brazil in response to international
and national institutional mechanisms (186). Among the restoration drivers are regulatory frame-
works such as the Protection of Native Vegetation Law (Forest Code), which requires landowners
to restore lands that are out of compliance; this framework is supported by global funds for forest
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Relationships between ignition sources and burned area across forest conditions and climate scenarios. In
primary forests, increases in ignition sources have limited effects on wildfire extent during nondrought years.
However, under drought conditions, more of these ignitions spill over into flammable forest edges,
triggering larger fires and greater burned area. In degraded forests—altered by logging, edge effects, or
other disturbances—even a small number of ignitions can lead to disproportionately large fires due to faster
spread and longer burn durations. These dynamics are further amplified by climate change, which increases
drought frequency and reduces ecosystem resilience. While degraded forests are more fire-prone, primary
forests may still experience larger burned areas during extreme droughts simply because they encompass
larger patches. Together, these patterns illustrate how fire regimes respond nonlinearly to interacting
stressors, with critical thresholds shaped by both forest condition and climate. To reduce future wildfire risk,
ignition sources may need to be reduced disproportionately, as forests become increasingly flammable under
the combined pressures of disturbance and climate change.

restoration and conservation. Carbon markets offer promising funding mechanisms for climate
mitigation and large-scale restoration, yet critical knowledge gaps in spatial planning, environ-
mental impact assessments, and regulatory frameworks must be addressed to ensure an equitable
distribution of benefits and to prevent greenwashing. Given the current challenges, however, only
a small fraction of deforested areas has actively been restored (187).

Naturally regenerating areas offer another strategic approach to achieving large-scale restora-
tion with a favorable cost—benefit balance, given the high cost of active forest restoration in remote
regions of Amazonia. In 2017, naturally regenerating forests covered 234,795 km? of land across
the Amazon, representing approximately 4% of the biome’s total forest cover, with approximately
75% of this area located in Brazil (188). These figures demonstrate the region’s inherent capacity
for recovery, despite regional differences in recovery rates (189). However, forest regrowth is of-
ten short-lived, lasting an average of 8 years before being cleared again (188), so it is not widely
recognized as a restoration strategy. Some communal territories such as Indigenous and Quilom-
bola territories have contributed significantly to native vegetation regrowth (190). This situation
highlights that, in many regions, the main issue is the lack of effective governance to enforce or
incentivize conservation of these high-value forests (175).
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Forest landscape restoration involves integrating trees into various systems (including agricul-
tural lands) to restore and enhance ecological properties and diverse human benefits. Pastures are
key, since they account for most of the converted areas in Amazonia [70% in the case of Brazil
(191)] and are associated with environmental degradation, low income, and marginal productiv-
ity (192). Incentives promoting the resurgence of integrated agriculture, including agroforestry
and other crop and livestock systems, could be developed through research programs, credit sys-
tems, payments for ecosystem services, and food safety regulations (193). Integrated production
systems enhance biodiversity, ecosystem services, and ecological resilience of landscapes. Assisted
natural regeneration, including enrichment planting with commercially viable species, is yet an-
other promising approach that enhances biodiversity while providing economic benefits to local
communities (175, 194).

Regardless of the chosen strategy, restoration initiatives must take into account the plurality of
social actors involved (including gender, age, and power diversity), their interests, their capacities,
and their level of participation. Biocultural restoration integrates ecological restoration with cul-
tural practices and Indigenous knowledge, emphasizing the vital connection between biodiversity
conservation and the cultural values of local communities (195). This approach has been proposed
to restore Amazonian sustainable-use reserves degraded by fires (196). Because ecosystems and
human cultures in the Amazon are deeply intertwined through a long evolutionary history (197),
efforts to prevent undesirable ecological transitions must be codesigned with and implemented by
those who manage and possess a deep understanding of Amazonian forests (196).

7. CONCLUSION: NAVIGATING A BETTER FUTURE
FOR THE AMAZON

Numerous studies have documented substantial ecological shifts in the Amazon region, driven
by deforestation, climate change, fire, and other anthropogenic stressors. In some landscapes,
current levels of pressure are exceeding the capacity of Amazonian forests to regenerate and
sustain their fundamental ecological functions. While the intensity, pace, and outcome of these
transformations vary in different regions and contexts, the overall trajectory is clear: Without sus-
tained conservation efforts and policy incentives, much larger portions of the forest will become
impoverished.

From a scientific perspective, the critical questions are not whether changes to the health of
tropical forests will occur, but whether these changes will unfold gradually or abruptly and whether
they are transient or irreversible. Contemporary evidence suggests that multiple scenarios may
unfold simultaneously in different regions. Some forests may remain largely intact, while others
experience progressive declines in ecological integrity in response to stressors. Still others may
undergo nonlinear responses, with feedback loops accelerating degradation severity. This under-
scores a critical point: There is little evidence for a single, basin-wide tipping point, but rather a
series of localized changes in forest condition may differ substantially in scale, drivers, intensity,
and timing. Recognizing this complexity highlights the urgency of every action—large or small,
immediate or long term—to slow forest loss and enhance resilience.

Beyond the scientific debate on whether and how tipping points may unfold in the Amazon, a
critical practical question remains: How does the concept of an Amazon tipping point—and the
variability and uncertainty surrounding it—shape conservation strategies and policy decisions?
While the term effectively conveys urgency, its broad and sometimes ambiguous usage can reduce
its practical impact (198). Overemphasizing its imminence could inadvertently foster fatalism,
reducing proactive responses (199), while framing it as a distant, catastrophic threshold downplays
the reality that major ecological disruptions are already occurring. If the tipping point concept
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is to meaningfully inform policy and conservation, it must be communicated in a way that not
only highlights risks but also clarifies actionable pathways for intervention. The most effective
messaging should strike a balance—conveying the immediacy of the threats while emphasizing
the possibilities to act and implement solutions.

Regardless of whether changes occur gradually or abruptly, the environmental solutions remain
consistent and require interventions that stabilize the global climate, strengthen environmen-
tal governance, curb local warming through deforestation control and restoration, and manage
fire. These strategies are well-known, but implementing and sustaining them at scale remain a
formidable challenge. Brazil’s success in reducing deforestation serves as a positive example, but
its subsequent setbacks in later governments provide a cautionary tale about the fragility of envi-
ronmental gains. It also stresses the need for enduring political commitment involving Amazonia’s
decision-makers, a transformation of the region’s economy, and grassroots leadership and social
legitimacy.

While climate change and local disturbances are already driving large-scale negative trans-
formations in the Amazon, the lack of evidence pointing to an imminent climate-driven forest
collapse (in the absence of fire) also offers a crucial window of opportunity. The Amazon’s fate is
not preordained by a single tipping point, and the choices, policies, and actions taken today can
steer the regions toward a more sustainable future.

1. Amazonian forests are undergoing rapid and large-scale transformations, driven by the
combined pressures of deforestation, climate change, fire, selective logging, and defau-
nation. These stressors interact across spatial and temporal scales, reshaping ecosystem
structure, function, and dynamics.

2. There is no empirical evidence for a single, basin-wide tipping point, but critical
thresholds are being crossed at regional and local levels. These include accelerated re-
gional warming, shortened fire return intervals, cumulative canopy loss below thresholds
needed to exclude flammable vegetation, high level of fragmentation that isolates forest
patches and increases their exposure to edge effects, and defaunation that disrupts seed
dispersal and overall forest regeneration. Crossing these thresholds undermines forest
resilience and increases the likelihood of transitions toward degraded states.

3. Two distinct processes drive Amazonian forest to degraded states: the hammer effect—in
which repeated, direct human disturbances such as deforestation, fire, and fragmenta-
tion progressively erode forest integrity—and the domino effect, in which feedbacks
between vegetation and climate could trigger widespread, self-reinforcing degradation.
While the domino effect remains a long-term concern, the hammer effect is the most
immediate and preventable threat—and lies within the scope of national and subnational
governance.

4. Ecological resilience remains high across much of the Amazon but is increasingly com-
promised in regions subject to repeated disturbances, to loss of ecological complexity,
and to isolation of the remaining native vegetation. Most Earth system models likely
underestimate this resilience by omitting key ecological information such as deep root-
ing trees, variation in species responses to disturbance, and animal-plant interactions
that buffer against abrupt ecological shifts.
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5. A critical window of opportunity remains open for safeguarding Amazon’s resilience:
Halting deforestation, managing fire, securing Indigenous land rights, and scaling up
ecological restoration are viable and proven strategies that reduce the risk of irreversible
change and enhance the Amazon’s role in regulating global climate and sustaining

biodiversity.

1. Forest—climate interactions: Further research should quantify mechanistically the cli-
matic consequences of Amazon deforestation, incorporating the combined effects of
evapotranspiration, biogenic volatile organic compounds, aerosols, cloud formation,
and atmospheric moisture transport. Improved models and observational networks are
needed to capture these interactions across spatial and temporal scales.

2. Forest sensitivity and adaptive capacity: Investigations should assess how past exposure
to climate averages, climate variability, and disturbances influences species traits and
adaptive capacity and how these combine with natural gradients in soils and edaphic
conditions to govern forest sensitivity to future climate change and other disturbances.

3. Forestresilience and recovery: Further studies are needed to investigate how the ecologi-
cal simplification resulting from deforestation, defaunation, and land-use intensity affects
forest resilience and recovery potential, particularly through effects on regeneration dy-
namics, flammability, and heat and drought susceptibility and any resulting feedback
loops. Distinguishing areas where natural regeneration is likely from those requiring
active intervention is critical for prioritizing conservation and restoration efforts.

4. People—forest interactions: Future efforts should advance understanding of socioeco-
logical interactions that shape forest resilience, recognizing that, even where ecological
conditions permit recovery, human decisions ultimately determine outcomes. Re-
search should focus on how land-use practices, governance systems, and cultural values
influence forest regeneration, fire use, and long-term ecosystem stability.

5. Solutions: Landscape-scale interventions that strengthen resilience, including targeted
restoration, fire management, land-use zoning, and regulation of hunting and resource
use, should be designed and evaluated. Research should identify social and institu-
tional conditions that enable these interventions to succeed without compromising local
livelihoods.
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