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ABSTRACT
The Amazon Rainforest stores an estimated 150–200 petagrams of carbon in its biomass and soils, making it the largest terrestrial carbon reservoir on Earth. This review assesses the Amazon’s role in regulating global and regional climate, examines emerging evidence on the weakening of its carbon sink function, and evaluates the environmental and public health consequences of ongoing forest degradation. 
Drawing on research from 2015 to 2025, we analyze carbon sequestration processes, hydrological functions, including the “flying rivers” system, and feedback mechanisms driving parts of the southeastern Amazon toward a shift from carbon sink to carbon source. We also consider methodological differences in biomass estimation, particularly across remote sensing approaches, and their implications for carbon accounting.
In addition, we highlight the health impacts of deforestation, including respiratory illness from wildfire smoke, heat-related illness, the spread of vector-borne diseases such as malaria and dengue, and risks to food and water security. We also assess current policy frameworks, including the Paris Agreement, REDD+, and national conservation laws.
Overall, we argue that the Amazon is essential to planetary health, and that protecting it will require stronger and more effective governance, not just incremental changes to existing policies.
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1. Introduction
Atmospheric carbon dioxide (CO₂) concentrations, which remained below 280 parts per million (ppm) throughout the Holocene, have now exceeded 420 ppm, a threshold not observed in the geological record for at least three million years [1].
This rapid accumulation of greenhouse gases drives contemporary climate change, manifesting in rising temperatures, shifting precipitation regimes, intensifying extreme weather, and accelerating sea-level rise [2]. Forests perform an irreplaceable role in moderating atmospheric CO₂ accumulation, yet their capacity to sustain this function is being systematically eroded by land-use change and anthropogenic warming.
Among the world’s forested biomes, the Amazon Rainforest stands paralleled. Spanning approximately 5.5 million km² across nine South American nations, roughly 60% within Brazil, the Amazon supports an estimated 390 billion individual trees representing more than 16,000 species [3]. Its soils and living biomass collectively store 150–200 Pg of carbon. Beyond carbon storage, the Amazon regulates regional water systems, supports moisture recycling on a continental scale, and protects globally significant biodiversity [4]. However, it now faces profound and escalating threats.
Since the 1970s, approximately 17–20% of the original biome has been cleared, an area roughly equivalent to France and Germany combined, with deforestation accelerating markedly in the late 2010s [5, 6]. Land conversion for cattle ranching and soy agriculture, illegal logging, and increasingly severe drought and wildfire events are systematically eroding the forest's carbon sequestration capacity. Gatti et al. [7] showed that much of the southeastern Amazon has shifted from a carbon sink to a carbon source, a transition not predicted by pre-2010 ecosystem models.
The implications of Amazon degradation extend far beyond atmospheric chemistry. When forests are lost, it harms the health of hundreds of millions of people by polluting the air, spreading disease, disrupting water supply, and reducing food production.
While planetary health frameworks [8] increasingly recognize the link between ecosystem and human health, they are still often overlooked in policy discussions, especially those that treat the Amazon mainly as a carbon store rather than a system that supports life in many ways. This review assesses the Amazon’s role in carbon sequestration and climate regulation, as well as its environmental and public health impacts. It consolidates current evidence on carbon dynamics, reviews the drivers and consequences of forest degradation, evaluates associated health burdens, and assesses policy limitations, before outlining priorities for research and governance.

2. Conceptual Framework
Understanding the Amazon’s role in climate regulation and human health requires frameworks that can bring different processes together. In this review, we use three complementary approaches: the ecosystem services framework, which explains how forests support human well-being; the carbon cycle science, which measures how carbon is stored and exchanged; and the planetary health framework, which highlights the link between ecosystem health and human health. Together, these approaches present the Amazon not merely as an object of conservative sentiment, but as a living system , whose decline has real and measurable consequences.
2.1 The Ecosystem Services Framework
Ecosystem services are the direct and indirect contributions of ecosystems to human survival and quality of life, acting as the bridge between ecological functions (like nutrient cycling) and human well-being [9]. The Millennium Ecosystem Assessment [10] categorized these into four types: provisioning services (food, water, raw materials); regulating services (climate regulation, water purification, disease regulation); cultural services (spiritual, recreational, and aesthetic values); and supporting services (nutrient cycling, soil formation, primary production). The Amazon delivers services across all four categories at globally significant scales. Regulating services, particularly carbon sequestration, precipitation recycling, and temperature buffering, are the primary focus of this review, as they underpin both global climate stability and the health of populations far beyond the biome's boundaries. A key feature of ecosystem services is that they are not linear. The benefits they provide do not increase simply with the size of the ecosystem but depend on factors such as structural complexity, species diversity, and connections within water systems. Forests that appear intact on satellite images may still be degraded, with higher tree mortality, lower canopy density, or changes in species composition. Such forests provide fewer services than intact old-growth forests.
This difference between forest extent and forest integrity is important for understanding the Amazon’s true carbon and climate role. It also highlights a limitation of policy approaches that rely only on satellite-based measures of deforestation.

2.2 Carbon Sequestration: Key Concepts
Carbon sequestration is the process by which carbon dioxide (CO₂) is removed from the atmosphere and stored in natural systems such as plants, soils, oceans, and rocks. In ecosystems, this mainly occurs through photosynthesis, where plants convert CO₂ into organic matter. This carbon is then stored in plant tissues, transferred to the soil as plants decompose, or released back into the atmosphere through respiration and burning [11].
Four key metrics guide carbon analysis in this review. Gross primary productivity (GPP) refers to the total carbon fixed by photosynthesis over time. Net primary productivity (NPP) accounts for plant respiration by subtracting it from GPP. Net ecosystem production (NEP) goes further by also subtracting respiration from other organisms; when NEP is positive, the ecosystem is storing carbon. Net biome production (NBP) is the most relevant for policy, as it includes carbon losses from disturbances such as fires, deforestation, and logging, giving the overall carbon balance of a landscape.
A forest may show positive NEP under stable conditions but still become a net carbon source at the NBP level if emissions from disturbances exceed carbon uptake. This pattern has been observed in the southeastern Amazon by Gatti et al. [7]. As a result, NBP is the key metric for understanding atmospheric CO₂ trends and national greenhouse gas budgets.

2.3 Climate Regulation and Biogeophysical Feedbacks
Forests exert regulatory influence on the global carbon cycle through both biogeochemical pathways (carbon uptake and storage) and biogeophysical pathways that operate independently yet interact with carbon dynamics. High-canopy tropical forests maintain low surface albedo and high evapotranspiration, producing net cooling effects substantially diminished when forests are replaced by pasture or bare soil [12]. This biogeophysical forcing is spatially distinct from, and additive to, the radiative forcing associated with CO₂ emissions from deforestation. This is a distinction frequently absent from carbon-centric policy discussions.
The planetary health framework, articulated by the Rockefeller Foundation–Lancet Commission [8], defines planetary health as the achievement of the highest attainable standard of health, well-being, and equity through the judicious management and restoration of natural systems. This framework explicitly recognizes that health outcomes are determined not only by biomedical and socioeconomic factors but also by the integrity of ecological systems that regulate climate, water, food production, and infectious disease dynamics. The Amazon occupies a central position within this framework: its degradation constitutes a planetary health emergency, and the metrics by which its fate is evaluated must incorporate human health endpoints alongside atmospheric CO₂ concentrations and biodiversity indices.
3. Carbon Sequestration in the Amazon
3.1 Biomass Carbon Storage: Estimates and Uncertainties
Precise quantification of Amazon aboveground biomass has proven methodologically contentious, and the divergence between major remote sensing approaches represents one of the most consequential unresolved uncertainties in global carbon accounting.
Saatchi et al., using airborne LiDAR calibrated with extensive ground-based forest plots, estimated Amazon aboveground carbon density at approximately 150–180 megagrams of carbon per hectare (Mg C ha⁻¹) [13]. In contrast, Baccini et al. [14], using passive microwave remote sensing from the MODIS Vegetation Continuous Fields product, produced estimates that differed by about 20–40 Pg C at the pan-tropical scale. This gap is equivalent to several years of global fossil fuel emissions and remains unresolved despite subsequent cross-validation efforts [15].

The sources for this divergence are analytically methodical. LiDAR methods obtain great accuracy at plot scale. However, they do not permit automatic field calibration and, when extrapolated to basin-wide estimates, carry uncertainties. Methods based on passive microwave approaches have almost total spatial coverage, but at high-value biomass levels. They saturate and systematically underestimate carbon in dense old-growth forests in the central and western Amazon, which are the old-growth forests with the highest carbon stocks per hectare. Adjustments to NASA's GEDI LiDAR, Landsat time series, and ground measurement data [13] show estimations for the Amazon’s aboveground biomass converging to 60-80 Pg C, albeit with a lot of uncertainty for wetlands and western Amazon. For this review, we use the synthesis estimate of 150–200 Pg C total for Amazon carbon stocks, including soils. We recognize that the numbers indicate clear uncertainty, rather than a false indication of precision. 

Spatial heterogeneity in carbon stocks across the basin reflects these methodological distinctions, with particularly dense carbon concentrations in the western and central Amazon (Figure 1). The largest trees, that is, those exceeding 70 cm stem diameter, disproportionately dominate carbon stocks, accounting for up to 50% of aboveground biomass despite representing only a small fraction of stem density. This structural dependence renders the forest's carbon storage particularly vulnerable to selective logging and drought-induced mortality, both of which preferentially affect the largest individuals.
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Figure 1: Map of Amazon basin aboveground carbon density (Mg C ha⁻¹) derived from GEDI spaceborne LiDAR, illustrating spatial heterogeneity in carbon stocks across subregions. 

3.2 Soil Carbon Reservoirs
Soil organic carbon (SOC) is the most significant element within the earthly carbon reservoir. The Amazon, especially the Oxisols and Ultisols, sequester between 47 and 75 Pg C within the top meter of soil. There is a lot of uncertainty about the estimates, especially in the western Amazon peat-forming environments. Draper et al. [16] found large organic-rich peat deposits in the Pastaza-Marañon Foreland Basin, which contains about 3.14 Pg C. This is more than the total aboveground biomass of the entire United Kingdom. This deposit had not been previously considered in continental carbon stock assessments. Similar findings have been reported in the region [17].

Peat stocks are uniquely vulnerable. Under warming and drought conditions, the water table stabilizing peat carbon can drop, exposing organic matter to aerobic decomposition and generating rapid, difficult-to-reverse CO₂ and methane emissions. On a broader scale, rising temperatures linked to climate change are expected to increase microbial activity in soils, which can speed up the breakdown of soil organic carbon (SOC) and release more carbon into the atmosphere [18]. This creates a positive feedback that may further drive warming. However, the extent to which temperature affects soil carbon decomposition in tropical forests is still not well understood, and this uncertainty directly affects predictions of how Amazon soil carbon will respond to future climate change.

3.3 Carbon Flux and the Declining Sink
The Amazon fixes approximately 2.5 Pg C yr⁻¹ through gross primary productivity, one of the highest GPP values of any biome globally. Long-term forest inventory studies indicated that old-growth forests functioned as a consistent, if modest, carbon sink throughout much of the late twentieth century, accumulating an estimated 0.4–0.5 Pg C yr⁻¹ [19, 20]. Hubau et al. [19] documented a significant declining trend in this sink driven by increasing tree mortality outpacing biomass growth, attributed in part to drought stress and CO₂ fertilization effects approaching saturation in nutrient-limited old-growth stands.
The most consequential recent development in Amazon carbon science is the direct atmospheric evidence of a net source signal. Gatti et al. [7], using vertical aircraft profiles of CO₂ and carbon monoxide collected across the basin between 2010 and 2018, demonstrated that the northeastern Amazon remained a net carbon sink while the southeastern Amazon, most severely affected by deforestation and fire, had transitioned to a net carbon source, emitting approximately 0.19 Pg C yr⁻¹ more than it absorbed. This finding carries particular weight because it constitutes a direct atmospheric measurement of the basin's altered metabolic state, not a modeled projection. The source signal in the southeast was three times larger than expected from deforestation emissions alone, indicating that standing forest degradation through fire, drought, and edge effects was generating carbon losses invisible to satellite-based deforestation monitoring. Subsequent analysis by Qin et al. [5] quantified that forest degradation, distinct from outright clearing, may account for up to 40% of total Amazon carbon loss, confirming the scale of this systematically undercounted process.
4. Climate Regulation Functions of the Amazon
4.1 Rainfall Generation and the Flying Rivers
One of the Amazon's most consequential functions is generating and sustaining the moisture flows that determine rainfall patterns across much of South America. Through evapotranspiration, Amazon trees collectively release approximately 20 billion tonnes of water into the atmosphere each day, generating massive airborne moisture fluxes, the so-called flying rivers or rios voadores, that transport moisture westward and southward across the continent [21]. Nobre et al. [22] and Zemp et al. [23] demonstrated that large-scale deforestation significantly reduces evapotranspiration flux, diminishes moisture recycling efficiency, and reduces rainfall downwind by 15–30%. Rain-fed agriculture in southern Brazil and Argentina, depends critically on continued Amazon hydrological function.
4.2 Regional and Global Temperature Control
The dense evergreen canopy of the Amazon has a low surface albedo (about 0.12–0.15) and high evapotranspiration, which helps cool the land through strong latent heat fluxes. As a result, deforested areas are typically 1–3°C warmer than intact forests, with the greatest differences observed during the dry season [24]. This warming is further increased by broader regional effects of deforestation [25].
At the global level, the Amazon’s role as a carbon sink means that protecting the forest helps limit the buildup of atmospheric CO₂. The IPCC Sixth Assessment Report estimates that tropical deforestation accounts for about 10–12% of total human-driven greenhouse gas emissions [2].

4.3 Carbon Sink Versus Carbon Source Dynamics
Recent observations have changed how we understand the Amazon’s carbon balance. The findings of Gatti et al. [7] show that the forest is no longer a uniform carbon sink. Instead, it is a mix of areas that absorb carbon and areas that release it, with this pattern largely shaped by the level and location of human disturbance.
This variation has important implications for governance. Conservation efforts are often planned at the national level, which can overlook specific regions where the shift from carbon sink to source is most advanced.

4.4 Feedback Loops and Tipping Point Dynamics
The Amazon is shaped by several self-reinforcing climate feedbacks, the most well-known being the fire–deforestation–drought cycle. Deforestation reduces rainfall by weakening moisture recycling, which intensifies dry seasons. Drier conditions increase the risk of fire, which kills trees and releases carbon. The resulting forest degradation further reduces rainfall, reinforcing the cycle [26]. This process underpins the tipping point hypothesis. Recent studies show that the forest’s ability to recover from disturbance has declined since the early 2000s, suggesting that it may be approaching a critical threshold [27].
The idea of a tipping point, however, requires careful interpretation. Lovejoy and Nobre [26] proposed that at around 20–25% deforestation, the Amazon could shift from forest to savanna through self-reinforcing processes. While widely cited, this estimate is based mainly on models rather than direct observations. These models differ in how they represent key processes such as evapotranspiration and fire, leading to uncertainty. In practice, the threshold is not fixed but depends on factors such as where deforestation occurs, the extent of climate change, and the level of forest degradation.
Other studies support a more variable picture. Zemp et al. [23] found that feedback-driven forest loss may begin between 20% and 40% deforestation under current climate trends, with different 
outcomes under alternative emission scenarios. Evidence from past climates also shows that the Amazon has undergone major vegetation changes under similar levels of warming, suggesting that large shifts can occur without a single clear threshold. This does not reduce the urgency highlighted by later work from Lovejoy and Nobre [28], but it suggests that policy should focus on sustained precaution rather than relying on a fixed “safe” limit. Modeling studies further show that these risks are non-linear and vary across regions [3].
As shown in Figure 2, the southeastern Amazon already shows signs consistent with early tipping dynamics, including reduced rainfall, more frequent fires, higher tree mortality, and a shift toward net carbon release. Whether this represents the early stages of an irreversible transition or a reversible phase of degradation will depend on near-term land-use and climate policies. Current models cannot resolve this with certainty, which strengthens the case for precaution. 
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Figure 2. Conceptual diagram of the Amazon fire–deforestation–drought feedback loop, illustrating self-reinforcing degradation dynamics and conditions under which tipping-point transitions may occur. Consistent with Lovejoy and Nobre [26, 28] and Zemp et al. [23].



5. Drivers of Degradation
5.1 Deforestation for Agriculture and Cattle Ranching
Agriculture and cattle ranching account for about 80% of deforestation in the Amazon [29]. The expansion of soybean farming, largely driven by global demand for animal feed, has contributed to both direct and indirect forest loss, especially along the southern and eastern edges of the Amazon.
A key driver is the cattle–soy system, where land is first cleared for cattle grazing and later converted to soybean production. This allows deforestation to be officially recorded as cattle-related, even though it ultimately supports soy supply chains.
The 2006 soy moratorium helped reduce deforestation directly linked to soy. However, it may have shifted pressure to other land uses or to nearby regions such as the Cerrado biome [30].
5.2 Illegal Logging
Selective logging affects a much larger area than complete forest clearing. Asner et al. estimated that it impacts about 12,000–19,000 km² of the Brazilian Amazon each year, a scale that could double official deforestation figures when more sensitive remote sensing methods are used. These methods can detect subtle canopy damage that standard Landsat monitoring often misses. Recent studies support this, showing that long-term forest degradation affects a greater area than outright deforestation [31].
Logged forests also become more vulnerable over time. They experience higher tree mortality, drier conditions, and a buildup of flammable debris, making them more prone to fires. This increased fire risk can persist for 20–30 years after logging.
5.3 Wildfires
Fire is simultaneously a consequence and a driver of Amazon degradation. In the absence of drought and fragmentation, the humid Amazon interior is highly resistant to fire ignition. However, as deforestation creates forest edges and logged areas accumulate dry fuel loads, ignition sources increasingly escape into adjacent intact forest. Recent fire seasons highlight this growing vulnerability. In 2019, more than 100,000 fire alerts were recorded in Brazil, and severe fire activity continued from 2020 to 2023. These patterns show that the Amazon–Cerrado region is becoming more prone to large-scale fires as deforestation increases [32, 33].

5.4 Climate Change
Climate change interacts with land-use change to create compounding threats. Rising temperatures increase evaporative demand, effectively extending the meteorological dry season. The severe droughts of 2005, 2010, and 2015–2016 produced widespread tree mortality and forest carbon losses that transiently converted the Amazon into a net carbon source [34]. Under high-emission scenarios, modeling projections indicate that by the mid-twenty-first century, large portions of the eastern Amazon may experience conditions outside the observed climatological envelope of the current forest, creating conditions conducive to climate-driven dieback even in the absence of direct deforestation [35].
5.5 Interaction Effects and the Compound Degradation Footprint
The drivers discussed above do not act independently, a critical point often missed when deforestation is reported as a single figure. As shown by Lapola et al. [4], their interactions create a much larger combined impact than any single driver alone. Deforestation creates forest edges that dry out nearby areas; drier forests are more vulnerable to fire; fires leave behind debris that increases the risk of further burning; degraded forests are more sensitive to drought; and drought increases tree death in ways not captured by standard deforestation models.
Current estimates suggest that degraded but still standing forests may account for an additional 10–15% of the biome, beyond the 17–20% that has already been cleared. Thus, bringing the total compromised area above 30% in the most affected regions [5]. Figure 3 below illustrates the structural and systemic drivers of Amazon degradation, including commodity markets, infrastructure expansion, and land tenure insecurity, consistent with prior analyses [29, 30].
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Figure 3. Structural and systemic drivers of Amazon degradation, including commodity markets, infrastructure expansion, and land tenure insecurity. Consistent with Curtis et al. [29] and Nepstad et al. [30].


Figure 4 presents an integrated representation of Amazon degradation dynamics, combining a multi-level conceptual framework of interacting drivers with temporal trends in deforestation.
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[bookmark: _Hlk226513199]Integrated representation of Amazon degradation dynamics. (A) Multi-level framework of direct anthropogenic pressures, indirect structural drivers, governance failures, and climate feedbacks contributing to Amazon degradation. (B) Annual deforestation (km²) in the Brazilian Amazon (2008–2023), showing a marked decline following PPCDAm implementation, a sharp resurgence during 2019–2022, and renewed reduction under the Luiz Inácio Lula da Silva administration. The conceptual framework is consistent with Lapola et al. [4] and Lovejoy and Nobre [26], while deforestation data are sourced from Instituto Nacional de Pesquisas Espaciais (INPE PRODES) [6].


6. Environmental Consequences
6.1 Loss of Biodiversity
The Amazon harbors an estimated 10% of all species on Earth, including approximately 40,000 plant species, 1,300 bird species, and 3,000 freshwater fish species [36]. Functional diversity underpins ecosystem processes including decomposition, nutrient cycling, seed dispersal, and pollination. The loss of large-bodied frugivores such as tapirs and large primates, which disperse the seeds of many carbon-dense tree species, may produce lagged but significant effects on forest structure and carbon storage not yet fully quantified. Modeling studies suggest that continued deforestation at current rates could drive 20–40% of Amazonian species to extinction or local extirpation by the end of the twenty-first century.
6.2 Increased Greenhouse Gas Emissions
Forest clearance and degradation release carbon stored in living biomass and soils. Brazilian Amazon deforestation alone was responsible for approximately 0.2–0.4 Pg C yr⁻¹ of net carbon emissions during the peak deforestation period of the late 1990s and 2000s [37]. Deforestation also releases methane (CH₄) and nitrous oxide (N₂O), respectively 80 and 265 times more potent than CO₂ on a 20-year timescale. As documented in Sections 3 and 4, the transition of the southeastern Amazon to a net carbon source signals that these emissions now exceed the region's biological carbon uptake, independently of direct deforestation accounting, further amplified by deforestation-induced regional climate change, which reduces carbon storage in remaining forests [25].
6.3 Disruption of Hydrological Cycles
Deforestation reduces evapotranspiration, diminishes moisture recycling, and decreases the reliability and total volume of precipitation over downwind agricultural regions [21]. At the watershed scale, forest clearing increases peak flows during the wet season while reducing dry-season base flows, because forested soils moderate these extremes far more effectively than compacted pasture soils. The Amazon River and its tributaries supply approximately 20% of all freshwater discharged into the world's oceans, and the ecological integrity of this freshwater system supports the livelihoods of millions of riparian communities.
6.4 Risk of Tipping Point and Savannization
As analyzed in Section 4.4, the tipping point hypothesis proposes that sustained deforestation could trigger a biome-scale transition to a savanna-like state. Given that current deforestation stands at 17–20% and that degradation affects a further 10–15% of the original biome area, the Amazon may be approaching conditions under which tipping dynamics become difficult to arrest. Such a transition would release hundreds of petagrams of carbon over decades and permanently alter the hydrological regime of South America with globally extending consequences. The precautionary logic is compelling: given the irreversibility of a potential transition and the magnitude of its consequences, the cost–benefit calculus overwhelmingly favors preventive action even in the presence of significant scientific uncertainty about the precise threshold location.


7. Public Health Implications
The planetary health framework [8] provides the organizing structure for understanding the public health dimensions of Amazon degradation. The following sections examine four principal pathways through which forest loss and climate disruption translate into measurable human health consequences.
7.1 Air Quality and Respiratory Disease
Wildfire smoke ranks among the most significant environmental health hazards generated by Amazon deforestation. Burning forests release particulate matter (PM₂.₅ and PM₁₀), ozone precursors, carbon monoxide, and polycyclic aromatic hydrocarbons. PM₂.₅ penetrates deep into the bronchial tree and alveoli, inducing inflammatory responses associated with acute respiratory infections, asthma exacerbations, chronic obstructive pulmonary disease, and cardiovascular disease [38]. A 12% increase in respiratory hospital admissions per interquartile range increase in PM₂.₅ concentration has been documented in Brazilian municipalities affected by biomass burning smoke [39]. This estimate should be treated as context-specific rather than broadly generalizable.
A comprehensive systematic review by Pesquero et al. [40] linked smoke exposure during the 2019 fire season to an estimated 2,195 premature deaths and over 3,600 hospital admissions in the Brazilian Legal Amazon. These estimates were derived from concentration-response functions calibrated on urban air pollution epidemiology, which may not perfectly characterize the particle composition generated by biomass burning. This introduces uncertainty into the mortality estimates. Despite these methodological bounds, the epidemiological signal is consistent across multiple independent studies: elevated PM₂.₅ during Amazon fire seasons is associated with measurable increases in respiratory and cardiovascular morbidity across a wide geographic area, including urban centers thousands of kilometers from fire sources.
7.2 Heat and Climate Stress
The biophysical temperature effects of deforestation, combined with background anthropogenic warming, are driving significant increases in thermal stress across Amazonian and adjacent regions. Surface temperatures over deforested landscapes can exceed those of intact forest by 3–5°C during dry-season afternoons [24]. Heat-related illness encompasses a spectrum from heat exhaustion to life-threatening heat stroke; sustained elevated temperatures also increase the risk of acute kidney injury, cardiovascular strain, and preterm birth [41]. The Lancet Countdown on Health and Climate Change has documented increasing heat exposure and associated health burdens globally, with tropical agricultural regions among the most severely affected [42]. Occupational heat exposure is a particular concern for agricultural workers and artisanal miners on the Amazon frontier.
7.3 Infectious Diseases
Deforestation has a major impact on the spread of vector-borne diseases by changing the habitats of both animal hosts and insect vectors [43]. In the Amazon, malaria is closely linked to forest loss. The main mosquito vector, Anopheles darlingi, thrives in sunlit, slow-moving water common in deforested areas, but is rarely found in the shaded, fast-flowing streams of intact forests. A systematic review by Tucker Lima et al. [44] found that a 10% increase in deforestation was associated with a 3.3% rise in malaria cases, a pattern supported by several independent studies.
Dengue fever presents a distinct epidemiological pattern. Rising temperatures shorten the time needed for the virus to develop within mosquitoes and increase mosquito survival and biting rates. Messina et al. [45] project that climate change alone could significantly increase the number of people at risk of dengue in South America by 2050, with the Amazon among the most affected regions. Other diseases of concern include leishmaniasis, yellow fever, Chagas disease, and leptospirosis. For example, outbreaks of sylvatic yellow fever in southeastern Brazil between 2016 and 2018 led to over 700 confirmed cases and 260 deaths, highlighting the health risks linked to forest loss and disruption of wildlife habitats [46].

7.4 Food and Water Security
Continued Amazon deforestation beyond 20–25% could reduce dry-season rainfall in Brazil's agricultural heartland by 20–30%, with potentially severe consequences for agricultural productivity in a region accounting for approximately 8–9% of global agricultural exports [47]. These projections carry the inherent uncertainties of coupled vegetation–atmosphere simulations and should be read as indicative of order-of-magnitude risk rather than precise predictions. For the approximately 35 million residents of the Amazon basin, many of whom are subsistence farmers, indigenous community members, or riparian population, forest degradation manifests as reduced availability of wild-caught fish, loss of non-timber forest products supplementing nutritional intake, and declining agricultural yields from reduced soil fertility, pollinator loss, and erratic rainfall.
Water security is equally under threat. Extreme low-water events observed in 2015–2016 and again in 2023, when the Amazon River reached its lowest recorded levels at several gauge stations disrupted river transport, contaminated municipal water supplies, and killed millions of fish, a critical protein source for urban and rural Amazonians alike.
8. Policy and Governance
8.1 International Frameworks: Adequacy and Structural Limitations
The Paris Agreement provides the primary international legal architecture for governing climate change and, by extension, tropical forest conservation. Its temperature goals, limiting warming to well below 2°C with efforts directed toward 1.5°C, require cessation of net deforestation by mid-century and substantial enhancement of terrestrial carbon sinks [2]. REDD+ (Reducing Emissions from Deforestation and Forest Degradation), integrated into Article 5 of the Agreement, provides a framework for compensating tropical forest nations for measurable, reportable, and verifiable reductions in deforestation emissions relative to national reference levels.
A critical appraisal reveals structural limitations not adequately addressed by incremental reform. Nationally Determined Contributions (NDCs) under the Paris Agreement are nationally self-determined and non-binding in their ambition trajectories; no enforcement mechanism compels countries to meet their stated targets, and aggregate NDCs submitted as of 2023 remain insufficient to achieve the 1.5°C goal [2]. REDD+ has been plagued by credibility failures. West et al. [48] published a systematic assessment of Amazon REDD+ projects certified under the Verified Carbon Standard, finding that the vast majority of credited emission reductions could not be validated against satellite-based counterfactuals. This suggests systematic over-crediting that renders the mechanism ineffective as a carbon abatement instrument. This constitutes a governance failure allowing corporations to claim emissions offsets without delivering real-world abatement, potentially deferring the structural economic transformations that genuine decarbonization requires.
The fundamental political economy of deforestation is not addressed by either framework. Deforestation is driven by domestic land tenure dynamics, agricultural commodity pricing, enforcement capacity, and political interests largely impervious to international financial incentives of the magnitude currently available. Brazil's Action Plan for the Prevention and Control of Deforestation (PPCDAm) achieved a 70% reduction in annual deforestation during 2004–2012 through strong domestic political will and institutional investment, not primarily through REDD+ revenue [30, 49]. The subsequent collapse of this achievement during 2019–2022 illustrated that governance architecture is the binding constraint, not the availability of conservation finance instruments. International frameworks are necessary but far from sufficient conditions for Amazon protection.
8.2 National Conservation Policies
Brazil's PPCDAm remains perhaps the most consequential tropical forest conservation policy in history, contributing to a reduction in Amazon deforestation from approximately 27,700 km² in 2004 to approximately 4,500 km² in 2012 through command-and-control enforcement, protected area expansion, and agricultural sector agreements [30, 49]. The Lula administration, returning to office in 2023, re-committed to zero illegal deforestation by 2030, a target whose credibility will be evaluated against INPE deforestation monitoring data over the coming years [6]. Other Amazon nations exhibit diverse governance trajectories; Colombia, Peru, Ecuador, and Bolivia face varying tensions between conservation commitments and extractive economic pressures, underscoring the need for a Pan-Amazonian governance framework aligning incentives across all nine sovereign nations sharing the biome.
8.3 Indigenous Peoples as Rights-Holders and Conservation Agents
A substantial body of evidence demonstrates that indigenous territories are among the most effective conservation mechanisms available in the Amazon, with deforestation rates inside formally recognized indigenous lands typically 2–10 times lower than in adjacent unprotected areas. However, framing indigenous territories primarily as carbon storage assets or conservation instruments is ethically incomplete and scientifically limiting.
The IPBES Global Assessment and the IPCC's Sixth Assessment Report both explicitly recognize indigenous and local ecological knowledge as a distinct and legitimate knowledge system contributing to the long-term sustainability of managed landscapes over millennia. Indigenous communities in the Amazon are not passive beneficiaries of conservation policies but active land stewards with sophisticated management practices and territorial governance systems that have demonstrably maintained forest integrity. Research has shown that indigenous territories and conservation units together protect approximately 52% of the Brazilian Amazon, reflecting active stewardship rather than mere geographic remoteness.
Strengthening indigenous territorial rights is simultaneously a matter of human rights under international law (ILO Convention 169 and the UN Declaration on the Rights of Indigenous Peoples), a public health imperative for the communities involved, and a cost-effective climate mitigation strategy. Policy discussions framing indigenous land protection purely in instrumental conservation terms, without acknowledging the rights dimension and autonomous governance capacity of indigenous peoples, are not only incomplete but risk reproducing patterns of exclusion that have historically undermined conservation effectiveness.
8.4 Carbon Credit Systems: Promise and Credibility Crisis
Voluntary carbon markets have grown substantially, with global transactions reportedly reaching approximately two billion US dollars in 2021. The theoretical logic is sound: allow corporations to finance verified avoided deforestation by purchasing carbon credits, creating revenue streams for forest conservation. The empirical record is, however, deeply problematic. West et al. [48] identified systematic over-crediting in major Amazon REDD+ projects, attributable to methodological problems in establishing credible baselines and accounting for spatial leakage. (the displacement of deforestation pressure to areas outside project boundaries). These findings do not imply that carbon markets are irredeemable, but they indicate that the current architecture of voluntary carbon certification is insufficient for a mechanism intended to contribute meaningfully to global decarbonization targets. Reforms needed include independent satellite-based monitoring of credited projects, standardized methodologies for leakage accounting, and mandatory benefit-sharing mechanisms directing carbon revenue to forest-dependent communities.








9. Mitigation, Adaptation, and Future Directions
9.1 Sustainable Land Use and the Intensification Pathway
Deforestation can be substantially reduced without sacrificing agricultural productivity through spatially efficient intensification of existing agricultural land rather than frontier expansion. Brazil's Forest Code, requiring landholders in the Legal Amazon to maintain 80% of their property in native vegetation as a Legal Reserve, provides a statutory framework for limiting agricultural expansion into intact forest. Rigorous implementation could reduce deforestation substantially while accommodating increased production on existing land. Integrated crop–livestock–forestry systems offer a promising model for reconciling agricultural production with forest maintenance, improving soil quality and maintaining carbon stocks above those achievable under monoculture pasture regimes.
9.2 Reforestation, Natural Regeneration, and Carbon Recovery
Brazil has committed to restoring 12 million hectares of native vegetation by 2030 under the Paris Agreement. Natural regeneration allowing cleared or degraded land to recover through spontaneous succession is increasingly recognized as cost-effective and ecologically superior to active planting where appropriate conditions exist. Chazdon et al. estimated that natural regeneration across tropical Latin America could sequester approximately 8.48 Pg C over 40 years at minimal cost; realizing this potential requires clear and secure land tenure and policies rendering regeneration economically competitive with continued agricultural use.
The Lula government's 2023 commitment to zero illegal deforestation, if implemented with the institutional rigor that characterized PPCDAm's peak years, could substantially slow the source-signal expansion documented by Gatti et al. [7]. Early INPE monitoring data from 2023 showed a significant reduction in deforestation rates from the 2022 peak [6], suggesting that political will translates into measurable outcomes on a timescale of one to two years. Whether this trajectory can be sustained through electoral cycles and under the economic pressures of agricultural expansion remains the central policy question for Amazon conservation over the next decade.
9.3 Climate Adaptation for Forest Ecosystems and Human Communities
Given that significant warming is already locked in by existing atmospheric concentrations, adaptation strategies are urgently needed alongside mitigation. For forest ecosystems, this includes protecting hydrologically important riparian zones as refugia during drought events, maintaining landscape connectivity to enable species range shifts, and managing fire risk through early-warning systems. For human communities, health adaptation measures include strengthening vector surveillance and control programs, building early-warning systems for wildfire smoke events, improving heat stress monitoring and occupational health protections for agricultural workers, and investing in water treatment and storage infrastructure in municipalities vulnerable to hydrological disruption. Indigenous community health systems, often poorly resourced relative to their geographic footprints, require particular investment.
9.4 Research Priorities
Key research priorities include: improved mapping of forest degradation using integrated data streams from GEDI, Sentinel-1 SAR, and time-series spectral analysis, to resolve fundamental uncertainty in total compromised Amazon area; longitudinal epidemiological studies linking Amazon environmental change to human health outcomes using well-defined exposed and unexposed populations and prospective designs, moving beyond cross-sectional ecological correlations; improved characterization of peat carbon stocks and their vulnerability to climate and land-use change in the western Amazon; social science research on the institutional and political economy determinants of deforestation enforcement; and systematic assessment of the distributional consequences of carbon market and REDD+ instruments, to ensure conservation finance reaches forest-dependent communities rather than primarily benefiting landowners and intermediaries.




10. Conclusion
The Amazon Rainforest is simultaneously the world's most important terrestrial carbon reservoir, the engine of regional and continental hydrological cycles, the repository of an extraordinary fraction of Earth's biological diversity, and a foundational determinant of human health and well-being for hundreds of millions of people. The scientific evidence reviewed here establishes that the Amazon is not a remote wilderness of merely aesthetic value but a critical planetary systems regulator whose degradation carries consequences of genuinely global magnitude and whose functional integrity is actively deteriorating.
The landmark finding by Gatti et al. [7] that the southeastern Amazon has transitioned from net carbon sink to net carbon source represents not an abstract atmospheric measurement but a metabolic verdict on two decades of accelerating land-use change and warming. The potential for a biome-scale tipping point uncertain in its precise location but credible in mechanism and potentially catastrophic in implications [3, 27] demands precautionary governance commensurate with the irreversibility of the risk, not a wait-and-see posture contingent on further scientific resolution of threshold uncertainty.
The public health dimensions are equally compelling. The convergence of worsening air quality from wildfire smoke, rising temperatures, expanding ranges of malaria and dengue, and threats to food and water security creates a compounding burden of disease falling most heavily on populations least responsible for historical greenhouse gas emissions: indigenous communities, frontier settlers, agricultural workers, and the urban poor across South America.
Reversing these trajectories requires action across specific domains. International financial institutions and high-income countries must expand and enforce climate finance commitments tied to verified conservation outcomes. Agricultural commodity traders and their financial backers must remove deforestation from supply chains at a scale and speed that exceeds current voluntary initiatives. The governments of Brazil and other Amazon nations must maintain robust, politically insulated deforestation monitoring and enforcement systems across electoral cycles, invest in indigenous land demarcation as both a rights obligation and a conservation strategy, and reform Forest Code implementation to maximize the forest cover it legally requires.
The Amazon is a global commons whose benefits are planetary but whose stewardship challenges are local and national. Its degradation is accelerating, with impacts already evident in atmospheric CO₂ levels, regional climate patterns, and health outcomes across South America. The window  for effective preventive action is narrowing. The cost of required action is large but finite. The cost of continued inaction is not.
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Figure 2: Amazon Fire—Deforestation—Drought Feedback Loop
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Figure 3: Structural and systemic drivers of Amazon degradation
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