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            Abstract
Biodiversity contributes to the ecological and climatic stability of the Amazon Basin1,2, but is increasingly threatened by deforestation and fire3,4. Here we quantify these impacts over the past two decades using remote-sensing estimates of fire and deforestation and comprehensive range estimates of 11,514 plant species and 3,079 vertebrate species in the Amazon. Deforestation has led to large amounts of habitat loss, and fires further exacerbate this already substantial impact on Amazonian biodiversity. Since 2001, 103,079–189,755 km2 of Amazon rainforest has been impacted by fires, potentially impacting the ranges of 77.3–85.2% of species that are listed as threatened in this region5. The impacts of fire on the ranges of species in Amazonia could be as high as 64%, and greater impacts are typically associated with species that have restricted ranges. We find close associations between forest policy, fire-impacted forest area and their potential impacts on biodiversity. In Brazil, forest policies that were initiated in the mid-2000s corresponded to reduced rates of burning. However, relaxed enforcement of these policies in 2019 has seemingly begun to reverse this trend: approximately 4,253–10,343 km2 of forest has been impacted by fire, leading to some of the most severe potential impacts on biodiversity since 2009. These results highlight the critical role of policy enforcement in the preservation of biodiversity in the Amazon.
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                    Fig. 1: Overview of plant and vertebrate species richness and fire-impacted forest in the Amazon Basin.[image: ]


Fig. 2: Cumulative effects of fire on biodiversity in the Amazon rainforest.[image: ]


Fig. 3: Newly fire-impacted forest in Brazil (based on MODIS burned area).[image: ]


Fig. 4: Newly fire-impacted forest area and the impacts on plant and vertebrate species in Brazil.[image: ]
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                Data availability

              
              The plant occurrences from the BIEN database are accessible using the RBIEN package (https://github.com/bmaitner/RBIEN). The climatic data are accessible from http://worldclim.org and the soil data are available from http://soilgrids.org. MODIS active fire and burned area products are available at http://modis-fire.umd.edu. The MODIS Vegetation Continuous Fields data are publicly available from https://lpdaac.usgs.gov/products/mod44bv006/. The annual forest loss layers are available from http://earthenginepartners.appspot.com/science-2013-global-forest. The plant range maps are accessible at https://github.com/shandongfx/paper_Amazon_biodiversity_2021. The vertebrate range maps are available from https://www.iucnredlist.org/resources/spatial-data-download. The SPEI data are available from SPEI Global Drought Monitor (https://spei.csic.es/map).

            

Code availability

              
              The code to process the remote-sensing data is available at https://github.com/shandongfx/paper_Amazon_biodiversity_2021.
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Extended data figures and tables

Extended Data Fig. 1 Fire-impacted forest and forest loss in the Amazon Basin.
a–h, Visualization of fire-impacted forest (a, b), forest loss without fire (c, d), fire-impacted forest with forest loss (e, f), and fire-impacted forest without forest loss (g, h) in the Amazon Basin based on MODIS burned area (left panels) and active fire (right panels). Data in a–d are resampled from the 500m (MODIS burned area) or 1 km (MODIS active fire) to 10 km resolution using mean function and thresholded at 0.01 to illustrate the temporal dynamics. Black represents non-forested areas masked out from this study. The cumulative fire-impacted forest is classified into two categories: fire-impacted forest with forest loss (e, f) and fire-impacted forest without forest loss (g, h). Data in e–h are resampled to 10 km using mean function to illustrate the cumulative percentages of impacts.


Extended Data Fig. 2 Scatter plot of species’ range impacted by fire.
Scatter plot of species’ range size in Amazon forest (x-axis) and percentage of total range impacted by fire (red) and forest loss without fire (black) up to 2019 for plants (left panel) and vertebrates (right panel).


Extended Data Fig. 3 Density plot of species’ cumulative range impacted by fire.
Density plot of species’ cumulative range impacted by fire. The different colours represent years 2001-2019. The x-axis is log10 transformed.


Extended Data Fig. 4 Summary of forest impacts in the Amazon Basin.
Areas of forest impact in the Amazon Basin estimated from MODIS burned area (top) and MODIS active fire (bottom).


Extended Data Fig. 5 Cumulative impacts on biodiversity in the Amazon Basin.
Cumulative effects of forest loss without fire on biodiversity in the Amazon rainforest. In the left panels, the black and grey shading represent the cumulative forest loss without fire based on MODIS burned area and MODIS active fire, respectively. Coloured areas represent the lower and upper bounds of cumulative numbers of a, plant and c, vertebrate species’ ranges impacted. Right panels depict the relationships between the cumulative forest loss without fire (based on MODIS burned area) and cumulative number of b, plant and d, vertebrate species. Coloured lines represent predicted values of an ordinary least squares linear regression and grey bands define the two-sided 95% confidence interval (two-sided, p values = 0.00). The silhouette of the tree is from http://phylopic.org/; silhouette of the monkey is courtesy of Mathias M. Pires.


Extended Data Fig. 6 Fire-impacted forest in Brazil.
Newly fire-impacted forest in Brazil (based on MODIS active fire). a shows the area of fire-impacted forest not explained by drought conditions. Different colours represent years from different policy regimes: pre-regulations in light red (mean value in dark red), regulation in grey (mean value in black dashed line), and 2019 in blue. The y-axis represents the difference between actual area and area predicted by drought conditions calibrated by data from regulation years (Methods). A positive value on the y-axis represents more area than expected, using the regulation years as a baseline. b shows a scatter plot of newly fire-impacted forest in Brazil and drought conditions (SPEI); The lines represent the ordinary least squares linear regression between fire-impacted forest and drought conditions for pre-regulation (red) and regulation (black) respectively.


Extended Data Fig. 7 Fire-impacted forest in different countries.
The contribution (0–1) of different countries to the newly fire-impacted forest each year based on MODIS active fire (top) and MODIS burned area (bottom).


Extended Data Figure 8 Impacts of fire on forest and biodiversity in Brazil.
a, Newly fire-impacted forest, b, new range impact on plants and c, new range impacts on vertebrate species in Brazil each year (based on MODIS active fire) that are not predicted by drought conditions. The colours represent three policy regimes: pre-regulation in red, regulation in grey and 2019 in blue. The y-axis represents the difference between actual value (area or range impacted by fire) and the values predicted by drought conditions calibrated by data from regulation years (Methods). A positive value on the y-axis represents more area or range impacted by fire than the expectation using the regulation years as a baseline. The dotted lines represent a smooth curve fitted to the values based on the loess method.


Extended Data Table 1 Summary of fire-impacted forestFull size table


Extended Data Table 2 Summary of regression analysesFull size table
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