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            Abstract
Global biodiversity loss is a critical environmental crisis, yet the lack of spatial data on biodiversity threats has hindered conservation strategies1. Theory predicts that abrupt biodiversity declines are most likely to occur when habitat availability is reduced to very low levels in the landscape (10â€“30%)2,3,4. Alternatively, recent evidence indicates that biodiversity is best conserved by minimizing human intrusion into intact and relatively unfragmented landscapes5. Here we use recently available forest loss data6 to test deforestation effects on International Union for Conservation of Nature Red List categories of extinction risk for 19,432 vertebrate species worldwide. As expected, deforestation substantially increased the odds of a species being listed as threatened, undergoing recent upgrading to a higher threat category and exhibiting declining populations. More importantly, we show that these risks were disproportionately high in relatively intact landscapes; even minimal deforestation has had severe consequences for vertebrate biodiversity. We found little support for the alternative hypothesis that forest loss is most detrimental in already fragmented landscapes. Spatial analysis revealed high-risk hot spots in Borneo, the central Amazon and the Congo Basin. In these regions, our model predicts that 121â€“219 species will become threatened under current rates of forest loss over the next 30 years. Given that only 17.9% of these high-risk areas are formally protected and only 8.9% have strict protection, new large-scale conservation efforts to protect intact forests7,8 are necessary to slow deforestation rates and to avert a new wave of global extinctions.
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                    Figure 1: Spatial distribution of the six variables used to predict speciesâ€™ IUCN Red List response variables.[image: ]


Figure 2: Effects of four predictors on the status of 19,432 vertebrate species worldwide.[image: ]


Figure 3: Predicted probabilities of species status as a function of recent forest loss and total forest cover within a species range.[image: ]


Figure 4: Projected increases in the number of threatened species under three scenarios of future forest loss.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Receiver operating characteristic (ROC) curves for the models predicting status of forest exclusive species.
Class was included as a fixed effect (as in our main results) for the â€˜All speciesâ€™ group. The other results (by class) are based on models fit to each class separately. The left column is based on results where the model was fit to the entire dataset. The right column shows ROC curves for predictions using a fourfold cross-validation scheme where the probability of species being threatened was predicted for each of four regions with the model fit using data from all other regions. P values are based on the Mannâ€“Whitney U statistic and test whether the population AUC is greater than 0.5 (that is, better than random predictions). Results are presented both with (bottom row) and without (top row) the spatial autocovariate.


Extended Data Figure 2 Model results for models fit by class (mammals, amphibians, birds) and for all classes together (All).
Each row shows standardized coefficient estimates and 95% confidence intervals (as error bars) for each single model. All covariates are shown in this figure.


Extended Data Figure 3 Sensitivity analysis results.
The plotted variable is the estimated standardized coefficient for the forest lossâ€‰Ã—â€‰cover term with 95% confidence interval (as error bars). Each column corresponds to a different sensitivity analysis (other covariates are not shown). aâ€“i, In general, we found that our primary results were robust to the inclusion of absolute latitude as a predictor variable (a), the restriction of the dataset to tropical species only (b), the exclusion of species listed as threatened based on small geographic range (c), using a 75% pixel-scale threshold for the forest loss and forest cover variables (d), standardizing forest loss and gain by forest cover (that is, dividing forest loss and gain by forest cover so that these variables can be interpreted as approximate percentages of speciesâ€™ forested range) (e), accounting for potential phylogenetic dependence using generalized linear mixed models with random intercepts by taxonomic order (and by class for the â€˜all speciesâ€™ model) (f), using high-resolution speciesâ€™ range maps and covariate maps (approximately 5â€‰km), clipping species ranges based on altitudinal limits, and setting forest loss and cover to zero in regions of known tree plantations (g), including forest loss and gain from 1990â€“2000 by adding 1990â€“2000 and 2000â€“2014 forest change variables (h), and the inclusion of year of initial species description as a main effect and in a three-way interaction term with forest lossâ€‰Ã—â€‰cover (i).


Extended Data Figure 4 Estimated standardized coefficients for each model term (with 95% confidence intervals as error bars) when a quadratic forest lossâ€‰Ã—â€‰cover2 interaction (forest loss Ã— cover2) is included in the model.
This allows for the effect of loss to vary quadratically with cover. A significant and positive forest lossâ€‰Ã—â€‰cover2 interaction term would suggest that the (negative) effects of forest loss are greatest in areas with both high and low proportions of forest cover. However, this term was non-significant for most taxa and response variables, indicating that the linear model for the interaction is more parsimonious.


Extended Data Figure 5 The effect of forest loss (for 2% additional loss) in relation to total forest cover using quadratic models.
These models allow the effect of forest loss to vary nonlinearly as a function of forest cover, allowing us to test the hypothesis that forest loss is detrimental to species at both high and low levels of forest cover. However, the quadratic model reveals very similar results to the linear model. The exception is when â€˜declining trendâ€™ is used as the response; speciesâ€™ populations were more likely to be in decline when forest amount is very low (the habitat threshold hypothesis), and upon initial intrusion into intact forests (the initial intrusion hypothesis). For statistical significance of the quadratic models, see confidence intervals in Extended Data Fig. 4, far right panel. For context, the histograms (grey bars) show the (normalized to maximum 100%) distributions of forest cover across species. For example, if one bar in a panel is twice as high as another, then twice as many species have average forest cover of this percentage in their ranges. The black lines show the cumulative percentages of species with at most x per cent forest cover. For example, approximately half of forest-optional species have 50% forest cover or less.


Extended Data Figure 6 Results of multiple spatial models (estimates and 95% confidence intervals as error bars) for forest exclusive species when status (that is, whether or not a species is threatened) is used as the response.
Coefficients across multiple models that account for spatial autocorrelation were very similar. â€˜Methodâ€™ indicates the procedure (if any) used to account for spatial autocorrelation: non-spatial ordinary GLM (non_spatial), autologistic model with spatial autocovariate (AL_b), autologistic model using 50 nearest neighbours in the spatial weights matrix (AL_b_50), Moran eigenvector filtering (filtering), spatial autoregressive model (SAR_approx), or Bayesian condition autoregressive model (CAR_Bayes). Details on each method are given in the sensitivity analyses section of the Methods.


Extended Data Figure 7 Relationship between forest loss 1990â€“2000 (from ref. 34) and 2000â€“2014 (from ref. 7).
Overall, rates of forest loss are temporally autocorrelated; species ranges with high forest loss in the 1990s also show high forest loss in 2000s. However, this relationship is strongly affected by data availability; approximately 12.1% of forest loss data are missing across the globe and as we expected, the more data missing from a species range, the weaker the relationship between 1990s and 2000s rates of forest loss. The plots show correlations (in red; top right of each panel) between forest loss across the two time periods for various levels of missing data. Each point corresponds to a single species and the x and y axis values indicate average values of each variable across its range. Panel titles show the proportion of missing 1990â€“2000 forest loss data in species ranges. For example, the top left panel contains results for species with between 0% and 4% of their ranges missing 1990 forest data (owing to clouds, lack of satellite coverage, and so on). The correlation between 1990â€“2000 and 2000â€“2014 forest loss is highest for species with the least missing data.


Extended Data Figure 8 Country-level forest net loss (that is, change in percentage forest cover) for the 1990â€“2000 and 2000â€“2015 periods according to the Food and Agriculture Organizationâ€™s (FAO) Global Forest Resources Assessment.
Based on these data, the correlation between 1990â€“2000 and 2000â€“2015 forest loss is 0.705. Weighting by country area increases the correlation to 0.805. The relatively high correlation suggests that the spatially explicit recent (2000â€“2014) forest loss data that we used is closely related to less recent (1990â€“2000) forest loss.


Extended Data Figure 9 Sensitivity of our results to alternative categories of threat.
In the main text we considered a species to be â€˜threatenedâ€™ if it fell into the IUCN Red List category Vulnerable, Endangered or Critically Endangered. We conducted further analysis considering as threatened only species that are Endangered and Critically Endangered, and again for only species that are Critically Endangered. Dots show estimated standardized coefficients for each model term (with 95% confidence intervals as error bars) for all main effects and the forest lossâ€‰Ã—â€‰cover interaction term. Our overall conclusions were consistent across these different definitions of threat.


Extended Data Figure 10 Maps showing the methods used to quantify historical forest loss.
First, we used random forests (a machine-learning method) to estimate potential forest cover globally (within forest biomes33). aâ€“c, This model was fit using current forest cover within intact forest landscapes36 and bioclimatic and other predictor variables66 (a; see Methods). We then subtracted current forest cover (b; Hansen et al.6) from this map to obtain estimated historical forest loss (c). The map of land is taken from http://thematicmapping.org/downloads/world_borders.php.
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