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Habitat transformations caused by human land-use change 
are considered major drivers of ongoing biodiversity loss1–3, 
and their impact on biodiversity is expected to increase  
further this century4–6. Here, we used global decadal 
land-use projections to year 2070 for a range of shared 
socioeconomic pathways, which are linked to particular rep-
resentative concentration pathways, to evaluate potential 
losses in range-wide suitable habitat and extinction risks 
for approximately 19,400 species of amphibians, birds and 
mammals. Substantial declines in suitable habitat are identi-
fied for species worldwide, with approximately 1,700 species 
expected to become imperilled due to land-use change alone. 
National stewardship for species highlights certain South 
American, Southeast Asian and African countries that are 
in particular need of proactive conservation planning. These 
geographically explicit projections and model workflows 
embedded in the Map of Life infrastructure are provided to 
facilitate the scrutiny, improvements and future updates 
needed for an ongoing and readily updated assessment of 
changing biodiversity. These forward-looking assessments 
and informatics tools are intended to support national con-
servation action and policies for addressing climate change 
and land-use change impacts on biodiversity.

Human encroachment on habitats is a major cause of biodi-
versity change1–3, and determining the specifics of these impacts 
is a key priority for biodiversity science and conservation. Recent 
work using climate and land-use change scenarios to project 
biodiversity trends has signalled steep declines, particularly 
under business-as-usual conditions6,7. For instance, under such 
a scenario, 440 mammalian carnivores and ungulate species 
were predicted to decline in abundance by 18–35% and increase 
in extinction risk by 8–23% by 20506, and 27 European large  
mammal species were predicted to lose 25% of their habitat by 
20507. Recent projections of worldwide deforestation suggest a 
potentially substantial increase in the extinction risk of forest-
associated vertebrate species8. Identifying species and locations 
most exposed to changing habitats is key for prioritizing the 
reduction and management of biodiversity threats. However, they 
have usually remained taxonomically or geographically restricted, 
with a focus on large-bodied or temperate species. With declared 
international policy goals to prevent extinctions and global assess-
ment processes of the Intergovernmental Platform for Biodiversity 
and Ecosystem Services (IPBES) underway, there is a need for a  
more comprehensive evaluation, ideally accompanied by infra-
structure and workflows that enable ongoing updates as scenarios 
and data change.

Here we build on recent harmonized projections of anticipated 
changes in land-use to assess how the expected decrease of suitable 
habitat reduces geographic ranges and affects the extinction risk of 
terrestrial birds (N = 9,290), mammals (N = 4,594) and amphibians 
(N = 5,482) worldwide. We first established a refined baseline esti-
mate of geographical distributions and minimized the range size 
overestimates for the available expert-drawn range characteriza-
tions9,10. Building on earlier work4, but with much extended data, we 
specifically related expert information on species habitat suitabil-
ity and elevations to 1 km resolution remote sensing-based layers 
of fractional tree cover, minimum and maximum elevation11, and 
also fractional land cover for 2015 at 0.25 ° resolution (derived from 
projected land-use states) to estimate the habitat-suitable range 
(HSR) in 2015. We then linked the same species habitat suitability 
information to future land-cover projections to estimate decadal 
changes in HSR from 2015 to 2070. We assumed that once pixels 
had transformed to being unsuitable they remained unsuitable in 
the future (no-regain assumption) or could secondarily be repopu-
lated (regain assumption). The land-use projections informing land 
cover and suitable habitat are based on the newly released Land 
Use Harmonization dataset v2 (http://luh.umd.edu/)12–14. To deter-
mine how the implications for biodiversity may vary among differ-
ent scenarios, we evaluated projections under four different shared 
socioeconomic pathways (SSPs)14–16. These connect to a specific 
representative concentration pathway (RCP), as provided by the 
associated integrated assessment models, specifically SSP1 (RCP2.6, 
IMAGE), SSP3 (RCP7.0, AIM), SSP5 (RCP8.5, MAGPIE) and SSP2 
(RCP4.5, MESSAGE). Finally, we related the absolute levels and 
rates of change in HSR to the International Union for Conservation 
of Nature (IUCN) Red List Criteria17 to characterize potential future 
trends in species threat status and to identify the regions of greatest, 
aggregate concern.

Figure 1 shows the approach and projected changes for four spe-
cies (and the no-regain assumption) under SSP2, which represents 
a middle-of-the-road scenario of intermediate land-use change. 
Overall, we found large projected losses in HSR ranging from −6.2 
to −10.7% per decade (Fig. 1; Supplementary Table 1). For exam-
ple, the Lombok cross frog (Oreophryne monticola; https://mol.org/
en/species/projection/landuse/Oreophryne_monticola), restricted 
to the islands of Bali and Lombok, is projected to lose over half its 
2015 HSR by 2070, with only 190 km2 of its estimated initial 403 km2 
HSR remaining. If standardized criteria that relate absolute amounts 
and rates of change in HSR to a putative Red List threat status 
(Supplementary Table 2) were applied, the species would be up-listed 
to Critically Endangered (CR) in 2070 – it currently has a Red List  
status of Endangered (EN) and is projected to lose more than 50%  
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Fig. 1 | Projected land-use change effects on habitat-suitable range (HSR) of example species under projected harmonized land-use change. a–d, Map  
shows HSR per 1 km-refined 0.25 ° grid cell for the 2015 baseline and the projected 2070 time period under SSP2 (RCP4.5), assuming no-regain of 
habitats. Temporal plots show median (point) and variance (violins) of projected HSR as a percentage of 2015 HSR. Coloured dashed lines indicate area 
thresholds for potential up-listing under steep HSR loss, for example 20,000 km2 and steep decline (10% of 2015 HSR) for up-listing from LC (green) to NT 
(red). IUCN Red List threat categories range from LC and NT to VU (Vulnerable), EN and CR. To view the projected HSR loss trends for analysed species, 
see, https://mol.org/en/species/projection/landuse Credits: Cláudio Dias Timm (Limnornis curvirostris, Trepador-sobrancelha), Sean Reilly (Oreophryne 
monticola), Karel Jakubec (Kobus megaceros), Google, ORION-ME (base maps).
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of its original 2015 HSR by 2070 (Supplementary Table 1). The Nile 
lechwe (Kobus megaceros; URL) is expected to be up-listed to CR by 
2060. The Pale-browed treehunter (Cichlocolaptes leucophrus; URL) 
and the Curve-billed reedhaunter (Limnornis curvirostris; URL) would 
be up-listed to Near Threatened (NT) by 2050 and 2030, respectively, 
under Red List Criterion B1 because they are projected to have a 
restricted range (HSR <20,000 km2) and will undergo a range decline 
(>10% projected loss of 2015 HSR). Extending this evaluation to all 
19,366 species, we observe frequent decreases in HSR, and many  
species are expected to have an elevated extinction risk (Fig. 2).  
For SSP2 and the no-regain assumption, expected HSR contraction/
loss during the 2015–2070 period range from −8.4% for amphibians 
(95% confidence intervals (CI): −8.1% to −8.7%) to −6.7% for birds 
(95% CI: −6.5% to −6.9%) and −5.5% for mammals (95% CI: −5.2% 
to −5.8%). The number of species projected to be up-listed under  
SSP2 and the no-regain assumption is highest for amphibians  

(886 species), but also includes 436 birds and 376 mammals. Many 
of them are currently listed as Least Concern (LC) or Data Deficient 
(DD). These results confirm previous assertions about the particular 
threats faced by amphibians18,19, with substantial habitat shrinkage pro-
jected to affect often already very small ranges (HSR <20 km2). These 
habitat losses add to the reliance of amphibians on microhabitats, 
hydrological regimes and their limited dispersal abilities, which exac-
erbate their susceptibility to anticipated climate and land-use change20.

Extending this evaluation to the three other SSPs illustrates the 
sensitivity of these outcomes to the specific future societal pathways 
and socioeconomic scenarios. Under SSP3 in particular, which fore-
sees highly separate societies with substantial challenges to climate 
change mitigation and adaptation14,15, dramatically higher losses in 
suitable habitat are projected and greater up-listing especially of 
already threatened species is expected. Despite being associated with 
a higher RCP, the fossil-fuelled but more collaboratively developed 
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Fig. 2 | Projected trends in HSR and threat status up-listing based on harmonized land-use change projected under four different SSPs. a–c, The average 
(+/– 95% CI) projected HSR per SSP as a percentage of 2015. d–f, Counts of potentially up-listed species. The three paired bars in each SSP denote 
counts of elevated threat status for the 2015–2030, 2015–2050 and 2015–2070 epochs, respectively, and each pair addresses no regain (left bar) and 
regain assumption (right bar). We highlight SSP2, which is also used in Figs. 1, 3 and 4. In SSP2 we consider species currently designated as LC or DD with 
projected HSR of <20,000 km2 and >10% loss of 2015 HSR as becoming NT, and species with projected HSR of <20 km2 as VU. Species currently listed as 
VU or EN with projected >50% loss of 2015 HSR receive a future designation of CR. For other details, see Fig. 1.

Nature Climate Change | VOL 9 | APRIL 2019 | 323–329 | www.nature.com/natureclimatechange 325

https://mol.org/en/species/projection/landuse/Kobus_megaceros
https://mol.org/en/species/projection/landuse/Cichlocolaptes_leucophrus
https://mol.org/en/species/projection/landuse/Limnornis_curvirostris
http://www.nature.com/natureclimatechange


Letters NATure CLiMATe CHAnge

world of SSP5 has slightly weaker losses in HSR, but again greater 
threats to already highly threatened species than the middle-of-the-
road SSP2. As expected, SSP1, which represents a planet focused on 
sustainability, leads to the least but still noticeable HSR loss and also 
to an up-listing with the least impact on already threatened species. 
The overall differences among taxa are robust in specific SSP sce-
narios. Both HSR loss and the number of up-listed species are lower 

under the regain assumption, with an average increase of 1.25% for 
amphibians, 1.29% for birds and 2.15% for mammals (Fig. 2a,c,e), 
and between 2% and 32% fewer species seeing up-listing across SSPs 
(Fig. 2b,d,f; Supplementary Fig. 1).

The large variation in expected imperilment arises from geo-
graphically highly heterogeneous projected land-cover changes. 
Pressures on existing habitats are expected to be particularly severe 
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in much of South America, Southeast Asia, Central and East Africa 
and Mesoamerica. This geography of land-cover change interacts 
with the current patterns of species threat, rarity and habitat spe-
cialization to result in distinct spatial patterns of projected threat. 
Under SSP2 with no-regain, species in East Africa, Southeast Asia 
and Mesoamerica are expected to experience particularly high aver-
age HSR loss and imperilment (Fig. 3a–c). Southeast Asia is a pro-
jected hotbed for range loss and up-listing, with an average HSR 
decadal loss of over 0.75% for birds and mammals; a total of 133 
birds and 90 mammal species will probably deteriorate in threat sta-
tus across the continent. For amphibians, the greatest number of 
up-listed species (392 in total) is expected for South America where 
the diversity of often already narrow-ranged species is projected to 
experience a small decadal HSR loss of 0.46%.

These projected increases in species threat status set up new chal-
lenges for nations to safeguard their biodiversity and meet broadly 
agreed policy targets. We assess this issue by quantifying the HSR 
loss and per-species increase in threat status across countries larger 
than 50,000 km2, with contributions to these national averages 
weighted by countries’ stewardship of a species, that is the portion 
of their global HSR inside national boundaries. Turkey, Georgia and 
Liberia are projected to have greatest land-cover change (Fig. 4a), 
and patterns of HSR loss and up-listing are accordingly expected to 

be among the highest. But stewardship-weighted HSR loss is as high 
for some Southeast Asian and African countries, such as Thailand, 
Cambodia, Ethiopia and Kenya. Across all countries and species 
the relationship between average decadal land-cover change and 
stewardship-weighted HSR loss is accordingly moderate, but not 
exceedingly so (rho = 0.42, P < 0.001; Fig. 4a,b,c). This highlights 
the importance of additional factors such as species geographic 
rarity and national stewardship when modifying the link between 
land-cover change and HSR. The association extends even further 
to country differences in the number of species expected to see up-
listing, where a strong positive relationship exists between HSR loss 
and the number of up-listed species (rho = 0.73, P < 0.001). Globally, 
847 species under the regain assumption (and 1,113 species under 
the no-regain assumption) are expected to become newly consid-
ered threatened by 2070 (and 560 become up-listed), with 578 from 
South America, 366 from Southeast Asia and 152 from East Africa.

We provide online infrastructure to examine projected HSR 
loss trends for all terrestrial vertebrates analysed (for example, 
https://mol.org/en/species/projection/landuse/Cichlocolaptes_leu-
cophrus). This allows a direct examination of single species pat-
terns and assumptions about current distribution and provides a 
transparent underpinning of the aggregate patterns shown in the 
study. This embedment in infrastructure also facilitates future 
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extensions and re-assessment, including alternative or updated 
scenarios for future land-cover changes21–23 or a projection of cli-
mate change-induced species range changes that may exacerbate 
or, through range expansion, buffer against losses of currently 
occupied range portions13,24,25. Future work should explore how 
land-use projections downscaled to finer spatial grains may mod-
ify species-specific findings, and also recognize that higher resolu-
tions imply greater uncertainty in both occurrence and projection 
information, which requires an appropriate statistical framework. 
Although the new harmonized land-use information available for 
this work provides a much improved set of land-use states and 
transitions12,13, future assessments will certainly benefit from more 
ecologically refined categories that better represent the range of 
species habitat types. Here, further insights may also be gained 
from alternative approaches that use different assumptions regard-
ing habitat use and availability26 or account for potentially latency 
effects and extinction debt27. One of the key benefits of the initial 
approach taken here is that it is simple, transparent and sidesteps 
many of the conceptual and methodological issues typically associ-
ated with more complex approaches4. However, like most global 
assessments, several important assumptions were inevitably made 
and other threats not accounted for. Specifically, we assumed that 
species’ dispersal ability was limited and we did not investigate 
biotic interactions and adaptive potential. Threats that may fur-
ther imperil species, such as exposure to hunting, invasive species 
and pollution, were not addressed28–31. Consequently, our results, 
although based on a range of SSPs, may potentially underestimate 
extinction risk, and all assumptions and contingencies underly-
ing SSPs and harmonized land-use projections also apply to our 
results. Nonetheless, our results reveal important spatial and cat-
egorical insight into potential HSR loss and extinction risk trends. 
Evaluating different model parameters (that is, secondary habitat) 
for many species and taxonomic groups therefore provided other-
wise unavailable insights and are key to understanding biodiversity 
reaction to global change.

Our findings have considerable implications for the spatial 
prioritization of future conservation efforts. The methodology 
described here demonstrates how readily available scenarios on 
projected land-use driven land-cover change can be used, with 
relatively straightforward models, to anticipate pressures on bio-
diversity. By highlighting species and regions most affected, our 
approach can assist in guiding the build-up of further knowl-
edge and capacity to address the potential needs for global con-
servation. The proper treatment of land-use conversion impacts  
has become essential for the future prioritization of biodiversity 
conservation and resource management. To this end, geographi-
cally explicit, transparent, repeatable and updateable projections 
of affected areas and species are key, and have the potential to 
guide policy and improve the long-term effectiveness of conserva-
tion efforts.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
s41558-019-0406-z.

Received: 17 October 2017; Accepted: 9 January 2019;  
Published online: 4 March 2019

References
	1.	 Cardinale, B. J. et al. Biodiversity loss and its impact on humanity. Nature 

486, 59–67 (2012).
	2.	 Sala, O. E. et al. Global biodiversity scenarios for the year 2100. Science 287, 

1770–1774 (2000).
	3.	 Duraiappah, A. K. et al. Ecosystems and Human Well-being: Biodiversity 

Synthesis. (World Resources Institute, Washington, DC, 2005.

	4.	 Jetz, W., Wilcove, D. S. & Dobson, A. P. Projected impacts of climate  
and land-use change on the global diversity of birds. PLoS Biol. 5, 
1211–1219 (2007).

	5.	 Newbold, T. et al. Global effects of land use on local terrestrial biodiversity. 
Nature 520, 45–50 (2015).

	6.	 Visconti, P. et al. Projecting global biodiversity indicators under future 
development scenarios. Conserv. Lett. 9, 5–13 (2016).

	7.	 Rondinini, C. & Visconti, P. Scenarios of large mammal loss in Europe for the 
21st century. Conserv. Biol. 29, 1028–1036 (2015).

	8.	 Betts, M. G. et al. Global forest loss disproportionately erodes biodiversity in 
intact landscapes. Nature 547, 441–444 (2017).

	9.	 Hurlbert, A. H. & Jetz, W. Species richness, hotspots, and the scale 
dependence of range maps in ecology and conservation. Proc. Natl Acad. Sci. 
USA 104, 13384–13389 (2007).

	10.	Jetz, W., Sekercioglu, C. H. & Watson, J. E. Ecological correlates and 
conservation implications of overestimating species geographic ranges. 
Conserv. Biol. 22, 110–119 (2008).

	11.	Amatulli, G. et al. A suite of global, cross-scale topographic variables for 
environmental and biodiversity modeling. Scientific Data 5, 180040 (2018).

	12.	Hurtt, G., Chini, L., Sahajpal, R. & Frolking, S. Harmonization of global 
land-use change and management for the period 850–2100. http://luh.umd.
edu/ (2016).

	13.	Kim, H. et al. A protocol for an intercomparison of biodiversity and 
ecosystem services models using harmonized land-use and climate scenarios. 
Geosci. Model Dev. https://doi.org/10.5194/gmd-2018-115 (2018).

	14.	Popp, A. et al. Land-use futures in the shared socio-economic pathways.  
Glob. Environ. Change 42, 331–345 (2017).

	15.	 O’Neill, B. C. et al. A new scenario framework for climate change research: the 
concept of shared socioeconomic pathways. Clim. Change 122, 387–400 (2014).

	16.	Riahi, K. et al. The shared socioeconomic pathways and their energy, land 
use, and greenhouse gas emissions implications: an overview. Glob. Environ. 
Change 42, 153–168 (2017).

	17.	IUCN Standards and Petitions Working Group. Guidelines for Using the IUCN 
Red List Categories and Criteria. v6.2. Prepared by the Standards and Petitions 
Working Group of the IUCN SSC Biodiversity Assessments Sub-Committee. 
https://www.iucnredlist.org/resources/redlistguidelines (2006).

	18.	Lawler, J. J. et al. Projected climate‐induced faunal change in the Western 
hemisphere. Ecology 90, 588–597 (2009).

	19.	Warren, R. et al. Quantifying the benefit of early climate change mitigation in 
avoiding biodiversity loss. Nat. Clim. Change 3, 678–682 (2013).

	20.	Blaustein, A. R., Wake, D. B. & Sousa, W. P. Amphibian declines: judging 
stability, persistence, and susceptibility of populations to local and global 
extinctions. Conserv. Biol. 8, 60–71 (1994).

	21.	Engström, K. et al. Applying Occam’s razor to global agriculture land use 
change. Environ. Modell. Softw. 75, 212–229 (2016).

	22.	Steinbuks, J. & Hertel, T. W. Confronting the food–energy-environment 
trilemma: global land use in the long run. Environ. Resour. Econ. 63, 
545–570 (2016).

	23.	Rosa, I. M. et al. Multiscale scenarios for nature futures. Nat. Ecol. Evol. 1, 
1416–1419 (2017).

	24.	Nixon, A., Fisher, R., Stralberg, D., Bayne, E. & Farr, D. Projected responses 
of North American grassland songbirds to climate change and habitat 
availability at their northern range limits in Alberta, Canada. Avian Conserv. 
Ecol. 11, 1–39 (2016).

	25.	Newbold, T. Future effects of climate and land-use change on terrestrial 
vertebrate community diversity under different scenarios. P. Roy. Soc. B-Biol. 
Sci. 285, 20180792 (2018).

	26.	Pereira, H. M. & Daily, G. C. Modeling biodiversity dynamics in countryside 
landscapes. Ecology 87, 1877–1885 (2006).

	27.	 Wearn, O. R., Reuman, D. C. & Ewers, R. M. Extinction debt and windows of 
conservation opportunity in the Brazilian Amazon. Science 337, 228–232 (2012).

	28.	Ceballos, G. & Ehrlich, P. R. Mammal population losses and the extinction 
crisis. Science 296, 904–907 (2002).

	29.	Gaston, K. J. & Fuller, R. A. Commonness, population depletion and 
conservation biology. Trends Ecol. Evol. 23, 14–19 (2008).

	30.	Doherty, T. S., Glen, A. S., Nimmo, D. G., Ritchie, E. G. & Dickman, C. R. 
Invasive predators and global biodiversity loss. Proc. Natl Acad. Sci. 113, 
11261–11265 (2016).

	31.	Ripple, W. J. et al. Bushmeat hunting and extinction risk to the world’s 
mammals. Roy. Soc. Open Sci. 3, 160498 (2016).

Acknowledgements
We are grateful to A. Ranipeta and J. Malczyk for support on Google Earth Engine 
analytics, informatics workflows and web visualizations. We also thank R. Alkemade, 
J. Hilbers, M.E. Andrew, T. Brichieri-Colombi, V. Lukasik and members of the Jetz Lab 
at Yale for sharing data, input and feedback. This research was supported by a Natural 
Sciences and Engineering Research Council of Canada grant to R.P.P. and grants no. NSF 
DEB 1441737, DBI 1262600, DEB 1558568, NASA NNX11AP72G to W.J. Both authors 
acknowledge support from the Yale Center for Biodiversity and Global Change.

Nature Climate Change | VOL 9 | APRIL 2019 | 323–329 | www.nature.com/natureclimatechange328

https://doi.org/10.1038/s41558-019-0406-z
https://doi.org/10.1038/s41558-019-0406-z
http://luh.umd.edu/
http://luh.umd.edu/
https://doi.org/10.5194/gmd-2018-115
https://www.iucnredlist.org/resources/redlistguidelines
http://www.nature.com/natureclimatechange


LettersNATure CLiMATe CHAnge

Author contributions
W.J. and R.P.P. conceived the study. R.P.P. performed the analysis. W.J. analysed the 
results. W.J. and R.P.P. wrote the manuscript.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/
s41558-019-0406-z.

Reprints and permissions information is available at www.nature.com/reprints.
Correspondence and requests for materials should be addressed to W.J.

Journal peer review information: Nature Climate Change thanks Richard Corlett and 
other anonymous reviewer(s) for their contribution to the peer review of this work.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.
© The Author(s), under exclusive licence to Springer Nature Limited 2019

Nature Climate Change | VOL 9 | APRIL 2019 | 323–329 | www.nature.com/natureclimatechange 329

https://doi.org/10.1038/s41558-019-0406-z
https://doi.org/10.1038/s41558-019-0406-z
http://www.nature.com/reprints
http://www.nature.com/natureclimatechange


Letters NATure CLiMATe CHAnge

Methods
Species and environmental data. Our analyses included 19,366 species of 
terrestrial birds (N = 9,290), mammals (N = 5,482) and amphibians (N = 4,594). We 
used expert range information with further refinements (see later) as a base. Bird 
expert range maps were based on Jetz et al.32, with non-breeding portions included, 
and are available at https://mol.org. Amphibian and mammal expert range maps 
were obtained from IUCN33 and are available at http://www.iucnredlist.org. We 
excluded non-terrestrial portions of species ranges.

We used remotely sensed data to characterize elevation and current tree 
cover. Elevation data was derived from the CGIAR-CSI Shuttle Radar Topography 
Mission (SRTM) and ASTER GDEM v2 data products34. SRTM provides consistent 
elevation data across the landscape at a 90-m spatial resolution, with a 5-m 
vertical resolution34. The fusion of ASTER GDEM v2 with SRTM data allows 
for greater continuous global coverage of ~91%. Details of the processing and 
fusion methodology are outlined in Robinson et al.35. To derive tree cover, we 
used the 2010 coverage of Hansen et al.’s Global Forest Change (GFC) dataset36, 
which documents global tree cover gains and losses using time series of cloud-
free Landsat ETM+ data in 30-m resolution36. We acknowledge that this product 
addresses tree cover and is unable to separate natural forest from forest plantations 
in regions such as Southeast Asia37.

Both the forest cover and elevation environmental layers were resampled 
(averaged) to a spatial resolution of 0.0083 ° or ~1 km.

Projected land-cover and land-use change data. Future impacts of land-use 
change on the land system were explored across different SSPs developed in the 
context of CMIP614–16. These pathways represent a range of plausible futures based 
on different socioeconomic challenges for climate change mitigation (low in SSP1 
and SSP 4; high in SSP5 and SSP3; intermediate in SSP2), for example through 
technological solutions and development, and also challenges for adaptation (low 
in SSP1 and SSP5; high in SSP3 and SSP 4; intermediate in SSP2), for example 
through international collaboration. Each SSP connects to a specific RCP and 
associated integrated assessment model, which includes different socioeconomic 
and land-use modules for the translation of narratives into consistent quantitative 
projections across scenarios. Although mostly determined by the SSP storylines, 
scenarios are consistent with their paired RCPs, including their associated levels 
of biofuel deployment to mitigate climate change. Our list of evaluated SSPs (and 
associated RCP and integrated assessment model, respectively) includes SSP1 
(RCP2.6, IMAGE), SSP3 (RCP7.0, AIM), SSP5 (RCP8.5, MAGPIE) and SSP2 
(RCP4.5, MESSAGE). Land-use projections from each of the integrated assessment 
models were harmonized for CMIP6 by Hurtt et al.12 using an updated version 
of the land-use harmonization (LUH2) methodology12,38, which was developed 
and widely used to support future projections39. LUH2 projections are available as 
gridded future projections at http://luh.umd.edu. Compared to the earlier version, 
the LUH version39 provides fractional cover at higher spatial resolution (0.25 ° 
compared to 0.50 °) and a larger range of land-use states and transitions. The 
LUH2 land-use state units are fractions of different land uses per grid cell, with up 
to 12 land states: two primary lands and two secondary lands subdivided into forest 
and non-forest, managed pasture, rangeland, urban land and five crop states. Here 
we used the fractional LUH2 data for 2015–2070 to assess land-use change for the 
four selected scenarios. Land-use state classes were then thematically aggregated 
(reclassified) into five general land-cover classes corresponding to the International 
Geosphere Biosphere Programme (IGBP) classes for defining the HSR  
(see Supplementary Tables 3 and 4).

Habitat-suitable range. Range maps typically overestimate the area of 
occupancy10,40, and hence refining or omitting areas within range maps that 
are known to be unsuitable reduces potential biases in estimating range loss4,41. 
Following Jetz et al.4, but with expanded and higher resolution information, we 
first developed an estimate of HSR as the baseline for change analysis. Specifically, 
we derived the HSR for each species by refining (masking out or omitting from) 
its current expert range map pixels when, as a result of current or projected land 
cover, the 2010 forest cover or elevation were unsuitable given a species known 
habitat preferences. In step 1, we related textual habitat preference information 
from the literature42 and IUCN Red List threat assessments33 to the corresponding 
land-use category, elevation and tree cover. We identified pixels for which the 
minimum or maximum elevation value (rounded to the nearest 100 m) was 
outside the known elevation limits of a species, based on the data in ref. 43 and 
available at https://mol.org/downloads. We then isolated and cut pixels falling 
outside the defined minimum and maximum forest cover values (rounded to the 
nearest 5%). For example, species labelled by expert sources as forest-dependent 
require a minimum of 75% GFC-based36 tree cover per 1-km pixel. Finally, we 
linked habitat preference information first to the IGBP classification scheme  
(17 types; Supplementary Table 4) and then to the land-use states in the Land 
Use Harmonization dataset v212,13. For an overview of frequencies for land cover, 
elevation and forest cover associations by taxonomic group, see Supplementary 
Table 5 (for species data, see individual species pages at https://mol.org). This 
yielded the current estimated suitable habitat (HSR) in km2. In step 2, the refined 
species distributions were individually assessed for projected losses in HSR due to 
projected land-cover changes, using the same land-cover associations as in step 1,  

but linked to decadal future land-cover projections. The projected species HSR  
(in km2) per decadal time point was calculated by adding the area of pixels to the  
suitable habitat (that is, the fractional area of suitable land-cover type within 
the 1-km pixel). In the case of a forest-dependent species, for example, only 
the forested fractional area of those pixels within the refined range contributed 
towards the calculated HSR at the assessed decadal increments. As such, in this 
example a pixel within the refined range that contains 80% forest land-cover type 
will add 0.8 km2 to the HSR calculation. For the projected HSR calculations we 
explored two assumptions: regain and no-regain (see later). We acknowledge that 
our current and projected HSR estimates are limited by the spatial resolution of 
the currently available species distribution information and the relatively coarse 
spatial grain of land-use information. The transparency of species-level spatial 
patterns provided through the Map of Life web interfaces allows us to understand 
these challenges. Future biodiversity research on this theme will certainly 
benefit from higher resolution and uncertainty-assessed species occurrence 
predictions and land-use information. All underlying data (species range maps, 
environmental layers and habitat preferences) and map calculations were stored 
and executed using Google Earth Engine44 and are integrated in a repeatable 
workflow in Map of Life45.

Regain and no-regain assumption. There is lack of consensus about the suitability 
of secondary vegetation for sustaining biodiversity, and species responses are 
expected to be highly variable46–49. To address this variation, we separated two 
scenarios to reflect different assumptions about how well species would be able 
to recolonize land cover that was converted to potentially suitable during the 
projection period. Under the regain assumptions, pixels (as fractions of land cover) 
that transition from unsuitable to suitable land cover during the projection time 
frame would contribute to the HSR (but not beyond 2015 levels). Under the no-
regain assumption any pixel land-cover fraction that changed to unsuitable was 
considered lost until at least 2050, and HSR could only decrease with time.

Projected effects on extinction risk. We estimated Red List category extinction 
risk trends for both the regain and no-regain assumption for three periods  
(2015–2030, 2015–2050 and 2015–2070) and also for each species by evaluating 
projected HSR against IUCN Red List Criteria B1 (small HSR size) and D2 (few 
locations and/or very small HSR size), and by other range contraction criteria 
(>50% loss of 2015 HSR). IUCN Red List Criterion B1 requires that at least one 
of two subcriteria be met: extreme fluctuations and/or continuing decline. We 
only considered the continuing decline subcriterion for B1 because of the lack 
of quantitative data for the extreme fluctuations. Under Criterion B1, species 
currently designated as LC or DD that are projected to have a restricted (HSR 
<20,000 km2) and strongly declining range (>10% loss 2015 HSR) were up-listed 
to a NT Red List status. Under Criterion D2, species projected to become spatially 
rare (HSR <20 km2) were assigned a VU status. For species currently designated as 
VU or EN and projected to experience large range declines (>50% loss 2015 HSR) 
were up-listed to a future CR status. (For a discussion of using IUCN Red List 
Criteria in this context, see ref. 50).

Aggregate patterns. We summarized land-cover change and also HSR loss and 
threat status count by latitude–longitude grid cells of ~150 km near the Equator. 
For this we developed species lists for each grid cell based on the non-refined 
expert range maps and we calculated the average projected HSR loss and potential 
number of species with elevated threat status.

To characterize land-cover change effects on biodiversity across countries of 
sufficient size (>50,000 km2), we calculated stewardship-weighted averages of our 
focal metrics, based on the proportion of species’ non-refined range within each 
country. For HSR this was done according to equation (1):
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where x represents a species mean decadal HSR loss and w is the proportion of the 
species’ range that overlaps the country boundaries. This metric represents the 
Species Habitat Index developed in Map of Life (https://mol.org/indicators). Using 
a similar approach, we also calculated the potential total number and proportion of 
species with elevated threat status for each country. We did this by first calculating 
the weighted total of the up-listed species and all species, which is effectively 
the total of w. The proportion of up-listed species was calculated by dividing the 
up-listed species weighted total by the weighted total of all species. Full country 
results are provided in Supplementary Table 6.

Data availability
The data supporting the findings of this study are available in the Supplementary 
information and at the Map of Life website (https://mol.org).
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