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Abstract: Based on an extensive model intercomparison, we assessed trends in biodiversity and 

ecosystem services from historical reconstructions and future scenarios of land-use and climate 30 

change. During the 20th century, biodiversity declined globally by 2%-11% estimated by a range 

of indicators. Provisioning ecosystem services increased several-fold while regulating services 

decreased moderately. Going forward, policies towards sustainability have the potential to slow 

biodiversity loss resulting from land-use change and the demand for provisioning services, while 

reducing or reversing declines in regulating services. However, negative impacts on biodiversity 35 

due to climate change appear poised to increase, particularly in the higher emissions scenarios. 

mailto:hpereira@idiv.de


 4 

Our assessment identifies remaining modelling uncertainties but also robustly shows that 

renewed policy efforts are needed to meet the goals of the Convention on Biological Diversity. 

 

One-Sentence Summary: There are developmental pathways in which future biodiversity loss 

from land-use change slows and regulating services improve, but they entail significant societal 5 

changes, while climate change poses an increasing challenge. 

 

Main Text:   

During the last century humans have caused biodiversity loss at rates that are 30 to 120 times 

higher than the mean extinction rates in the Cenozoic fossil record (1). Although multiple 10 

proximate causes drive this loss, ultimately a growing human population and economy have 

demanded increasing land and natural resources, causing habitat conversion and loss (2). 

Increased production of crops and livestock happened alongside widespread degradation of 

ecosystems’ capacity to provide regulating services such as pollination and water quality(3). The 

biodiversity crisis is increasingly at the center of international policy-making, under multilateral 15 

agreements such as the Convention on Biological Diversity. Restoring biodiversity and 

ecosystem services can actually provide important solutions to many of the UN Sustainable 

Development Goals(4). Therefore, it is key to assess implications of future socio-economic 

developments for biodiversity and ecosystem services 

Scenario studies examine alternative future socio-economic development pathways and their 20 

impacts on direct drivers of biodiversity loss such as land-use and climate, often using integrated 

assessment models (5). Consequences of these scenarios for biodiversity and ecosystem services 

can be assessed using biodiversity and ecosystem function and services models (6, 7). Several 

studies have explored the future trends of biodiversity and ecosystem services, finding that 

extinction rates range from 100 to 10 000 times higher than the fossil record, and the 25 

continuation of trends of increasing provisioning services with the degradation of some 

regulation services, although with differences across studies and scenarios (6, 8, 9). While 

enlightening on the potential trajectories of biodiversity under global changes, these studies are 

hardly comparable. Existing scenario studies often use a single model for a single facet of 

biodiversity (10, 11), or when comparing multiple models, use different projections for future 30 

land-use and climate (6), or lack comparison of biodiversity and ecosystem services impacts 

(12). Therefore, the source of uncertainties in these studies is difficult to ascertain (13) and an 

integrated analysis of biodiversity and ecosystem services scenarios has remained elusive. 

Assessing biodiversity and ecosystem service models with land-use and climate scenarios 

Here, we present a model inter-comparison of projections of biodiversity and ecosystem services 35 

using a set of land-use and climate change reconstructions from 1900 to 2015, and three future 

scenarios from 2015 to 2050. We quantified a set of ecological metrics at multiple spatial scales 

to answer two main questions: (1) What are the predicted global impacts of land-use and climate 

change on multiple facets of biodiversity and ecosystem services over the coming decades, 

compared to their impacts during the 20th century? (2) How much of the variation in projected 40 

impacts can be attributed to differences of development pathways in scenarios versus  

differences between models? 
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We explored a range of plausible futures using the scenario framework of the Shared Socio-

Economic Pathways (SSP) and Representative Concentration Pathways (RCP) (14). We chose 

three specific SSP-RCP combinations representing different storylines of population growth, 

socio-economic development, and the level of greenhouse gas emissions (climate policy). These 

combinations represent contrasting projections of future land-use and climate change (Table 1, 5 

Table S1, Figures S1-6): “global sustainability”, with low climate change and low land-use 

change); “regional rivalry”, with intermediate climate change and high land-use change; and 

“fossil-fueled development”, with high climate change and intermediate land-use change. For the 

biodiversity analysis, we consider both the impacts of land-use change alone (maintaining 

climate constant at historical levels (15)) and of land-use change and climate change combined. 10 

We brought together eight models of biodiversity, including species distribution models, species-

area relationship models, dose-response models, and one generalized dissimilarity model, and 

five models of ecosystem function and services, including dynamic global vegetation models and 

geographic information system based models (Table 1, Table S2) (15). The main inputs to these 

models were global maps for 12 land-use types (Table S3) and climate for 1900-2050, but other 15 

inputs were also used (Table S4). Depending on the model, up to three biodiversity metrics were 

calculated (15): species richness (S), mean species habitat extent (𝐻̇), and biodiversity intactness 

(I). Taxonomic groups covered by these models included multiple vertebrate groups, plants, and 

invertebrates. We classified model outputs into nine classes covering a range of provisioning and 

regulating ecosystem services and functions (15, 16) (Table 1). We calculated the metrics at the 20 

grid cell level (-metrics), at the regional level (by subregions as defined by the 

Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services, IPBES), 

and at the global level (-metrics). 

 

Biodiversity projections 25 

When land-use change alone is considered, the rate of biodiversity loss that models estimated to 

have occurred during the 20th century (0.22-1.1% per decade, range of inter-model means across 

metrics) is expected to continue at a slower pace (global sustainability scenario), or at a similar 

pace (regional rivalry and fossil-fueled development scenarios) in the coming decades (Figure 

1a). However, a steeper biodiversity decline (0.92-5.1% per decade) is expected when the 30 

combined effects of land-use change and climate change impacts are considered (Figure 1b). 

When greenhouse gas concentrations stabilize and climate change is limited to 2°C (global 

sustainability scenario; Figure S6), biodiversity declines diminish by 40-74% by 2050 

(depending on the metric) compared to the scenario without climate mitigation policy (fossil-

fueled development). Larger differences can be expected for the second half of this century 35 

(Figure S2) when contrast between these scenarios continue to increase (17). These patterns are 

consistent across biodiversity metrics, with some notable differences. The model 

intercomparison suggests that reductions in mean local species richness are of similar magnitude 

to global species richness changes, while biodiversity metrics based on global habitat extent 

across species or mean intactness are up to an order of magnitude more sensitive to land-use 40 

change (Figure 1). While in most models and metrics, the scenario with lowest land-use change 

(global sustainability) still leads to declines in biodiversity, models project a partial recovery in 

intactness in this scenario (Figure 1a). The uncertainties due to inter-model variation are large, 

particularly for the climate change impacts, which are based on a smaller subset of models 
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(Figure 1b). In addition, spatial patterns of biodiversity change exhibit differences across models 

(Figure S7). 

Global averages mask larger species reductions estimated by the models at the level of individual 

grid-cells (Figure 2). During the 20th century, reductions in local species richness occurred across 

much of the world, with pronounced losses in Central America, the Andes, the Southeast of 5 

Brazil, West Africa, East Africa, South-East Asia, Eastern Australia and South-West Australia, 

and Madagascar (Figure 2a). In the future, some of these regions are projected to see further 

biodiversity losses from land-use change (Figure 2b-d).Other regions start seeing losses for the 

first time, particularly in the Northern boreal regions as forestry activities increase, and regions 

in the Amazon and central Africa because of conversion to pasture (Figure S5). In contrast, some 10 

areas in Western Europe, Northern Asia, North America, Australia, and Southern South America 

(Figure 2b-c) register increases in local species richness as a result of farmland abandonment and 

decrease of forestry (Figure S3). However, these limited increases in species richness (which are 

projected only when considering the impacts of land-use change alone) are not enough to 

noticeably improve biodiversity intactness, as many of these regions have already incurred 15 

significant historical biodiversity losses (Figure S8). For instance, in Central and Western 

Europe, biodiversity intactness in 1900 was 0.76 on average (1 would be pristine), the lowest 

across all world regions. The global sustainability scenario (land-use change alone), increases 

intactness in this region only to 0.78 by 2050. 

The three scenarios exhibit important regional contrasts of biodiversity change in response to 20 

land use change alone. In the global sustainability scenario, further land-use-induced losses are 

moderate and there are spatial clusters of biodiversity recovery in all continents (Figure 2b). In 

the regional rivalry scenario, more regionalized socio-economic development leads to multiple 

fronts of biodiversity loss across the world, with large swaths of Africa experiencing biodiversity 

declines, while biodiversity recovers in parts of North America, Europe and North Asia (Figure 25 

2c). In the fossil-fueled development scenario, with more globalization, biodiversity loss 

concentrates in Southeast South America, Central Africa, East Africa and South Asia (Figure 

2d). When climate change is also considered, the losses are further exacerbated: biodiversity 

losses occur in much of the world, and are especially concentrated in the highly biodiverse areas 

in the Neotropics and Afrotropics (Figure 2e-g).  30 

 

Ecosystem service projections 

During the 20th century, models estimate increases at the global scale in provisioning services, 

such as food and timber, while regulating services, such as pollination and nutrient retention, 

declined (Figure 3). The same overall trends are projected for the next few decades, although 35 

much less pronounced in the global sustainability scenario, where limited population growth 

combined with healthy diets and reduction of food waste leads to the smallest increases in food, 

feed and timber demand. This, in combination with increases in agricultural productivity and 

other environmental policies, allows for improvements in some regulating ecosystem services 

and only moderate declines in others. The global sustainability scenario also has the largest 40 

increase in bioenergy production as a component of climate mitigation policies, which leads to 

land-use change (Figure S1) and impacts on biodiversity (Figure 2b). 

In the regional rivalry and the fossil fueled-development scenarios, higher rates of increase in 

food and feed and timber supply are projected (c. 10% per decade), particularly in the latter 
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scenario, although still smaller than during the last century (c. 15% per decade). This is likely 

due to decelerating population growth and smaller demand for timber products. Regulating 

services decline in these scenarios, with decreases projected for crop pest control, coastal 

resilience, pollination, soil protection, and nitrogen retention (Figure 3). In contrast with the 

biodiversity projections, the scenario with intermediate climate change (regional rivalry) 5 

generally has more negative consequences for regulating services than the scenario with highest 

climate change (fossil fueled development) - implying that the more pronounced land-use 

changes in 'regional rivalry' dominate. The exception is the increasing vulnerability of coastal 

populations, which is predominantly affected by increasing climate change (Figure 3). Limited 

change in total ecosystem carbon is anticipated; it increases at a rate between 0.1% per decade 10 

(regional rivalry scenario) and 1% per decade (global sustainability scenario). The larger 

increases in the global sustainability scenario are likely due to the slightly faster increase in 

secondary forest and lower deforestation rates (Figures S2-3, S10) (17).  

There is also high spatial heterogeneity in future ecosystem service dynamics (Figures 4, S11). In 

the fossil-fueled development and regional rivalry scenarios, some regions - Central Africa, 15 

Southern Africa, West Africa, East Africa and South Asia – are projected to increase 

provisioning ecosystem services, whereas substantial declines of regulating services and 

biodiversity occur (Figure 4b and 4c). Several regions exhibit lower declines in regulating 

services in the fossil-fueled development scenario than in the regional rivalry scenario. In the 

global sustainability scenario, the trade-offs between provisioning and regulating services are 20 

smaller, with some regions even registering increases in both provisioning and regulating 

services: Western Europe, Eastern Europe, and Central Africa (Figure 4a). However, climate 

change, and to a lesser extent land-use change, still drive regional biodiversity declines in most 

regions. 

There is some inter-model variation in the projections of individual ecosystem services, although 25 

the limited number of models that project each ecosystem service limits intercomparisons (Table 

S2). Models for ecosystem carbon (Figure S12) and timber provisioning (Figure S13) exhibit 

moderate spatial agreement.  Notably, the intra-model projections rank in the same direction and 

relative order across scenarios for most of the models, both for biodiversity and ecosystem 

services (Figures 1 and 3). This suggests that the differences across scenarios are relatively 30 

robust to inter-model uncertainties. 

 

Differences between models and future research needs 

Our results suggest that climate change might become a more important driver of terrestrial 

biodiversity loss than land-use change by mid-century (Figures 1 and 2), in agreement with 35 

recent findings based on single metrics (10) and in contrast to an earlier review (6). One 

explanation is that, in the scenarios examined here, future rates of land-use change are not 

projected to increase relative to the last century rates (Figure S1). This contrasts with two of the 

climate change scenarios, where rates of temperature change still increase in the future (Figure 

S6). However, these results need to be interpreted with caution. There are differences in how 40 

biodiversity models capture the impacts of climate and land-use change, and in the spatial grain 

at which these impacts are estimated (18). Biodiversity models in this study use empirical 

relationships between habitat conversion and biodiversity at the local scale and project those 

relationships at larger scales (19). In contrast, the impacts of climate are based on statistical 
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models relating the current climate with coarse species distribution patterns and assume that 

those relationships will hold in the future (20). Thus, projections for land-use change impacts are 

based on observed local impacts while projections for climate change are inferred from 

macroecological distribution patterns and mostly ignore the possibility of local-scale adaptation. 

In addition, our projections assumed no species migration with climate change, while some 5 

models allowed for species migration or increased species richness in response to land-use 

change (Table S2). Assumptions about dispersal can drive large differences in projections of 

climate change on biodiversity impacts (21). For instance, in the AIM model the average local 

species richness is reduced by 2.6% per decade in the fossil fuel development scenario without 

dispersal but only by 0.2% with dispersal (Figures S9, S14). Further model calibration and 10 

validation, could make the projection of land-use and climate-change impacts more comparable 

and evaluate dispersal scenarios for different taxa. 

The differences among biodiversity models for similar output metrics with identical land-use and 

climate-change inputs highlight the need for further refinement and calibration of the models. 

New model intercomparisons should include additional biodiversity observations at spatial and 15 

temporal scales that can be used to calibrate the models (22, 23). In addition, further efforts in 

refining land-use categories beyond the relatively coarse categories used here are needed. 

Improving the handling of intra-model uncertainty, and harmonizing biodiversity metric output is 

also important (23). 

Inter-model variation also remains for ecosystem services, with the additional challenge of the 20 

limited number of available global models. Spatial agreement between models for some 

ecosystem services may be related to these models having been previously subject to 

intercomparisons (24), being process-based or reporting comparable biophysical units. Perhaps 

more importantly, the ecosystem services models used in this study do not yet account for the 

empirical link between biodiversity and ecosystem services (25). Incorporating this relationship 25 

in the models could result in estimates of even greater erosion of ecosystem services (26). 

 

Implications for detecting biodiversity trends and for biodiversity policy 

Our analysis suggests that during the 20th century the planet lost almost 2.3% ± 1.7% (inter-

model mean ± SEM) of species from land-use change impacts alone, roughly 200,000 species if 30 

one assumes the planet’s diversity to be approximately 9 million species (27). This estimate is 

consistent with the 1.2% vertebrate likely extinctions documented by the IUCN during this 

period (28). Some of the documented extinctions have been caused by drivers which are not 

included in our models, particularly invasive alien species and direct exploitation. This may 

make the inter-model estimate seem high. However, it is important to consider the time lags 35 

between habitat loss and extinction (29), which suggest that some extinctions from historical 

land-use change are still forthcoming. In addition, when the projections of multi-taxa models are 

compared across taxa (Figure S14), the relative ranking of the vulnerability of the taxa is 

consistent with the ranking of the proportion of species threatened in each taxonomic group (30), 

with amphibians the most vulnerable and birds the least vulnerable. However, mammals have the 40 

second highest vulnerability, but in our models have similar declines to birds, suggesting that 

causes other than land-use may be driving their demise. 

Recent studies have found no statistically significant trends in local species richness in global 

meta-analyses of community time series (31–33). Our inter-model mean estimate of local species 
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richness change during the last century is -2.2%± 1.7%, with the inter-model range straddling 

zero (Figure 1b) because one of the models (cSAR-iDiv, which models only birds) reports a 

positive value. This is consistent with meta-analyses failing to detect a statistically significant 

trend, either because the signal is too small to be detectable amongst the noise in available time 

series (34) or because the trend is not negative.  Still, it is important to note there has been 5 

criticisms to these meta-analyses such as spatial sampling biases, limited duration of time series, 

and the response metric used (35). Our approach is based on continuous estimates over the land 

surface of the planet, addressing at least some of the sampling biases that occur in the available 

time series. 

Countries are currently faced with implementing ambitious goals of the Kunming-Montreal 10 

Global Biodiversity Framework (36). According to this framework, extinctions of known 

threatened species should be halted by 2050 and extinction rates of all species should be reduced 

tenfold. In addition, declining ecosystem services should be restored by 2050. The global 

sustainability scenario comes close to achieving extinction rate targets when only considering 

land-use change effects, but even the modest climate change in this scenario leads to accelerated 15 

extinctions. In addition, material services continue to increase while most regulating ecosystem 

services, which have been declining in the last century, slightly improve in this scenario. These 

results provide some hope, particularly because the global sustainability scenario does not deploy 

all policies that could be enacted to protect biodiversity and ecosystem services in the future 

(12). For instance, although ambitious life-style and technological changes occur (Table 1, Table 20 

S1), there is still lost pasture and grazing land, further declines in primary vegetation (37), and 

bioenergy deployment, all of which can reduce species habitats (38). Introducing further 

measures for regulation of deforestation, effectiveness of protected areas (39), changes in 

consumption patterns (40), and sensible natural climate solutions (41), could result in better 

prospects for biodiversity and ecosystem services. This calls for a novel generation of global 25 

scenarios and models that aim at achieving realistic positive futures for biodiversity (42, 43) to 

identify better development policies. 

 

References and Notes 

1.  V. Proença, H. M. Pereira, “Comparing Extinction Rates: Past, Present, and Future” in 30 

Reference Module in Life Sciences (Elsevier, 2017; doi:10.1016/B978-0-12-809633-

8.02128-2). 

2.  A. Marques, I. S. Martins, T. Kastner, C. Plutzar, M. C. Theurl, N. Eisenmenger, M. A. J. 

Huijbregts, R. Wood, K. Stadler, M. Bruckner, J. Canelas, J. P. Hilbers, A. Tukker, K. Erb, 

H. M. Pereira, Increasing impacts of land use on biodiversity and carbon sequestration 35 

driven by population and economic growth. Nature Ecology & Evolution 3, 628–637 

(2019). 

3.  S. R. Carpenter, H. A. Mooney, J. Agard, D. Capistrano, R. S. Defries, S. Díaz, T. Dietz, A. 

K. Duraiappah, A. Oteng-Yeboah, H. M. Pereira, C. Perrings, W. V. Reid, J. Sarukhan, R. 

J. Scholes, A. Whyte, Science for managing ecosystem services: Beyond the Millennium 40 

Ecosystem Assessment. Proc. Natl. Acad. Sci. U.S.A. 106, 1305–1312 (2009). 



 10 

4.  L. Montaranella, R. Scholes, E. Brainich, Eds., The IPBES Assessment Report on Land 

Degradation and Restoration. (Secretariat of the Intergovernmental Science-Policy 

Platform on Biodiversity and Ecosystem Services, Bonn, Germany, 2018). 

5.  D. P. Van Vuuren, L. B. Bayer, C. Chuwah, L. Ganzeveld, W. Hazeleger, B. van den Hurk, 

T. Van Noije, B. O’Neill, B. J. Strengers, A comprehensive view on climate change: 5 

coupling of earth system and integrated assessment models. Environmental research letters 

7, 024012 (2012). 

6.  H. M. Pereira, P. W. Leadley, V. Proenca, R. Alkemade, J. P. W. Scharlemann, J. F. 

Fernandez-Manjarres, M. B. Araujo, P. Balvanera, R. Biggs, W. W. L. Cheung, L. Chini, 

H. D. Cooper, E. L. Gilman, S. Guenette, G. C. Hurtt, H. P. Huntington, G. M. Mace, T. 10 

Oberdorff, C. Revenga, P. Rodrigues, R. J. Scholes, U. R. Sumaila, M. Walpole, Scenarios 

for Global Biodiversity in the 21st Century. Science 330, 1496–1502 (2010). 

7.  IPBES, Policy Support Tools and Methodologies for Scenario Analysis and Modelling of 

Biodiversity and Ecosystem Services (IPBES Secretariat, Bonn, Germany, 2016). 

8.  S. R. Carpenter, L. P. Prabhu, E. M. Bennet, M. B. Zurek, Eds., Ecosystems and Human 15 

Well-Being: Scenarios (Island Press, Washington, 2005)vol. 2 of Millennium Ecosystem 

Assessment. 

9.  P. W. Leadley, C. B. Krug, R. Alkemade, H. M. Pereira, U. R. Sumaila, M. Walpole, A. 

Marques, T. Newbold, L. S. L. Teh, J. van Kolck, C. Bellard, S. R. Januchowski-Hartley, P. 

J. Mumby, “Progress towards the Aichi biodiversity targets” (78, Secretariat of the 20 

Convention on Biological Diversity, Montreal, Canada, 2014). 

10.  T. Newbold, Future effects of climate and land-use change on terrestrial vertebrate 

community diversity under different scenarios. Proc. R. Soc. B 285, 20180792 (2018). 

11.  A. M. Schipper, J. P. Hilbers, J. R. Meijer, L. H. Antão, A. Benítez‐López, M. M. J. Jonge, 

L. H. Leemans, E. Scheper, R. Alkemade, J. C. Doelman, S. Mylius, E. Stehfest, D. P. 25 

Vuuren, W. Van Zeist, M. A. J. Huijbregts, Projecting terrestrial biodiversity intactness 

with GLOBIO 4. Glob Change Biol 26, 760–771 (2020). 

12.  D. Leclère, M. Obersteiner, M. Barrett, S. H. M. Butchart, A. Chaudhary, A. De Palma, F. 

A. J. DeClerck, M. Di Marco, J. C. Doelman, M. Dürauer, R. Freeman, M. Harfoot, T. 

Hasegawa, S. Hellweg, J. P. Hilbers, S. L. L. Hill, F. Humpenöder, N. Jennings, T. Krisztin, 30 

G. M. Mace, H. Ohashi, A. Popp, A. Purvis, A. M. Schipper, A. Tabeau, H. Valin, H. van 

Meijl, W.-J. van Zeist, P. Visconti, R. Alkemade, R. Almond, G. Bunting, N. D. Burgess, S. 

E. Cornell, F. Di Fulvio, S. Ferrier, S. Fritz, S. Fujimori, M. Grooten, T. Harwood, P. 

Havlík, M. Herrero, A. J. Hoskins, M. Jung, T. Kram, H. Lotze-Campen, T. Matsui, C. 

Meyer, D. Nel, T. Newbold, G. Schmidt-Traub, E. Stehfest, B. B. N. Strassburg, D. P. van 35 

Vuuren, C. Ware, J. E. M. Watson, W. Wu, L. Young, Bending the curve of terrestrial 

biodiversity needs an integrated strategy. Nature, doi: 10.1038/s41586-020-2705-y (2020). 

13.  W. Thuiller, M. Guéguen, J. Renaud, D. N. Karger, N. E. Zimmermann, Uncertainty in 

ensembles of global biodiversity scenarios. Nature Communications 10, 1446 (2019). 



 11 

14.  K. Riahi, D. P. van Vuuren, E. Kriegler, J. Edmonds, B. C. O’Neill, S. Fujimori, N. Bauer, 

K. Calvin, R. Dellink, O. Fricko, W. Lutz, A. Popp, J. C. Cuaresma, S. KC, M. Leimbach, 

L. Jiang, T. Kram, S. Rao, J. Emmerling, K. Ebi, T. Hasegawa, P. Havlik, F. Humpenöder, 

L. A. Da Silva, S. Smith, E. Stehfest, V. Bosetti, J. Eom, D. Gernaat, T. Masui, J. Rogelj, J. 

Strefler, L. Drouet, V. Krey, G. Luderer, M. Harmsen, K. Takahashi, L. Baumstark, J. C. 5 

Doelman, M. Kainuma, Z. Klimont, G. Marangoni, H. Lotze-Campen, M. Obersteiner, A. 

Tabeau, M. Tavoni, The Shared Socioeconomic Pathways and their energy, land use, and 

greenhouse gas emissions implications: An overview. Global Environmental Change 42, 

153–168 (2017). 

15.  H. M. Pereira, I. M. Rosa, I. Santos Martins, H. Kim, P. Leadley, A. Popp, D. van Vuuren, 10 

G. Hurtt, P. Anthoni, A. Arneth, D. Baisero, R. Chaplin-Kramer, L. Chini, F. D. Fulvio, M. 

D. Marco, S. Ferrier, S. Fujimori, C. A. Guerra, M. Harfoot, T. D. Harwood, T. Hasegawa, 

V. Haverd, P. Havlik, S. Hellweg, J. P. Hilbers, S. L. L. Hill, A. Hirata, A. J. Hoskins, F. 

Humpenöder, J. H. Janse, W. Jetz, J. A. Johnson, A. Krause, D. Leclère, T. Matsui, J. R. 

Meijer, C. Merow, M. Obsersteiner, H. Ohashi, B. Poulter, A. Purvis, B. Quesada, C. 15 

Rondinini, A. M. Schipper, J. Settele, R. Sharp, E. Stehfest, B. B. N. Strassburg, K. 

Takahashi, M. V. Talluto, W. Thuiller, N. Titeux, P. Visconti, C. Ware, F. Wolf, R. 

Alkemade, Materials and Methods are available as supplementary material. Science (2024). 

16.  S. Díaz, U. Pascual, M. Stenseke, B. Martín-López, R. T. Watson, Z. Molnár, R. Hill, K. M. 

A. Chan, I. A. Baste, K. A. Brauman, S. Polasky, A. Church, M. Lonsdale, A. Larigauderie, 20 

P. W. Leadley, A. P. E. van Oudenhoven, F. van der Plaat, M. Schröter, S. Lavorel, Y. 

Aumeeruddy-Thomas, E. Bukvareva, K. Davies, S. Demissew, G. Erpul, P. Failler, C. A. 

Guerra, C. L. Hewitt, H. Keune, S. Lindley, Y. Shirayama, Assessing nature’s contributions 

to people. Science 359, 270–272 (2018). 

17.  D. P. van Vuuren, T. R. Carter, Climate and socio-economic scenarios for climate change 25 

research and assessment: reconciling the new with the old. Climatic Change 122, 415–429 

(2014). 

18.  N. Titeux, K. Henle, J.-B. Mihoub, A. Regos, I. R. Geijzendorffer, W. Cramer, P. H. 

Verburg, L. Brotons, Biodiversity scenarios neglect future land-use changes. Global 

Change Biology 22, 2505–2515 (2016). 30 

19.  H. M. Pereira, L. Borda-de-Agua, “Modelling biodiversity dynamics in countryside and 

native habitats” in Encyclopedia of Biodiversity (Elsevier, ed. 2nd, 2013; 

http://dx.doi.org/10.1016/B978-0-12-384719-5.00334-8)vol. 5, pp. 321–328. 

20.  C. Bellard, C. Bertelsmeier, P. Leadley, W. Thuiller, F. Courchamp, Impacts of climate 

change on the future of biodiversity. Ecology Letters, doi: 10.1111/j.1461-35 

0248.2011.01736.x (2012). 

21.  C. D. Thomas, A. Cameron, R. E. Green, M. Bakkenes, L. J. Beaumont, Y. C. Collingham, 

B. F. N. Erasmus, M. Ferreira de Siqueira, A. Grainger, L. Hannah, L. Hughes, B. Huntley, 

A. S. van Jaarsveld, G. F. Midgley, L. Miles, M. Ortega-Huerta, A. Townsend Peterson, O. 



 12 

L. Phillips, S. E. Williams, Extinction risk from climate change. Nature 427, 145–148 

(2004). 

22.  A. Gonzalez, P. Vihervaara, P. Balvanera, A. E. Bates, E. Bayraktarov, P. J. Bellingham, A. 

Bruder, J. Campbell, M. D. Catchen, J. Cavender-Bares, J. Chase, N. Coops, M. J. Costello, 

M. Dornelas, G. Dubois, E. J. Duffy, H. Eggermont, N. Fernandez, S. Ferrier, G. N. Geller, 5 

M. Gill, D. Gravel, C. A. Guerra, R. Guralnick, M. Harfoot, T. Hirsch, S. Hoban, A. C. 

Hughes, M. E. Hunter, F. Isbell, W. Jetz, N. Juergens, W. D. Kissling, C. B. Krug, Y. Le 

Bras, B. Leung, M. C. Londoño-Murcia, J.-M. Lord, M. Loreau, A. Luers, K. Ma, A. J. 

MacDonald, M. McGeoch, K. L. Millette, Z. Molnar, A. S. Mori, F. E. Muller-Karger, H. 

Muraoka, L. Navarro, T. Newbold, A. Niamir, D. Obura, M. O’Connor, M. Paganini, H. 10 

Pereira, T. Poisot, L. J. Pollock, A. Purvis, A. Radulovici, D. Rocchini, M. Schaepman, G. 

Schaepman-Strub, D. S. Schmeller, U. Schmiedel, F. D. Schneider, M. M. Shakya, A. 

Skidmore, A. L. Skowno, Y. Takeuchi, M.-N. Tuanmu, E. Turak, W. Turner, M. C. Urban, 

N. Urbina-Cardona, R. Valbuena, B. Van Havre, E. Wright, A global biodiversity observing 

system to unite monitoring and guide action. Nat Ecol Evol, doi: 10.1038/s41559-023-15 

02171-0 (2023). 

23.  I. M. D. Rosa, A. Purvis, R. Alkemade, R. Chaplin-Kramer, S. Ferrier, C. A. Guerra, G. 

Hurtt, H. Kim, P. Leadley, I. S. Martins, A. Popp, A. M. Schipper, D. van Vuuren, H. M. 

Pereira, Challenges in producing policy-relevant global scenarios of biodiversity and 

ecosystem services. Global Ecology and Conservation 22, e00886 (2020). 20 

24.  S. Sitch, C. Huntingford, N. Gedney, P. E. Levy, M. Lomas, S. L. Piao, R. Betts, P. Ciais, 

P. Cox, P. Friedlingstein, C. D. Jones, I. C. Prentice, F. I. Woodward, Evaluation of the 

terrestrial carbon cycle, future plant geography and climate-carbon cycle feedbacks using 

five Dynamic Global Vegetation Models (DGVMs). Global Change Biol. 14, 2015–2039 

(2008). 25 

25.  M. Loreau, A. Hector, F. Isbell, The Ecological and Societal Consequences of Biodiversity 

Loss (John Wiley & Sons, 2022). 

26.  S. R. Weiskopf, B. J. E. Myers, M. I. Arce-Plata, J. L. Blanchard, S. Ferrier, E. A. Fulton, 

M. Harfoot, F. Isbell, J. A. Johnson, A. S. Mori, E. Weng, Z. V. HarmáCˇková, M. C. 

Londoño-Murcia, B. W. Miller, L. M. Pereira, I. M. D. Rosa, A Conceptual Framework to 30 

Integrate Biodiversity, Ecosystem Function, and Ecosystem Service Models. BioScience 72, 

1062–1073 (2022). 

27.  C. Mora, D. P. Tittensor, S. Adl, A. G. B. Simpson, B. Worm, How many species are there 

on Earth and in the ocean? PLoS Biol 9, e1001127 (2011). 

28.  G. Ceballos, P. R. Ehrlich, A. D. Barnosky, A. Garcia, R. M. Pringle, T. M. Palmer, 35 

Accelerated modern human-induced species losses: Entering the sixth mass extinction. 

Science Advances 1, e1400253–e1400253 (2015). 

29.  S. Dullinger, F. Essl, W. Rabitsch, K.-H. Erb, S. Gingrich, H. Haberl, K. Hülber, V. Jarošík, 

F. Krausmann, I. Kühn, J. Pergl, P. Pyšek, P. E. Hulme, Europe’s other debt crisis caused 

by the long legacy of future extinctions. PNAS, doi: 10.1073/pnas.1216303110 (2013). 40 



 13 

30.  IPBES, “Global assessment report on biodiversity and ecosystem services of the 

Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services” 

(IPBES Secretariat, Bonn, Germany, 2019); https://doi.org/10.5281/ZENODO.5657041. 

31.  M. Dornelas, N. J. Gotelli, B. McGill, H. Shimadzu, F. Moyes, C. Sievers, A. E. Magurran, 

Assemblage Time Series Reveal Biodiversity Change but Not Systematic Loss. Science 5 

344, 296–299 (2014). 

32.  M. Vellend, L. Baeten, I. H. Myers-Smith, S. C. Elmendorf, R. Beauséjour, C. D. Brown, P. 

D. Frenne, K. Verheyen, S. Wipf, Global meta-analysis reveals no net change in local-scale 

plant biodiversity over time. PNAS 110, 19456–19459 (2013). 

33.  S. A. Blowes, S. R. Supp, L. H. Antão, A. Bates, H. Bruelheide, J. M. Chase, F. Moyes, A. 10 

Magurran, B. McGill, I. H. Myers-Smith, M. Winter, A. D. Bjorkman, D. E. Bowler, J. E. 

K. Byrnes, A. Gonzalez, J. Hines, F. Isbell, H. P. Jones, L. M. Navarro, P. L. Thompson, 

M. Vellend, C. Waldock, M. Dornelas, The geography of biodiversity change in marine and 

terrestrial assemblages. Science 366, 339–345 (2019). 

34.  J. W. Valdez, C. T. Callaghan, J. Junker, A. Purvis, S. L. L. Hill, H. M. Pereira, The 15 

undetectability of global biodiversity trends using local species richness. Ecography, doi: 

10.1111/ecog.06604 (2023). 

35.  A. Gonzalez, B. J. Cardinale, G. R. H. Allington, J. Byrnes, K. Arthur Endsley, D. G. 

Brown, D. U. Hooper, F. Isbell, M. I. O’Connor, M. Loreau, Estimating local biodiversity 

change: a critique of papers claiming no net loss of local diversity. Ecology 97, 1949–1960 20 

(2016). 

36.  CBD, “Decision 15/4. Kunming-Montreal Global Biodiversity Framework” (Convention 

on Biological Diversity, Montreal, Canada, 2022). 

37.  Ł. Tracewski, S. H. M. Butchart, M. Di Marco, G. F. Ficetola, C. Rondinini, A. Symes, H. 

Wheatley, A. E. Beresford, G. M. Buchanan, Toward quantification of the impact of 21st-25 

century deforestation on the extinction risk of terrestrial vertebrates: Effects of 

Deforestation on Vertebrates. Conservation Biology 30, 1070–1079 (2016). 

38.  C. Hof, A. Voskamp, M. F. Biber, K. Böhning-Gaese, E. K. Engelhardt, A. Niamir, S. G. 

Willis, T. Hickler, Bioenergy cropland expansion may offset positive effects of climate 

change mitigation for global vertebrate diversity. Proceedings of the National Academy of 30 

Sciences 115, 13294–13299 (2018). 

39.  P. Visconti, S. H. M. Butchart, T. M. Brooks, P. F. Langhammer, D. Marnewick, S. 

Vergara, A. Yanosky, J. E. M. Watson, Protected area targets post-2020. Science 364, 239–

241 (2019). 

40.  M. T. J. Kok, R. Alkemade, M. Bakkenes, M. van Eerdt, J. Janse, M. Mandryk, T. Kram, T. 35 

Lazarova, J. Meijer, M. van Oorschot, H. Westhoek, R. van der Zagt, M. van der Berg, S. 

van der Esch, A.-G. Prins, D. P. van Vuuren, Pathways for agriculture and forestry to 



 14 

contribute to terrestrial biodiversity conservation: A global scenario-study. Biological 

Conservation 221, 137–150 (2018). 

41.  B. W. Griscom, J. Adams, P. W. Ellis, R. A. Houghton, G. Lomax, D. A. Miteva, W. H. 

Schlesinger, D. Shoch, J. V. Siikamäki, P. Smith, P. Woodbury, C. Zganjar, A. Blackman, 

J. Campari, R. T. Conant, C. Delgado, P. Elias, T. Gopalakrishna, M. R. Hamsik, M. 5 

Herrero, J. Kiesecker, E. Landis, L. Laestadius, S. M. Leavitt, S. Minnemeyer, S. Polasky, 

P. Potapov, F. E. Putz, J. Sanderman, M. Silvius, E. Wollenberg, J. Fargione, Natural 

climate solutions. PNAS, 201710465 (2017). 

42.  I. M. D. Rosa, H. M. Pereira, S. Ferrier, R. Alkemade, L. A. Acosta, H. R. Akcakaya, E. 

den Belder, A. M. Fazel, S. Fujimori, M. Harfoot, K. A. Harhash, P. A. Harrison, J. Hauck, 10 

R. J. J. Hendriks, G. Hernández, W. Jetz, S. I. Karlsson-Vinkhuyzen, H. Kim, N. King, M. 

T. J. Kok, G. O. Kolomytsev, T. Lazarova, P. Leadley, C. J. Lundquist, J. G. Márquez, C. 

Meyer, L. M. Navarro, C. Nesshöver, H. T. Ngo, K. N. Ninan, M. G. Palomo, L. M. 

Pereira, G. D. Peterson, R. Pichs, A. Popp, A. Purvis, F. Ravera, C. Rondinini, J. 

Sathyapalan, A. M. Schipper, R. Seppelt, J. Settele, N. Sitas, D. van Vuuren, Multiscale 15 

scenarios for nature futures. Nature Ecology & Evolution 1, 1416–1419 (2017). 

43.  H. Kim, G. Peterson, W. Cheung, S. Ferrier, R. Alkemade, A. Arneth, J. Kuiper, S. 

Okayasu, L. M. Pereira, L. A. Acosta,  rebecca chaplin-kramer, E. den Belder, T. Eddy, J. 

Johnson, S. Karlsson-Vinkhuysen, M. Kok, P. Leadley, D. Leclère, C. J. Lundquist, C. 

Rondinini, R. J. Scholes, M. Schoolenberg, Y.-J. Shin, E. Stehfest, F. Stephenson, P. 20 

Visconti, D. P. van Vuuren, C. C. Wabnitz, J. J. Alava, I. Cuadros-Casanova, M. A. 

Gasalla, G. Halouani, M. B. J. Harfoot, S. Hashimoto, T. Hickler, T. Hirsch, G. 

Kolomytsev, B. Miller, H. Ohashi, M. G. Palomo, A. Popp, R. P. Remme, O. Saito, R. 

Sumaila, S. Willcock, H. Pereira, Towards a better future for biodiversity and people: 

modelling Nature Futures (2021). https://doi.org/10.31235/osf.io/93sqp. 25 

44.  R. Alkemade, Global trends in ecosystem services (BES-SIM GLOBIO-ES), version 2, 

German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig (2023); 

https://doi.org/10.25829/VQD4S4. 

45.  D. Baisero, C. Rondinini, Global trends in biodiversity (BES-SIM INSIGHTS), version 1, 

German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig (2023); 30 

https://doi.org/10.25829/H2EVR2. 

46.  R. Chaplin-Kramer, R. Sharp, Global trends in ecosystem services (BES-SIM InVEST), 

version 2, German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig 

(2023); https://doi.org/10.25829/ZR4D27. 

47.  V. Haverd, Global trends in ecosystem services (BES-SIM CABLE POP), version 2, 35 

German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig (2023); 

https://doi.org/10.25829/KTNB68. 

48.  S. Hill, A. Purvis, Global trends in biodiversity (BES-SIM PREDICTS), version 1, German 

Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig (2022); 

https://doi.org/10.25829/VT7QK9. 40 



 15 

49.  D. Leclere, M. Obersteiner, Global trends in biodiversity (BES-SIM cSAR-IIASA), version 

1, German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig (2022); 

https://doi.org/10.25829/HAQ7D4. 

50.  I. Martins, H. Pereira, Global trends in biodiversity (BES-SIM cSAR-iDiv), version 1, 

German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig (2022); 5 

https://doi.org/10.25829/5ZMY41. 

51.  H. Ohashi, T. Hasegawa, Global trends in biodiversity (BES-SIM AIM), version 2, German 

Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig (2023); 

https://doi.org/10.25829/5WN357. 

52.  B. Poulter, B. Quesada, Global trends in ecosystem services (BES-SIM LPJ), version 2, 10 

German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig (2023); 

https://doi.org/10.25829/XQ7A86. 

53.  B. Quesada, P. Anthoni, A. Arneth, Global trends in ecosystem services (BES-SIM LPJ-

GUESS), version 2, German Centre for Integrative Biodiversity Research (iDiv) Halle-

Jena-Leipzig (2023); https://doi.org/10.25829/Z5V9T2. 15 

54.  A. Schipper, R. Alkemade, Global trends in biodiversity (BES-SIM GLOBIO), version 1, 

German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig (2023); 

https://doi.org/10.25829/R7BT92. 

55.  Henrique M. Pereira, Global trends and scenarios for terrestrial biodiversity and ecosystem 

services from 1900-2050. Data and Code., version v1.0, Zenodo (2024); 20 

https://doi.org/10.5281/ZENODO.10702963. 

56.  G. Hurtt, Land Use Harmonization (LUH2). https://luh.umd.edu/data.shtml. 

57.  H. M. Pereira, P. Anthoni, L. Quoß, Monthly aggregated climate projections of IPSL-

CM5A-LR ISIMIP2a fasttrack data for the BES SIM study, version 3, Dryad (2024); 

https://doi.org/10.5061/DRYAD.3N5TB2RR6. 25 

58.  H. Kim, I. M. D. Rosa, R. Alkemade, P. Leadley, G. Hurtt, A. Popp, D. P. van Vuuren, P. 

Anthoni, A. Arneth, D. Baisero, E. Caton, R. Chaplin-Kramer, L. Chini, A. D. Palma, F. D. 

Fulvio, M. D. Marco, F. Espinoza, S. Ferrier, S. Fujimori, R. E. Gonzalez, M. Gueguen, C. 

Guerra, M. Harfoot, T. D. Harwood, T. Hasegawa, V. Haverd, P. Havlík, S. Hellweg, S. L. 

L. Hill, A. Hirata, A. J. Hoskins, J. H. Janse, W. Jetz, J. A. Johnson, A. Krause, D. Leclère, 30 

I. S. Martins, T. Matsui, C. Merow, M. Obersteiner, H. Ohashi, B. Poulter, A. Purvis, B. 

Quesada, C. Rondinini, A. M. Schipper, R. Sharp, K. Takahashi, W. Thuiller, N. Titeux, P. 

Visconti, C. Ware, F. Wolf, H. M. Pereira, A protocol for an intercomparison of 

biodiversity and ecosystem services models using harmonized land-use and climate 

scenarios. Geoscientific Model Development 11, 4537–4562 (2018). 35 

59.  D. P. van Vuuren, E. Stehfest, D. E. H. J. Gernaat, J. C. Doelman, M. van den Berg, M. 

Harmsen, H. S. de Boer, L. F. Bouwman, V. Daioglou, O. Y. Edelenbosch, B. Girod, T. 

Kram, L. Lassaletta, P. L. Lucas, H. van Meijl, C. Müller, B. J. van Ruijven, S. van der 



 16 

Sluis, A. Tabeau, Energy, land-use and greenhouse gas emissions trajectories under a green 

growth paradigm. Global Environmental Change 42, 237–250 (2017). 

60.  S. Fujimori, T. Hasegawa, T. Masui, K. Takahashi, D. S. Herran, H. Dai, Y. Hijioka, M. 

Kainuma, SSP3: AIM implementation of Shared Socioeconomic Pathways. Global 

Environmental Change 42, 268–283 (2017). 5 

61.  E. Kriegler, N. Bauer, A. Popp, F. Humpenöder, M. Leimbach, J. Strefler, L. Baumstark, B. 

L. Bodirsky, J. Hilaire, D. Klein, I. Mouratiadou, I. Weindl, C. Bertram, J.-P. Dietrich, G. 

Luderer, M. Pehl, R. Pietzcker, F. Piontek, H. Lotze-Campen, A. Biewald, M. Bonsch, A. 

Giannousakis, U. Kreidenweis, C. Müller, S. Rolinski, A. Schultes, J. Schwanitz, M. 

Stevanovic, K. Calvin, J. Emmerling, S. Fujimori, O. Edenhofer, Fossil-fueled development 10 

(SSP5): An energy and resource intensive scenario for the 21st century. Global 

Environmental Change 42, 297–315 (2017). 

62.  G. C. Hurtt, L. P. Chini, S. Frolking, R. A. Betts, J. Feddema, G. Fischer, J. P. Fisk, K. 

Hibbard, R. A. Houghton, A. Janetos, C. D. Jones, G. Kindermann, T. Kinoshita, K. Klein 

Goldewijk, K. Riahi, E. Shevliakova, S. Smith, E. Stehfest, A. Thomson, P. Thornton, D. P. 15 

van Vuuren, Y. P. Wang, Harmonization of land-use scenarios for the period 1500–2100: 

600 years of global gridded annual land-use transitions, wood harvest, and resulting 

secondary lands. Climatic Change 109, 117–161 (2011). 

63.  G. Hurtt, L. Chini, R. Sahajpal, S. Frolking, B. L. Bodirsky, K. Calvin, J. Doelman, J. Fisk, 

S. Fujimori, K. K. Goldewijk, T. Hasegawa, P. Havlik, A. Heinimann, F. Humpenöder, J. 20 

Jungclaus, J. Kaplan, T. Krisztin, D. Lawrence, P. Lawrence, O. Mertz, J. Pongratz, A. 

Popp, K. Riahi, E. Shevliakova, E. Stehfest, P. Thornton, D. van Vuuren, X. Zhang, 

Harmonization of Global Land Use Change and Management for the Period 850-2015, 

Earth System Grid Federation (2019); https://doi.org/10.22033/ESGF/input4MIPs.10454. 

64.  G. Hurtt, L. Chini, R. Sahajpal, S. Frolking, B. L. Bodirsky, K. Calvin, J. Doelman, J. Fisk, 25 

S. Fujimori, K. K. Goldewijk, T. Hasegawa, P. Havlik, A. Heinimann, F. Humpenöder, J. 

Jungclaus, J. Kaplan, T. Krisztin, D. Lawrence, P. Lawrence, O. Mertz, J. Pongratz, A. 

Popp, K. Riahi, E. Shevliakova, E. Stehfest, P. Thornton, D. van Vuuren, X. Zhang, 

Harmonization of Global Land Use Change and Management for the Period 2015-2300, 

Earth System Grid Federation (2019); https://doi.org/10.22033/ESGF/input4MIPs.10468. 30 

65.  G. C. Hurtt, L. Chini, R. Sahajpal, S. Frolking, B. L. Bodirsky, K. Calvin, J. C. Doelman, J. 

Fisk, S. Fujimori, K. Klein Goldewijk, T. Hasegawa, P. Havlik, A. Heinimann, F. 

Humpenöder, J. Jungclaus, J. O. Kaplan, J. Kennedy, T. Krisztin, D. Lawrence, P. 

Lawrence, L. Ma, O. Mertz, J. Pongratz, A. Popp, B. Poulter, K. Riahi, E. Shevliakova, E. 

Stehfest, P. Thornton, F. N. Tubiello, D. P. van Vuuren, X. Zhang, Harmonization of global 35 

land use change and management for the period 850–2100 (LUH2) for CMIP6. 

Geoscientific Model Development 13, 5425–5464 (2020). 

66.  A. Popp, K. Calvin, S. Fujimori, P. Havlik, F. Humpenöder, E. Stehfest, B. L. Bodirsky, J. 

P. Dietrich, J. C. Doelmann, M. Gusti, T. Hasegawa, P. Kyle, M. Obersteiner, A. Tabeau, 

K. Takahashi, H. Valin, S. Waldhoff, I. Weindl, M. Wise, E. Kriegler, H. Lotze-Campen, 40 



 17 

O. Fricko, K. Riahi, D. P. van Vuuren, Land-use futures in the shared socio-economic 

pathways. Global Environmental Change 42, 331–345 (2017). 

67.  C. F. McSweeney, R. G. Jones, How representative is the spread of climate projections 

from the 5 CMIP5 GCMs used in ISI-MIP? Climate Services 1, 24–29 (2016). 

68.  S. E. Fick, R. J. Hijmans, WorldClim 2: new 1-km spatial resolution climate surfaces for 5 

global land areas: NEW CLIMATE SURFACES FOR GLOBAL LAND AREAS. 

International Journal of Climatology 37, 4302–4315 (2017). 

69.  M. Meinshausen, S. C. B. Raper, T. M. L. Wigley, Emulating coupled atmosphere-ocean 

and carbon cycle models with a simpler model, MAGICC6 – Part 1: Model description and 

calibration. Atmospheric Chemistry and Physics 11, 1417–1456 (2011). 10 

70.  M. Meinshausen, T. M. L. Wigley, S. C. B. Raper, Emulating atmosphere-ocean and carbon 

cycle models with a simpler model, MAGICC6 – Part 2: Applications. Atmospheric 

Chemistry and Physics 11, 1457–1471 (2011). 

71.  J. L. Dufresne, M. A. Foujols, S. Denvil, A. Caubel, O. Marti, O. Aumont, Y. Balkanski, S. 

Bekki, H. Bellenger, R. Benshila, S. Bony, L. Bopp, P. Braconnot, P. Brockmann, P. 15 

Cadule, F. Cheruy, F. Codron, A. Cozic, D. Cugnet, N. de Noblet, J.-P. Duvel, C. Ethé, L. 

Fairhead, T. Fichefet, S. Flavoni, P. Friedlingstein, J.-Y. Grandpeix, L. Guez, E. Guilyardi, 

D. Hauglustaine, F. Hourdin, A. Idelkadi, J. Ghattas, S. Joussaume, M. Kageyama, G. 

Krinner, S. Labetoulle, A. Lahellec, M.-P. Lefebvre, F. Lefevre, C. Levy, Z. X. Li, J. Lloyd, 

F. Lott, G. Madec, M. Mancip, M. Marchand, S. Masson, Y. Meurdesoif, J. Mignot, I. 20 

Musat, S. Parouty, J. Polcher, C. Rio, M. Schulz, D. Swingedouw, S. Szopa, C. Talandier, 

P. Terray, N. Viovy, N. Vuichard, Climate change projections using the IPSL-CM5 Earth 

System Model: from CMIP3 to CMIP5. Climate Dynamics 40, 2123–2165 (2013). 

72.  L. Warszawski, K. Frieler, V. Huber, F. Piontek, O. Serdeczny, J. Schewe, The Inter-

Sectoral Impact Model Intercomparison Project (ISI–MIP): Project framework. 25 

Proceedings of the National Academy of Sciences 111, 3228–3232 (2014). 

73.  E. Stehfest, D. van Vuuren, T. Kram, L. Bouwman, R. Alkemade, M. Bakkenes, R. 

Biemans, A. F. Bouwman, M. den Elzen, J. H. Janse, P. Lucas, J. van Minnen, M. Müller, 

A. Prins, Integrated Assessment of Global Environmental Change with IMAGE 3.0. Model 

Description and Policy Applications (PBL Netherlands Environmental Assessment Agency, 30 

The Hague, 2014). 

74.  A. Purvis, T. Newbold, A. De Palma, S. Contu, S. L. L. Hill, K. Sanchez-Ortiz, H. R. P. 

Phillips, L. N. Hudson, I. Lysenko, L. Börger, J. P. W. Scharlemann, “Modelling and 

Projecting the Response of Local Terrestrial Biodiversity Worldwide to Land Use and 

Related Pressures: The PREDICTS Project” in Advances in Ecological Research (Elsevier, 35 

2018; http://linkinghub.elsevier.com/retrieve/pii/S0065250417300284)vol. 58, pp. 201–

241. 

75.  T. M. Brooks, H. R. Akçakaya, N. D. Burgess, S. H. M. Butchart, C. Hilton-Taylor, M. 

Hoffmann, D. Juffe-Bignoli, N. Kingston, B. MacSharry, M. Parr, L. Perianin, E. C. Regan, 



 18 

A. S. L. Rodrigues, C. Rondinini, Y. Shennan-Farpon, B. E. Young, Analysing biodiversity 

and conservation knowledge products to support regional environmental assessments. 

Scientific Data 3 (2016). 

76.  R. J. Scholes, R. Biggs, A biodiversity intactness index. Nature 434, 45–49 (2005). 

77.  D. Baisero, P. Visconti, M. Pacifici, M. Cimatti, C. Rondinini, Projected Changes in 5 

Mammalian Habitat Under Contrasting Climate and Land Use Change Scenarios. One 

Earth, doi: 10.2139/ssrn.3451453 (2019). 

78.  R. P. Powers, W. Jetz, Global habitat loss and extinction risk of terrestrial vertebrates under 

future land-use-change scenarios. Nat. Clim. Chang. 9, 323–329 (2019). 

79.  B. Scholes, R. Biggs, Ecosystem Services in Southern Africa: A Regional Assessment 10 

(Council for Scientific and Industrial Research, Pretoria, South Africa, 2004)South African 

Millennium Ecosystem Assessment. 

80.  R. Alkemade, M. van Oorschot, L. Miles, C. Nellemann, M. Bakkenes, B. ten Brink, 

GLOBIO3: A Framework to Investigate Options for Reducing Global Terrestrial 

Biodiversity Loss. Ecosystems 12, 374–390 (2009). 15 

81.  I. S. Martins, H. M. Pereira, Improving extinction projections across scales and habitats 

using the countryside species-area relationship. Scientific Reports 7, 12899 (2017). 

82.  T. Newbold, L. N. Hudson, A. P. Arnell, S. Contu, A. D. Palma, S. Ferrier, S. L. L. Hill, A. 

J. Hoskins, I. Lysenko, H. R. P. Phillips, V. J. Burton, C. W. T. Chng, S. Emerson, D. Gao, 

G. Pask-Hale, J. Hutton, M. Jung, K. Sanchez-Ortiz, B. I. Simmons, S. Whitmee, H. Zhang, 20 

J. P. W. Scharlemann, A. Purvis, Has land use pushed terrestrial biodiversity beyond the 

planetary boundary? A global assessment. Science 353, 288–291 (2016). 

83.  H. M. Pereira, G. C. Daily, Modeling Biodiversity Dynamics in Countryside Landscapes. 

Ecology 87, 1877–1885 (2006). 

84.  A. Quillet, C. Peng, M. Garneau, Toward dynamic global vegetation models for simulating 25 

vegetation–climate interactions and feedbacks: recent developments, limitations, and future 

challenges. Environmental Reviews 18, 333–353 (2010). 

85.  C. Prudhomme, I. Giuntoli, E. L. Robinson, D. B. Clark, N. W. Arnell, R. Dankers, B. M. 

Fekete, W. Franssen, D. Gerten, S. N. Gosling, S. Hagemann, D. M. Hannah, H. Kim, Y. 

Masaki, Y. Satoh, T. Stacke, Y. Wada, D. Wisser, Hydrological droughts in the 21st 30 

century, hotspots and uncertainties from a global multimodel ensemble experiment. 

Proceedings of the National Academy of Sciences 111, 3262–3267 (2014). 

86.  C. J. E. Schulp, R. Alkemade, K. Klein Goldewijk, K. Petz, Mapping ecosystem functions 

and services in Eastern Europe using global-scale data sets. International Journal of 

Biodiversity Science, Ecosystem Services & Management 8, 156–168 (2012). 35 



 19 

87.  R. Chaplin-Kramer, R. P. Sharp, C. Weil, E. M. Bennett, U. Pascual, K. K. Arkema, K. A. 

Brauman, B. P. Bryant, A. D. Guerry, N. M. Haddad, M. Hamann, P. Hamel, J. A. Johnson, 

L. Mandle, H. M. Pereira, S. Polasky, M. Ruckelshaus, M. R. Shaw, J. M. Silver, A. L. 

Vogl, G. C. Daily, Global modeling of nature’s contributions to people. Science 366, 255–

258 (2019). 5 

88.  H. Ohashi, T. Hasegawa, A. Hirata, S. Fujimori, K. Takahashi, I. Tsuyama, K. Nakao, Y. 

Kominami, N. Tanaka, Y. Hijioka, T. Matsui, Biodiversity can benefit from climate 

stabilization despite adverse side effects of land-based mitigation. Nat Commun 10, 5240 

(2019). 

89.  C. Rondinini, M. Di Marco, F. Chiozza, G. Santulli, D. Baisero, P. Visconti, M. Hoffmann, 10 

J. Schipper, S. N. Stuart, M. F. Tognelli, G. Amori, A. Falcucci, L. Maiorano, L. Boitani, 

Global habitat suitability models of terrestrial mammals. Philosophical Transactions of the 

Royal Society B: Biological Sciences 366, 2633–2641 (2011). 

90.  P. Visconti, M. Bakkenes, D. Baisero, T. Brooks, S. H. M. Butchart, L. Joppa, R. 

Alkemade, M. Di Marco, L. Santini, M. Hoffmann, L. Maiorano, R. L. Pressey, A. 15 

Arponen, L. Boitani, A. E. Reside, D. P. van Vuuren, C. Rondinini, Projecting Global 

Biodiversity Indicators under Future Development Scenarios. CONSERVATION LETTERS 

9, 5–13 (2016). 

91.  W. Jetz, D. S. Wilcove, A. P. Dobson, Projected impacts of climate and land-use change on 

the global diversity of birds. PLoS Biol. 5, e157 (2007). 20 

92.  I. S. Martins, L. M. Navarro, H. M. Pereira, I. M. D. Rosa, Alternative pathways to a 

sustainable future lead to contrasting biodiversity responses. Global Ecology and 

Conservation, e01028 (2020). 

93.  A. Chaudhary, F. Verones, L. de Baan, S. Hellweg, Quantifying Land Use Impacts on 

Biodiversity: Combining Species–Area Models and Vulnerability Indicators. 25 

Environmental Science & Technology 49, 9987–9995 (2015). 

94.  R. Frischknecht, P. Fantke, L. Tschümperlin, M. Niero, A. Antón, J. Bare, A.-M. Boulay, F. 

Cherubini, M. Z. Hauschild, A. Henderson, A. Levasseur, T. E. McKone, O. Michelsen, L. 

M. I Canals, S. Pfister, B. Ridoutt, R. K. Rosenbaum, F. Verones, B. Vigon, O. Jolliet, 

Global guidance on environmental life cycle impact assessment indicators: progress and 30 

case study. Int J Life Cycle Assess 21, 429–442 (2016). 

95.  A. J. Hoskins, T. D. Harwood, C. Ware, K. J. Williams, J. J. Perry, N. Ota, J. R. Croft, D. 

K. Yeates, W. Jetz, M. Golebiewski, A. Purvis, T. Robertson, S. Ferrier, BILBI: Supporting 

global biodiversity assessment through high-resolution macroecological modelling. 

Environmental Modelling & Software 132, 104806 (2020). 35 

96.  M. Di Marco, T. D. Harwood, A. J. Hoskins, C. Ware, S. L. L. Hill, S. Ferrier, Projecting 

impacts of global climate and land‐use scenarios on plant biodiversity using 

compositional‐turnover modelling. Global Change Biology 25, 2763–2778 (2019). 



 20 

97.  S. L. L. Hill, R. Gonzalez, K. Sanchez-Ortiz, E. Caton, F. Espinoza, T. Newbold, J. 

Tylianakis, J. P. W. Scharlemann, A. De Palma, A. Purvis, Worldwide impacts of past and 

projected future land-use change on local species richness and the Biodiversity Intactness 

Index. bioRxiv, doi: 10.1101/311787 (2018). 

98.  T. Newbold, L. N. Hudson, S. L. L. Hill, S. Contu, I. Lysenko, R. A. Senior, L. Börger, D. 5 

J. Bennett, A. Choimes, B. Collen, J. Day, A. De Palma, S. Díaz, S. Echeverria-Londoño, 

M. J. Edgar, A. Feldman, M. Garon, M. L. K. Harrison, T. Alhusseini, D. J. Ingram, Y. 

Itescu, J. Kattge, V. Kemp, L. Kirkpatrick, M. Kleyer, D. L. P. Correia, C. D. Martin, S. 

Meiri, M. Novosolov, Y. Pan, H. R. P. Phillips, D. W. Purves, A. Robinson, J. Simpson, S. 

L. Tuck, E. Weiher, H. J. White, R. M. Ewers, G. M. Mace, J. P. W. Scharlemann, A. 10 

Purvis, Global effects of land use on local terrestrial biodiversity. Nature 520, 45–50 

(2015). 

99.  B. Smith, D. Wårlind, A. Arneth, T. Hickler, P. Leadley, J. Siltberg, S. Zaehle, Implications 

of incorporating N cycling and N limitations on primary production in an individual-based 

dynamic vegetation model. Biogeosciences 11, 2027–2054 (2014). 15 

100.  M. Lindeskog, A. Arneth, A. Bondeau, K. Waha, J. Seaquist, S. Olin, B. Smith, 

Implications of accounting for land use in simulations of ecosystem carbon cycling in 

Africa. Earth System Dynamics 4, 385–407 (2013). 

101.  S. Olin, G. Schurgers, M. Lindeskog, D. Wårlind, B. Smith, P. Bodin, J. Holmér, A. Arneth, 

Modelling the response of yields and tissue C : N to changes in atmospheric CO2 and N 20 

management in the main wheat regions of western Europe. Biogeosciences 12, 2489–2515 

(2015). 

102.  A. Arneth, S. Sitch, J. Pongratz, B. D. Stocker, P. Ciais, B. Poulter, A. D. Bayer, A. 

Bondeau, L. Calle, L. P. Chini, T. Gasser, M. Fader, P. Friedlingstein, E. Kato, W. Li, M. 

Lindeskog, J. E. M. S. Nabel, T. a. M. Pugh, E. Robertson, N. Viovy, C. Yue, S. Zaehle, 25 

Historical carbon dioxide emissions caused by land-use changes are possibly larger than 

assumed. Nature Geosci 10, 79–84 (2017). 

103.  B. Poulter, D. C. Frank, E. L. Hodson, N. E. Zimmermann, Impacts of land cover and 

climate data selection on understanding terrestrial carbon dynamics and the CO2 airborne 

fraction. Biogeosciences 8, 2027–2036 (2011). 30 

104.  S. Sitch, B. Smith, I. C. Prentice, A. Arneth, A. Bondeau, W. Cramer, J. O. Kaplan, S. 

Levis, W. Lucht, M. T. Sykes, K. Thonicke, S. Venevsky, Evaluation of ecosystem 

dynamics, plant geography and terrestrial carbon cycling in the LPJ dynamic global 

vegetation model. Global Change Biology 9, 161–185 (2003). 

105.  V. Haverd, B. Smith, L. Nieradzik, P. R. Briggs, W. Woodgate, C. M. Trudinger, J. G. 35 

Canadell, A new version of the CABLE land surface model (Subversion revision r4546), 

incorporating land use and land cover change, woody vegetation demography and a novel 

optimisation-based approach to plant coordination of electron transport and carboxylation 

capacity-limited photosynthesis. Geoscientific Model Development Discussions, 1–33 

(2017). 40 



 21 

106.  R. Alkemade, B. Burkhard, N. D. Crossman, S. Nedkov, K. Petz, Quantifying ecosystem 

services and indicators for science, policy and practice. Ecological Indicators 37, 161–162 

(2014). 

107.  R. Chaplin-Kramer, E. Dombeck, J. Gerber, K. A. Knuth, N. D. Mueller, M. Mueller, G. 

Ziv, A.-M. Klein, Global malnutrition overlaps with pollinator-dependent micronutrient 5 

production. Proceedings of the Royal Society B: Biological Sciences 281, 20141799 (2014). 

108.  K. K. Arkema, G. Guannel, G. Verutes, S. A. Wood, A. Guerry, M. Ruckelshaus, P. 

Kareiva, M. Lacayo, J. M. Silver, Coastal habitats shield people and property from sea-

level rise and storms. Nature Clim Change 3, 913–918 (2013). 

109.  J. W. Redhead, L. May, T. H. Oliver, P. Hamel, R. Sharp, J. M. Bullock, National scale 10 

evaluation of the InVEST nutrient retention model in the United Kingdom. Science of The 

Total Environment 610–611, 666–677 (2018). 

110.  R. Sharp, H. T. Tallis, T. Ricketts, A. D. Guerry, S. A. Wood, R. Chaplin-Kramer, E. 

Nelson, D. Ennaanay, S. Wolny, N. Olwero, K. Vigerstol, D. Pennington, G. Mendoza, J. 

Aukema, J. Foster, J. Forrest, D. Cameron, K. Arkema, E. Lonsdorf, C. Kennedy, G. 15 

Verutes, C. K. Kim, G. Guannel, M. Papenfus, J. Toft, M. Marsik, J. Bernhardt, R. Griffin, 

K. Glowinski, N. Chaumont, N. Perelman, M. Lacayo, L. Mandle, P. Hamel, A. L. Vogl, L. 

Rogers, W. Bierbower, D. Denu, J. Douglass, InVEST +VERSION+ User’s Guide, The 

Natural Capital Project (Stanford University, University of Minnesota, The Nature 

Conservancy, and World Wildlife Fund, 2016). 20 

111.  K. Klein Goldewijk, A. Beusen, J. Doelman, E. Stehfest, New anthropogenic land use 

estimates for the Holocene; HYDE 3.2. Earth System Science Data Discussions, 1–40 

(2016). 

112.  T. Hengl, J. M. de Jesus, R. A. MacMillan, N. H. Batjes, G. B. M. Heuvelink, E. Ribeiro, 

A. Samuel-Rosa, B. Kempen, J. G. B. Leenaars, M. G. Walsh, M. R. Gonzalez, 25 

SoilGrids1km — Global Soil Information Based on Automated Mapping. PLOS ONE 9, 

e105992 (2014). 

113.  L. N. Hudson, T. Newbold, S. Contu, S. L. L. Hill, I. Lysenko, A. De Palma, H. R. P. 

Phillips, R. A. Senior, D. J. Bennett, H. Booth, A. Choimes, D. L. P. Correia, J. Day, S. 

Echeverría-Londoño, M. Garon, M. L. K. Harrison, D. J. Ingram, M. Jung, V. Kemp, L. 30 

Kirkpatrick, C. D. Martin, Y. Pan, H. J. White, J. Aben, S. Abrahamczyk, G. B. Adum, V. 

Aguilar-Barquero, M. A. Aizen, M. Ancrenaz, E. Arbeláez-Cortés, I. Armbrecht, B. Azhar, 

A. B. Azpiroz, L. Baeten, A. Báldi, J. E. Banks, J. Barlow, P. Batáry, A. J. Bates, E. M. 

Bayne, P. Beja, Å. Berg, N. J. Berry, J. E. Bicknell, J. H. Bihn, K. Böhning-Gaese, T. 

Boekhout, C. Boutin, J. Bouyer, F. Q. Brearley, I. Brito, J. Brunet, G. Buczkowski, E. 35 

Buscardo, J. Cabra-García, M. Calviño-Cancela, S. A. Cameron, E. M. Cancello, T. F. 

Carrijo, A. L. Carvalho, H. Castro, A. A. Castro-Luna, R. Cerda, A. Cerezo, M. Chauvat, F. 

M. Clarke, D. F. R. Cleary, S. P. Connop, B. D’Aniello, P. G. da Silva, B. Darvill, J. 

Dauber, A. Dejean, T. Diekötter, Y. Dominguez-Haydar, C. F. Dormann, B. Dumont, S. G. 

Dures, M. Dynesius, L. Edenius, Z. Elek, M. H. Entling, N. Farwig, T. M. Fayle, A. 40 



 22 

Felicioli, A. M. Felton, G. F. Ficetola, B. K. C. Filgueiras, S. J. Fonte, L. H. Fraser, D. 

Fukuda, D. Furlani, J. U. Ganzhorn, J. G. Garden, C. Gheler-Costa, P. Giordani, S. 

Giordano, M. S. Gottschalk, D. Goulson, A. D. Gove, J. Grogan, M. E. Hanley, T. Hanson, 

N. R. Hashim, J. E. Hawes, C. Hébert, A. J. Helden, J.-A. Henden, L. Hernández, F. 

Herzog, D. Higuera-Diaz, B. Hilje, F. G. Horgan, R. Horváth, K. Hylander, P. Isaacs-5 

Cubides, M. Ishitani, C. T. Jacobs, V. J. Jaramillo, B. Jauker, M. Jonsell, T. S. Jung, V. 

Kapoor, V. Kati, E. Katovai, M. Kessler, E. Knop, A. Kolb, Á. Kőrösi, T. Lachat, V. 

Lantschner, V. Le Féon, G. LeBuhn, J.-P. Légaré, S. G. Letcher, N. A. Littlewood, C. A. 

López-Quintero, M. Louhaichi, G. L. Lövei, M. E. Lucas-Borja, V. H. Luja, K. Maeto, T. 

Magura, N. A. Mallari, E. Marin-Spiotta, E. J. P. Marshall, E. Martínez, M. M. Mayfield, 10 

G. Mikusinski, J. C. Milder, J. R. Miller, C. L. Morales, M. N. Muchane, M. Muchane, R. 

Naidoo, A. Nakamura, S. Naoe, G. Nates-Parra, D. A. Navarrete Gutierrez, E. L. 

Neuschulz, N. Noreika, O. Norfolk, J. A. Noriega, N. M. Nöske, N. O’Dea, W. Oduro, C. 

Ofori-Boateng, C. O. Oke, L. M. Osgathorpe, J. Paritsis, A. Parra-H, N. Pelegrin, C. A. 

Peres, A. S. Persson, T. Petanidou, B. Phalan, T. K. Philips, K. Poveda, E. F. Power, S. J. 15 

Presley, V. Proença, M. Quaranta, C. Quintero, N. A. Redpath-Downing, J. L. Reid, Y. T. 

Reis, D. B. Ribeiro, B. A. Richardson, M. J. Richardson, C. A. Robles, J. Römbke, L. P. 

Romero-Duque, L. Rosselli, S. J. Rossiter, T. H. Roulston, L. Rousseau, J. P. Sadler, S. 

Sáfián, R. A. Saldaña-Vázquez, U. Samnegård, C. Schüepp, O. Schweiger, J. L. Sedlock, 

G. Shahabuddin, D. Sheil, F. A. B. Silva, E. M. Slade, A. H. Smith-Pardo, N. S. Sodhi, E. J. 20 

Somarriba, R. A. Sosa, J. C. Stout, M. J. Struebig, Y.-H. Sung, C. G. Threlfall, R. Tonietto, 

B. Tóthmérész, T. Tscharntke, E. C. Turner, J. M. Tylianakis, A. J. Vanbergen, K. Vassilev, 

H. A. F. Verboven, C. H. Vergara, P. M. Vergara, J. Verhulst, T. R. Walker, Y. Wang, J. I. 

Watling, K. Wells, C. D. Williams, M. R. Willig, J. C. Z. Woinarski, J. H. D. Wolf, B. A. 

Woodcock, D. W. Yu, A. S. Zaitsev, B. Collen, R. M. Ewers, G. M. Mace, D. W. Purves, J. 25 

P. W. Scharlemann, A. Purvis, The PREDICTS database: a global database of how local 

terrestrial biodiversity responds to human impacts. Ecol Evol 4, 4701–4735 (2014). 

114.  B. Jones, B. C. O’Neill, Spatially explicit global population scenarios consistent with the 

Shared Socioeconomic Pathways. Environ. Res. Lett. 11, 084003 (2016). 

115.  F. Zabel, B. Putzenlechner, W. Mauser, Global Agricultural Land Resources – A High 30 

Resolution Suitability Evaluation and Its Perspectives until 2100 under Climate Change 

Conditions. PLOS ONE 9, e107522 (2014). 

116.  J. R. Meijer, M. A. J. Huijbregts, K. C. G. J. Schotten, A. M. Schipper, Global patterns of 

current and future road infrastructure. Environ. Res. Lett. 13, 064006 (2018). 

117.  J.-F. Lamarque, G. P. Kyle, M. Meinshausen, K. Riahi, S. J. Smith, D. P. van Vuuren, A. J. 35 

Conley, F. Vitt, Global and regional evolution of short-lived radiatively-active gases and 

aerosols in the Representative Concentration Pathways. Climatic Change 109, 191 (2011). 

118.  D. L. Bijl, P. W. Bogaart, T. Kram, B. J. M. de Vries, D. P. van Vuuren, Long-term water 

demand for electricity, industry and households. Environmental Science & Policy 55, 75–86 

(2016). 40 



 23 

119.  C. Monfreda, N. Ramankutty, J. A. Foley, Farming the planet: 2. Geographic distribution of 

crop areas, yields, physiological types, and net primary production in the year 2000. Global 

Biogeochemical Cycles 22, GB1022 (2008). 

120.  A.-M. Klein, B. E. Vaissière, J. H. Cane, I. Steffan-Dewenter, S. A. Cunningham, C. 

Kremen, T. Tscharntke, Importance of pollinators in changing landscapes for world crops. 5 

Proceedings of the Royal Society B: Biological Sciences 274, 303–313 (2006). 

121.  L. Allen, B. De Benoist, O. Daty, R. Hurrell, “World Health Organization: Guidelines on 

food fortification with micronutrients” (Food and Agriculture Organization of the United 

Nations, 2006); https://cir.nii.ac.jp/crid/1130000798035351424. 

 10 

Acknowledgments: This study was carried out with the support of the IPBES Expert Group on 

Scenarios and Models and its Technical Support Unit. We thank Peter Anthoni for help with the 

climate data and Jes Hines for comments on the manuscript. 

Funding:  

German Research Foundation grant DFG FZT 118 (HP, ISM, IR, HJK, GG, JS, LQ and NT) 15 

NASA Carbon Monitoring System grant 80NSSC21K1059 (GH, LC) 

Environmental Restoration and Conservation Agency of Japan grant JPMEERF20202002 

(ShF, ToH, AH, TM, HO, KT). 

E.O. Wilson Biodiversity Foundation (WJ) 

Japan Society for the Promotion of Science grant KAKENHI JP22H03817 (HO) and grant 20 

KAKENHI 22K21331 (TH) 

Author contributions:  

Conceptualization: RA, PL, HP, DV, AP, GH 

Investigation: AS, RA, JM, JH, JaJ, SaH, AnP, DL, MO, ISM, CG, HO, TH, MM, SiF, 

ThH, CM, WJ, BQ, AK, AA, BP, VH, RCK, RS, JuJ, DB, CR, GH, LC, JPH, JRM 25 

Methodology: HP, ISM, IR, HJK, FW and LQ 

Formal analysis: HP, ISM, IR, HJK and LQ 

Visualization: ISM, LQ, HJK, HP 

Project administration: HP, ISM, IR, HJK 

Supervision: HP 30 

Writing – original draft: HP 

Writing – review & editing: All co-authors 

Competing interests: Authors declare that they have no competing interests. WJ is the 

Scientific Chair of the E.O. Wilson Biodiversity Foundation. BS is the founder, board 

member and Chief Scientist at re.green, where he also has an equity share. 35 



 24 

Data and materials availability: The maps outputted by the models are available from the GEO 

BON EBV portal (44–54) and are listed in Table S2. Additional outputs provided by the 

biodiversity and ecosystem services models as tabular data, the spatial statistics from the maps, 

the IPBES regions shapefile, and all the code in R to produce the figures and the spatial statistics 

are available from Zenodo (55). The land-use data used as inputs to the models are available at 5 

(56) while the climate data are available from Dryad (57).    
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Fig. 1. Historical trends (1900-2015) and projections for each scenario to 2050 of different 

biodiversity metrics. (a) from land-use change impacts alone; (b) from land-use change and 

climate change impacts combined. Metrics correspond to relative changes per decade in: global 

species richness (Δ𝑆𝛾), local species richness averaged across space (Δ𝑆𝛼
̅̅ ̅̅ ̅), mean species global 5 

habitat extent (Δ𝐻̇𝛾), and local intactness averaged across space (Δ𝐼𝛼
̅̅ ̅̅̅). Bars represent means 

across models, with values for each individual model also shown. 

 

Fig. 2. Spatial distribution of diversity-weighted changes in local species richness (𝛥𝑆𝑆𝛼). 

(a) Historical 𝛥𝑆𝑆𝛼 changes from 1900 to 2015 (number of models, N=5). Future species 10 

richness changes from 2015 to 2050 driven by land-use change alone in each scenario (b-d; 

N=5) and by land-use change and climate change combined (e-f, N=2). All values are based on 

inter-model means. Diversity-weighted changes in local species richness were calculated as the 

absolute change in species richness in each cell divided by the mean species richness across 

cells. Color scale is based on quantile intervals and differs for (a-d) and (e-g). Maps in 15 

equirectangular projection. 

 

Fig. 3: Historical (1900-2015) rate of changes in material and regulating ecosystem services 

at the global level and future projections for each scenario (2015-2050) from land-use and 

climate change combined. Bars represent means across models, with values for each individual 20 

model also shown.  

 

Figure 4. Projected regional (IPBES subregions) and global (insets) changes in biodiversity 

and ecosystem services (2015-2050) from land-use and climate change combined. (a) Global 

Sustainability, (b) Regional rivalry, (c) Fossil-fueled development. Barplots show mean +/- SEM 25 

of the normalized values across biodiversity, material ecosystem service, and regulating 

ecosystem service models. Values range from -1 to 1, where positive values correspond to an 

average increase in biodiversity or that category of ecosystem services, across models and across 

services in that category. Bars are comparable for the same type of service across regions, but 

should not be compared directly within each region as they are in different relative scales. Maps 30 

in equirectangular projection. 
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Table 1. Brief description of the scenarios, models, and metrics. For more information see (15) or (58).   

Scenarios Model  Metrics Spatial scale of 

model output 

SSP1xRCP2.6, Global sustainability 

Transformation of society towards sustainability, 

both through life-style changes and technological 

changes, strong land-use regulation, and climate 

mitigation, resulting in low to moderate land-use 

change and low climate change. 

 

SSP3xRCP6.0, Regional rivalry 

A world of increasing inequity and regional 

fragmentation, with resource-intensive development, 

low technology adoption and no climate mitigation 

policy, resulting in intermediate climate change and 

high land-use change. 

 

SSP5xRCP8.5, Fossil-fueled development 

A world that emphasizes economic development 

based on high material use and a meat-rich diet, with 

some land-use regulation but no climate mitigation 

policies, resulting in high climate change and 

intermediate land-use change. 

 

Land-use data  

Land Use Harmonization v. 2 (LUH2), 1900-2015 

(historical) and 2015-2050 (SSPs) available in annual 

time steps, gridded at 0.25º resolution, 12 land-use 

categories  

 

Climate data 

ISIMIP2a - IPSL-CM5A-LR (most models) 1900-

2015 (historical) and 2015-2050 (RCPs), available in 

daily time steps, gridded at 0.5º resolution, 12 climate 

variables   

Biodiversity models 

AIM: species distribution model for the habitat extent of 

each amphibian, bird, mammal, plant and reptile 

species; species richness can be derived. 

InSiGHTS: species distribution model for the habitat 

extent of each mammal species; species richness 

can be derived. 

MOL: species distribution model for the habitat extent of 

each amphibian, bird and mammal species; species 

richness can be derived. 

cSAR – iDiv: countryside species-area relationship 

model for the species richness of forest and non-

forest birds 

cSAR-IIASA-ETH: countryside species-area relationship 

model for species richness of amphibians, birds, 

mammals, plants and reptiles 

BILBI: a generalized dissimilar modelling framework 

coupled with a species-area relationship to estimate 

species richness of plants 

PREDICTS: a mixed-effect dose-response model for 

species richness and community intactness of 

invertebrates, vertebrates and plants 

GLOBIO: a dose-response model for community 

intactness of plants and vertebrates  

• Species richness (S), 

reported as relative 

change (Δ𝑆 =
(𝑆𝑡1 − 𝑆𝑡0)/𝑆𝑡0) or as 

absolute change 

(ΔSS=𝑆𝑡1 − 𝑆𝑡0), see Fig. 

S14 for differences  

• Mean species habitat 

extent (𝐻̇), reported as 

relative change in the 

habitat extent of each 

species ΔḢ =
∑ (𝐻𝑖,𝑡1 − 𝐻𝑖.𝑡0)/𝑆

𝑖=1

𝐻𝑖.𝑡0 /𝑆,  

• Species-abundance based 

intactness (I), reported 

both in absolute values 

and as relative change 

• Local, 1º cell () 

In addition, global 

mean  values are 

reported as spatial 

area weighted 

averages across grid 

cells (e.g. Δ𝑆̅̅̅̅
𝛼) 

• Regional, 17 IPBES 

subregions, (region) 

 

• Global (global)  

 

Ecosystem functions and services models 

LPJ-GUESS: dynamic global vegetation model 

LPJ: dynamic global vegetation model  

CABLE-POP: dynamic global vegetation model  

GLOBIO-ES: a suite of geographic information system- 

based ecosystem functions and services models   

InVEST: a suite of geographic information system based 

ecosystem functions and services models   

 

All ecosystem services 

metrics are reported as 

relative changes (ΔES =
(𝐸𝑆𝑡1 − 𝐸𝑆𝑡0)/𝐸𝑆𝑡0) 

Material services 

• Bioenergy production 

• Food and feed production 

• Timber production 

Regulating services 

• Ecosystem carbon  

• Crop pest control 

• Coastal resilience 

• Pollination 

• Soil protection 

• Nitrogen retention 

 


