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            Abstract
Global net land carbon uptake or net biome production (NBP) has increased during recent decades1. Whether its temporal variability and autocorrelation have changed during this period, however, remains elusive, even though an increase in both could indicate an increased potential for a destabilized carbon sink2,3. Here, we investigate the trends and controls of net terrestrial carbon uptake and its temporal variability and autocorrelation from 1981 to 2018 using two atmospheric-inversion models, the amplitude of the seasonal cycle of atmospheric CO2 concentration derived from nine monitoring stations distributed across the Pacific Ocean and dynamic global vegetation models. We find that annual NBP and its interdecadal variability increased globally whereas temporal autocorrelation decreased. We observe a separation of regions characterized by increasingly variable NBP, associated with warm regions and increasingly variable temperatures, lower and weaker positive trends in NBP and regions where NBP became stronger and less variable. Plant species richness presented a concave-down parabolic spatial relationship with NBP and its variability at the global scale whereas nitrogen deposition generally increased NBP. Increasing temperature and its increasing variability appear as the most important drivers of declining and increasingly variable NBP. Our results show increasing variability of NBP regionally that can be mostly attributed to climate change and that may point to destabilization of the coupled carbon–climate system.
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                    Fig. 1: Global distribution of NBP, NBPPV and NBPAR1 and their trends from 1981 to 2018.[image: ]


Fig. 2: Regions with concomitantly increasing NBPPV and NBPAR1 present lower NBP and a lower increase of NBP over time.[image: ]


Fig. 3: Contribution of biodiversity, N deposition, climate and land use to NBP, NBPPV, NBPAR1 and their trends.[image: ]
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                Data availability

              
              Data supporting the findings of this study are available in the following open repositories: CAMS (https://ads.atmosphere.copernicus.eu/cdsapp#!/dataset/cams-global-greenhouse-gas-inversion);CarboScope (http://www.bgc-jena.mpg.de/CarboScope/);and atmospheric CO2 concentration (https://scrippsco2.ucsd.edu/data/atmospheric_co2/).Data from the TRENDY ensembles can be provided on request from https://globalcarbonbudgetdata.org/. Data to perform the statistical analyses, calculations and figures are publicly available at Figshare: https://doi.org/10.6084/m9.figshare.17081717.v5. Source data are provided with this paper.

            

Code availability

              
              Code and data to perform the statistical analyses, calculations and figures are publicly available at Figshare: https://doi.org/10.6084/m9.figshare.17081717.v5.

            

References
	Fernández-Martínez, M. et al. Global trends in carbon sinks and their relationships with CO2 and temperature. Nat. Clim. Change 9, 73–79 (2019).
Article 
    ADS 
    
                    Google Scholar 
                

	Scheffer, M. et al. Early-warning signals for critical transitions. Nature 461, 53–59 (2009).
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Dakos, V. et al. Slowing down as an early warning signal for abrupt climate change. Proc. Natl Acad. Sci. USA 105, 14308–14312 (2008).
Article 
    ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Gasser, T. et al. Path-dependent reductions in CO2 emission budgets caused by permafrost carbon release. Nat. Geosci. 11, 830–835 (2018).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Zhu, Z. et al. Greening of the Earth and its drivers. Nat. Clim. Change 6, 791–795 (2016).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Bastos, A. et al. Contrasting effects of CO2 fertilization, land-use change and warming on seasonal amplitude of Northern Hemisphere CO2 exchange. Atmos. Chem. Phys. 19, 12361–12375 (2019).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Pugh, T. A. M. et al. Role of forest regrowth in global carbon sink dynamics. Proc. Natl Acad. Sci. USA 116, 4382–4387 (2019).
Article 
    ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Wang, S. et al. Recent global decline of CO2 fertilization effects on vegetation photosynthesis. Science 370, 1295–1300 (2020).
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Peñuelas, J. et al. Assessment of the impacts of climate change on Mediterranean terrestrial ecosystems based on data from field experiments and long-term monitored field gradients in Catalonia. Environ. Exp. Bot. 152, 49–59 (2018).
Article 
    
                    Google Scholar 
                

	Terrer, C. et al. Nitrogen and phosphorus constrain the CO2 fertilization of global plant biomass. Nat. Clim. Change 9, 684–689 (2019).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Gatti, L. V. et al. Amazonia as a carbon source linked to deforestation and climate change. Nature 595, 388–393 (2021).
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Carpenter, S. R. & Brock, W. A. Rising variance: a leading indicator of ecological transition. Ecol. Lett. 9, 311–318 (2006).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Dakos, V., Nes, E. H. & Scheffer, M. Flickering as an early warning signal. Theor. Ecol. 6, 309–317 (2013).
Article 
    
                    Google Scholar 
                

	Sillmann, J., Daloz, A. S., Schaller, N. & Schwingshackl, C. in Climate Change 3rd edn (ed. Letcher, T. M.) 359–372 (Elsevier, 2021).

	Reichstein, M. et al. Climate extremes and the carbon cycle. Nature 500, 287–295 (2013).
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Wang, X. et al. A two-fold increase of carbon cycle sensitivity to tropical temperature variations. Nature 506, 212–215 (2014).
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Barnosky, A. D. et al. Approaching a state shift in Earth’s biosphere. Nature 486, 52–58 (2012).
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Buermann, W. et al. Climate-driven shifts in continental net primary production implicated as a driver of a recent abrupt increase in the land carbon sink. Biogeosciences 13, 1597–1607 (2016).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Luyssaert, S. et al. CO2 balance of boreal, temperate, and tropical forests derived from a global database. Glob. Change Biol. 13, 2509–2537 (2007).
Article 
    ADS 
    
                    Google Scholar 
                

	Peñuelas, J. et al. Shifting from a fertilization-dominated to a warming-dominated period. Nat. Ecol. Evol. 1, 1438–1445 (2017).
Article 
    PubMed 
    
                    Google Scholar 
                

	Fernández-Martínez, M. et al. Nutrient availability as the key regulator of global forest carbon balance. Nat. Clim. Change 4, 471–476 (2014).
Article 
    ADS 
    
                    Google Scholar 
                

	Fernández-Martínez, M. et al. Spatial variability and controls over biomass stocks, carbon fluxes and resource-use efficiencies in forest ecosystems. Trees Struct. Funct. 28, 597–611 (2014).
Article 
    
                    Google Scholar 
                

	Ciais, P. et al. Five decades of northern land carbon uptake revealed by the interhemispheric CO2 gradient. Nature 568, 221–225 (2019).
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Tilman, D., Lehman, C. L. & Thomson, K. T. Plant diversity and ecosystem productivity: theoretical considerations. Proc. Natl Acad. Sci. USA 94, 1857–1861 (1997).
Article 
    ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	de Mazancourt, C. et al. Predicting ecosystem stability from community composition and biodiversity. Ecol. Lett. 16, 617–625 (2013).
Article 
    PubMed 
    
                    Google Scholar 
                

	Sakschewski, B. et al. Resilience of Amazon forests emerges from plant trait diversity. Nat. Clim. Change 6, 1032–1036 (2016).
Article 
    ADS 
    
                    Google Scholar 
                

	Fernández‐Martínez, M. et al. The role of climate, foliar stoichiometry and plant diversity on ecosystem carbon balance. Glob. Change Biol. 26, 7067–7078 (2020).
Article 
    ADS 
    
                    Google Scholar 
                

	Musavi, T. et al. Stand age and species richness dampen interannual variation of ecosystem-level photosynthetic capacity. Nat. Ecol. Evol. 1, 0048 (2017).
Article 
    
                    Google Scholar 
                

	Anderegg, W. R. L. et al. Hydraulic diversity of forests regulates ecosystem resilience during drought. Nature 561, 538–541 (2018).
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	IPBES: Summary for Policymakers. In The Global Assessment Report on Biodiversity and Ecosystem Services (eds Díaz, S. et al.) 1–56 (IPBES, 2019).

	Heath, J. P. Quantifying temporal variability in population abundances. Oikos 115, 573–581 (2006).
Article 
    
                    Google Scholar 
                

	Fernández-Martínez, M., Vicca, S., Janssens, I. A., Martín-Vide, J. & Peñuelas, J. The consecutive disparity index, D, as measure of temporal variability in ecological studies. Ecosphere 9, e02527 (2018).
Article 
    
                    Google Scholar 
                

	Kreft, H. & Jetz, W. Global patterns and determinants of vascular plant diversity. Proc Natl Acad Sci USA 104, 5925–5930 (2007).
Article 
    ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Ackerman, D. E., Chen, X. & Millet, D. B. Global nitrogen deposition (2° × 2.5° grid resolution) simulated with GEOS-Chem for 1984–1986, 1994–1996, 2004–2006, and 2014–2016 (University of Minnesota, 2018); https://conservancy.umn.edu/handle/11299/197613.

	Harris, I., Jones, P. D. D., Osborn, T. J. J. & Lister, D. H. H. Updated high-resolution grids of monthly climatic observations—the CRU TS3.10 Dataset. Int. J. Climatol. 34, 623–642 (2013).
Article 
    
                    Google Scholar 
                

	Graven, H. D. et al. Enhanced seasonal exchange of CO2 by northern ecosystems since 1960. Science 341, 1085–1089 (2013).
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Wang, K. et al. Causes of slowing-down seasonal CO2 amplitude at Mauna Loa. Glob. Change Biol. 26, 4462–4477 (2020).
Article 
    ADS 
    
                    Google Scholar 
                

	Tilman, D., Reich, P. B. & Knops, J. M. H. Biodiversity and ecosystem stability in a decade-long grassland experiment. Nature 441, 629–632 (2006).
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Liang, J. et al. Positive biodiversity–productivity relationship predominant in global forests. Science 354, aaf8957–aaf8957 (2016).
Article 
    PubMed 
    
                    Google Scholar 
                

	Gessner, M. O. et al. Diversity meets decomposition. Trends Ecol. Evol. 25, 372–380 (2010).
Article 
    PubMed 
    
                    Google Scholar 
                

	Peguero, G. et al. Fast attrition of springtail communities by experimental drought and richness–decomposition relationships across Europe. Glob. Change Biol. 25, 2727–2738 (2019).
Article 
    ADS 
    
                    Google Scholar 
                

	Díaz, S. & Cabido, M. Vive la différence: plant functional diversity matters to ecosystem processes. Trends Ecol. Evol. 16, 646–655 (2001).
Article 
    
                    Google Scholar 
                

	Cardinale, B. J. Biodiversity improves water quality through niche partitioning. Nature 472, 86–91 (2011).
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Ciais, P. et al. Europe-wide reduction in primary productivity caused by the heat and drought in 2003. Nature 437, 529–533 (2005).
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Scheffer, M. Critical Transitions in Nature and Society (Princeton University Press, 2009).

	Ostfeld, R. & Keesing, F. Pulsed resources and community dynamics of consumers in terrestrial ecosystems. Trends Ecol. Evol. 15, 232–237 (2000).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Chevallier, F. et al. CO2 surface fluxes at grid point scale estimated from a global 21 year reanalysis of atmospheric measurements. J. Geophys. Res. 115, D21307 (2010).
Article 
    ADS 
    
                    Google Scholar 
                

	Chevallier, F. et al. Toward robust and consistent regional CO2 flux estimates from in situ and spaceborne measurements of atmospheric CO2. Geophys. Res. Lett. 41, 1065–1070 (2014).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Rödenbeck, C., Houweling, S., Gloor, M. & Heimann, M. CO2 flux history 1982–2001 inferred from atmospheric data using a global inversion of atmospheric transport. Atmos. Chem. Phys. 3, 1919–1964 (2003).
Article 
    ADS 
    
                    Google Scholar 
                

	Rödenbeck, C., Zaehle, S., Keeling, R. & Heimann, M. How does the terrestrial carbon exchange respond to interannual climatic variations? A quantification based on atmospheric CO2 data. Biogeosciences 15, 2481–2498 (2018).

	Sitch, S. et al. Recent trends and drivers of regional sources and sinks of carbon dioxide. Biogeosciences 12, 653–679 (2015).
Article 
    ADS 
    
                    Google Scholar 
                

	Fernández‐Martínez, M. & Peñuelas, J. Measuring temporal patterns in ecology: the case of mast seeding. Ecol. Evol. 11, 2990–2996 (2021).
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Wood, S. N. Generalized Additive Models: An introduction with R 2nd edn (Chapman and Hall/CRC, 2017).

	Ohlson, J. A. & Kim, S. Linear Valuation Without OLS: The Theil–Sen Estimation Approach (SSRN, 2015); https://ssrn.com/abstract=2276927.

	Komsta, L. Package mblm, 0.12.1: Median-based linear models (2013).

	Keeling, C. D. et al. in A History of Atmospheric CO2 and its effects on Plants, Animals, and Ecosystems (eds Ehleringer, J. R. et al.) 83–113 (Springer Verlag, 2005).

	Leroux, B. G., Lei, X. & Breslow, N. in Statistical Models in Epidemiology, the Environment and Clinical Trials (eds Halloran, M. & Berry, D.) 179–191 (Springer-Verlag, 2000).

	Lee, D. CARBayes: an R package for Bayesian spatial modeling with conditional autoregressive priors. J. Stat. Softw. 55, 1–24 (2013).
Article 
    
                    Google Scholar 
                

	Gonzalez, A. et al. Scaling‐up biodiversity–ecosystem functioning research. Ecol. Lett. 15, ele.13456 (2020).

                    Google Scholar 
                

	R Core Team. R: A Language and Environment for Statistical Computing (R Foundation for Statistical Computing, 2020).


Download references




Acknowledgements
This research was funded by the Spanish Government project PID2019-110521GB-I00, the Fundación Ramón Areces project CIVP20A6621, the Catalan government project SGR2017-1005 and the European Research Council project ERCSyG-2013-610028 IMBALANCE-P. M.F.-M. was supported by a postdoctoral fellowship of the Research Foundation-Flanders (FWO) and by a fellowship from ‘la Caixa’ Foundation (ID 100010434), code LCF/BQ/PI21/11830010. This material is based upon work supported by the National Center for Atmospheric Research, which is a major facility sponsored by the National Science Foundation under Cooperative Agreement No. 1852977. Computing and data storage resources, including the Cheyenne supercomputer (doi:10.5065/D6RX99HX), were provided by the Computational and Information Systems Laboratory (CISL) at NCAR. We acknowledge the Scripps CO2 programme for providing the records of atmospheric CO2.


Author information
Authors and Affiliations
	PLECO (Plants and Ecosystems), Department of Biology, University of Antwerp, Wilrijk, Belgium
Marcos Fernández-Martínez, Sara Vicca & Ivan A. Janssens

	CREAF, Campus de Bellaterra (UAB), Cerdanyola del Vallès, Spain
Marcos Fernández-Martínez, Josep Peñuelas & Jordi Sardans

	BEECA-UB, Department of Evolutionary Biology, Ecology and Environmental Sciences, University of Barcelona, Barcelona, Spain
Marcos Fernández-Martínez

	CSIC, Global Ecology Unit, CREAF-CSIC-UAB, Bellaterra, Barcelona, Spain
Josep Peñuelas & Jordi Sardans

	Laboratoire des Sciences du Climat et de l’Environnement, LSCE/IPSL, CEA-CNRS-UVSQ, Université Paris-Saclay, Gif-sur-Yvette, France
Frederic Chevallier, Philippe Ciais, Hui Yang & Daniel S. Goll

	International Institute for Applied Systems Analysis (IIASA), Laxenburg, Austria
Michael Obersteiner

	School of Geography and the Environment, University of Oxford, Oxford, UK
Michael Obersteiner

	Department of Biogeochmical Systems, Max Planck Institute for Biogeochemistry, Jena, Germany
Christian Rödenbeck

	College of Life and Environmental Sciences, University of Exeter, Exeter, UK
Stephen Sitch

	College of Engineering, Mathematics, and Physical Sciences, University of Exeter, Exeter, UK
Pierre Friedlingstein

	Canadian Centre for Climate Modelling and Analysis, Climate Research Division, Environment and Climate Change Canada, Victoria, BC, Canada
Vivek K. Arora

	Department of Atmospheric Sciences, University of Illinois, Urbana, IL, USA
Atul K. Jain

	Climate and Global Dynamics Laboratory, National Center for Atmospheric Research, Boulder, CO, USA
Danica L. Lombardozzi

	Department of Meteorology, Department of Geography & Environmental Science, National Centre for Atmospheric Science, University of Reading, Reading, UK
Patrick C. McGuire


Authors	Marcos Fernández-MartínezView author publications
You can also search for this author in
                        PubMed Google Scholar



	Josep PeñuelasView author publications
You can also search for this author in
                        PubMed Google Scholar



	Frederic ChevallierView author publications
You can also search for this author in
                        PubMed Google Scholar



	Philippe CiaisView author publications
You can also search for this author in
                        PubMed Google Scholar



	Michael ObersteinerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Christian RödenbeckView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jordi SardansView author publications
You can also search for this author in
                        PubMed Google Scholar



	Sara ViccaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Hui YangView author publications
You can also search for this author in
                        PubMed Google Scholar



	Stephen SitchView author publications
You can also search for this author in
                        PubMed Google Scholar



	Pierre FriedlingsteinView author publications
You can also search for this author in
                        PubMed Google Scholar



	Vivek K. AroraView author publications
You can also search for this author in
                        PubMed Google Scholar



	Daniel S. GollView author publications
You can also search for this author in
                        PubMed Google Scholar



	Atul K. JainView author publications
You can also search for this author in
                        PubMed Google Scholar



	Danica L. LombardozziView author publications
You can also search for this author in
                        PubMed Google Scholar



	Patrick C. McGuireView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ivan A. JanssensView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
M.F.-M., J.P. and I.A.J. planned and designed the research. F.C., C.R., S.S., P.F., V.A., D.G., A.K.J., D.L.L. and P.C.M. provided the data. M.F.-M. analysed the data. All previously mentioned authors, along with P.C., M.O., J.S., S.V. and H.Y., contributed substantially to the writing of the manuscript.
Corresponding author
Correspondence to
                Marcos Fernández-Martínez.


Ethics declarations

              
                Competing interests

                The authors declare no competing interests.

              
            

Peer review

              
              
                Peer review information

                Nature thanks the anonymous reviewers for their contribution to the peer review of this work. Peer reviewer reports are available.

              
            

Additional information
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Supplementary information

Supplementary Information
Supplementary information, including figures, tables, notes and model summaries.


Peer Review File




Source data
Source Data Fig. 1

Source Data Fig. 2




Rights and permissions
Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted manuscript version of this article is solely governed by the terms of such publishing agreement and applicable law.
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Fernández-Martínez, M., Peñuelas, J., Chevallier, F. et al. Diagnosing destabilization risk in global land carbon sinks.
                    Nature 615, 848–853 (2023). https://doi.org/10.1038/s41586-023-05725-1
Download citation
	Received: 11 November 2021

	Accepted: 11 January 2023

	Published: 22 February 2023

	Issue Date: 30 March 2023

	DOI: https://doi.org/10.1038/s41586-023-05725-1


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Contrasting patterns of water use efficiency and annual radial growth among European beech forests along the Italian peninsula
                                    
                                

                            
                                
                                    	Paulina F. Puchi
	Daniela Dalmonech
	Alessio Collalti


                                
                                Scientific Reports (2024)

                            
	
                            
                                
                                    
                                        Stability of water yield in watersheds
                                    
                                

                            
                                
                                    	Yu Yan
	Zhiyong Liu
	Liyan Huang


                                
                                Science China Earth Sciences (2024)

                            
	
                            
                                
                                    
                                        Vegetation resilience does not increase consistently with greening in China’s Loess Plateau
                                    
                                

                            
                                
                                    	Zhuangzhuang Wang
	Bojie Fu
	Liwei Zhang


                                
                                Communications Earth & Environment (2023)

                            
	
                            
                                
                                    
                                        Biome-scale temperature sensitivity of ecosystem respiration revealed by atmospheric CO2 observations
                                    
                                

                            
                                
                                    	Wu Sun
	Xiangzhong Luo
	Anna M. Michalak


                                
                                Nature Ecology & Evolution (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
