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            Abstract
Soils store about four times as much carbon as plant biomass1, and soil microbial respiration releases about 60 petagrams of carbon per year to the atmosphere as carbon dioxide2. Short-term experiments have shown that soil microbial respiration increases exponentially with temperature3. This information has been incorporated into soil carbon and Earth-system models, which suggest that warming-induced increases in carbon dioxide release from soils represent an important positive feedback loop that could influence twenty-first-century climate change4. The magnitude of this feedback remains uncertain, however, not least because the response of soil microbial communities to changing temperatures has the potential to either decrease5,6,7 or increase8,9 warming-induced carbon losses substantially. Here we collect soils from different ecosystems along a climate gradient from the Arctic to the Amazon and investigate how microbial community-level responses control the temperature sensitivity of soil respiration. We find that the microbial community-level response more often enhances than reduces the mid- to long-term (90 days) temperature sensitivity of respiration. Furthermore, the strongest enhancing responses were observed in soils with high carbon-to-nitrogen ratios and in soils from cold climatic regions. After 90 days, microbial community responses increased the temperature sensitivity of respiration in high-latitude soils by a factor of 1.4 compared to the instantaneous temperature response. This suggests that the substantial carbon stores in Arctic and boreal soils could be more vulnerable to climate warming than currently predicted.
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                    Figure 1: Soil was sampled from boreal and Arctic, temperate, Mediterranean and tropical climates.[image: ]


Figure 2: The patterns of CO2 flux that would be observed in the case of no response, compensatory and enhancing community-level responses.[image: ]


Figure 3: The impact of the microbial community responses on the response of soil respiration to changes in temperature.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Meta-analysis shows the impacts of ecological restoration on greenhouse gas emissions
                                        
                                    

                                    
                                        Article
                                         Open access
                                         26 March 2024
                                    

                                

                                Tiehu He, Weixin Ding, … Quanfa Zhang

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Elevated CO2 levels promote both carbon and nitrogen cycling in global forests
                                        
                                    

                                    
                                        Article
                                        
                                         02 April 2024
                                    

                                

                                Jinglan Cui, Miao Zheng, … Baojing Gu

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        The interplay between microbial communities and soil properties
                                        
                                    

                                    
                                        Article
                                        
                                         20 October 2023
                                    

                                

                                Laurent Philippot, Claire Chenu, … Noah Fierer

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Stocker, T. F. et al. (eds) Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (Cambridge Univ. Press, 2013)

	Shao, P., Zeng, Z., Moore, D. J. P. & Zeng, X. Soil microbial respiration from observations and earth system models. Environ. Res. Lett. 8, 034034 (2013)
Article 
    ADS 
    
                    Google Scholar 
                

	Davidson, E. A. & Janssens, I. A. Temperature sensitivity of soil carbon decomposition and feedbacks to climate change. Nature 440, 165–173 (2006)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Friedlingstein, P. et al. Climate-carbon cycle feedback analysis: results from the C4MIP model intercomparison. J. Clim. 19, 3337–3353 (2006)
ADS 
    
                    Google Scholar 
                

	Bradford, M. A. et al. Thermal adaptation of soil microbial respiration to elevated temperature. Ecol. Lett. 11, 1316–1327 (2008)
Article 
    
                    Google Scholar 
                

	Bradford, M. A., Watts, B. W. & Davies, C. A. Thermal adaptation of heterotrophic soil respiration in laboratory microcosms. Glob. Change Biol. 16, 1576–1588 (2010)
Article 
    ADS 
    
                    Google Scholar 
                

	Crowther, T. W. & Bradford, M. A. Thermal acclimation in widespread heterotrophic soil microbes. Ecol. Lett. 16, 469–477 (2013)
Article 
    
                    Google Scholar 
                

	Hartley, I. P. et al. Soil microbial respiration in arctic soil does not acclimate to temperature. Ecol. Lett. 11, 1092–1100 (2008)
Article 
    
                    Google Scholar 
                

	Nie, M. et al. Positive climate feedbacks of soil microbial communities in a semi-arid grassland. Ecol. Lett. 16, 234–241 (2013)
Article 
    
                    Google Scholar 
                

	Kirschbaum, M. U. F. The temperature dependence of organic-matter decomposition—still a topic of debate. Soil Biol. Biochem. 38, 2510–2518 (2006)
Article 
    CAS 
    
                    Google Scholar 
                

	Atkin, O. K. & Tjoelker, M. G. Thermal acclimation and the dynamic response of plant respiration to temperature. Trends Plant Sci. 8, 343–351 (2003)
Article 
    CAS 
    
                    Google Scholar 
                

	Galbraith, D. et al. Multiple mechanisms of Amazonian forest biomass losses in three dynamic global vegetation models under climate change. New Phytol. 187, 647–665 (2010)
Article 
    
                    Google Scholar 
                

	Bradford, M. A. Thermal adaptation of decomposer communities in warming soils. Front. Microbiol. 4, 00333 (2013)
Article 
    
                    Google Scholar 
                

	Hartley, I. P., Heinemayer, A., Evans, S. P. & Ineson, P. The effect of soil warming on bulk soil vs. rhizosphere respiration. Glob. Change Biol. 13, 2654–2667 (2007)
Article 
    ADS 
    
                    Google Scholar 
                

	Wieder, W. R., Bonan, G. B. & Allison, S. D. Global soil carbon projections are improved by modelling microbial processes. Nature Clim. Change 3, 909–912 (2013)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Ågren, G. I. & Bosatta, E. Reconciling differences in predictions of temperature response of soil organic matter. Soil Biol. Biochem. 34, 129–132 (2002)
Article 
    
                    Google Scholar 
                

	Kirschbaum, M. U. F. Soil respiration under prolonged soil warming: are rate reductions caused by acclimation or substrate loss? Glob. Change Biol. 10, 1870–1877 (2004)
Article 
    ADS 
    
                    Google Scholar 
                

	Malcolm, G. M., López-Gutiérrez, J. C., Koide, R. T. & Eissenstat, D. M. Acclimation to temperature and temperature sensitivity of metabolism by ectomycorrhizal fungi. Glob. Change Biol. 14, 1169–1180 (2008)
Article 
    ADS 
    
                    Google Scholar 
                

	Loveys, B. R. et al. Thermal acclimation of leaf and root respiration: an investigation comparing inherently fast- and slow-growing plant species. Glob. Change Biol. 9, 895–910 (2003)
Article 
    ADS 
    
                    Google Scholar 
                

	Allison, S. D., Wallenstein, M. D. & Bradford, M. A. Soil-carbon response to warming dependent on microbial physiology. Nature Geosci. 3, 336–340 (2010)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Hochachka, P. W. & Somero, G. N. Biochemical Adaptation: Mechanism and Process in Physiological Evolution 466 (Oxford Univ. Press, 2002)

                    Google Scholar 
                

	Schimel, J., Balser, T. C. & Wallenstein, M. Microbial stress-response physiology and its implications for ecosystem function. Ecology 88, 1386–1394 (2007)
Article 
    
                    Google Scholar 
                

	Billings, S. A. & Ballantyne, F. IV. How interactions between microbial resource demands, soil organic matter stoichiometry, and substrate reactivity determine the direction and magnitude of soil respiratory responses to warming. Glob. Change Biol. 19, 90–102 (2013)
Article 
    ADS 
    
                    Google Scholar 
                

	Lehmeier, C. A., Min, K., Niehues, N. D., Ballantyne, F. IV. & Billings, S. A. Temperature-mediated changes of exoenzyme-substrate reaction rates and their consequences for carbon to nitrogen flow ratio of liberated resources. Soil Biol. Biochem. 57, 374–382 (2013)
Article 
    CAS 
    
                    Google Scholar 
                

	Luo, Y., Wan, S., Hui, D. & Wallace, L. L. Acclimatization of soil respiration to warming in a tall grass prairie. Nature 413, 622–625 (2001)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	FAO, IIASA, ISRIC, ISSCAS & JRC Harmonized World Soil Database Version 1.2, http://www.iiasa.ac.at/Research/LUC/External-World-soil-database/HTML/ (FAO and IIASA, 2012)

                    Google Scholar 
                

	Howard, D. M. & Howard, P. J. A. Relationships between CO2 evolution, moisture content and temperature for a range of soil types. Soil Biol. Biochem. 25, 1537–1546 (1993)
Article 
    
                    Google Scholar 
                

	Vance, E. D., Brookes, P. C. & Jenkinson, D. S. An extraction method for measuring soil microbial biomass C. Soil Biol. Biochem. 19, 703–707 (1987)
Article 
    CAS 
    
                    Google Scholar 
                

	Ågren, G. I. & Bosatta, E. Quality: a bridge between theory and experiment in soil organic matter studies. Oikos 76, 522–528 (1996)
Article 
    
                    Google Scholar 
                

	Liu, L. & Greaver, T. L. A review of nitrogen enrichment effects on three biogenic GHGs: the CO2 sink may be largely offset by stimulated N2O and CH4 emission. Ecol. Lett. 12, 1103–1117 (2009)
Article 
    CAS 
    
                    Google Scholar 
                


Download references




Acknowledgements
We thank the staff of the Forestry Commission at Alice Holt Forest , T. Taylor from RSPB Aylesbeare Common Reserve, J. Harris from Cranfield University, C. Moscatelli and S. Marinari from Tuscia University, J. A. Carreira de la Fuente from the University of Jaén, R. Giesler from Umeå University and E. Cosio from The Pontifical Catholic University of Peru for help with site selection and soil sampling. We thank N. England for technical assistance with constructing the incubation system, J. Zaragoza Castells for help with soil sampling, A. Elliot for conducting the particle size analyses, J. Grapes for help with carbon and nitrogen analysis and S. Rouillard, H. Jones and T. Kurtén for assistance with graphics. This work was carried out with Natural Environment Research Council (NERC) funding (grant number NE/H022333/1). K.K. was supported by an Academy of Finland post-doctoral research grant while finalizing this manuscript. P.M. was supported by ARC FT110100457 and NERC NE/G018278/1, and B.K.S by the Grain Research and Development Corporation and ARC DP130104841.


Author information
Author notes	Kristiina Karhu
Present address: Present address: Department of Forest Sciences, University of Helsinki, 00014 Helsinki, Finland., 


Authors and Affiliations
	Geography, College of Life and Environmental Sciences, University of Exeter, Exeter EX4 4RJ, UK, 
Kristiina Karhu & Iain P. Hartley

	Institute of Biological and Environmental Sciences, University of Aberdeen, Aberdeen AB24 3UU, UK, 
Marc D. Auffret & James I. Prosser

	Rothamsted Research—North Wyke, Okehampton, Devon EX20 2SB, UK, 
Jennifer A. J. Dungait

	School of Agriculture, Food & Environment, The Royal Agricultural University, Cirencester, Gloucestershire GL7 6JS, UK, 
David W. Hopkins

	Hawkesbury Institute for the Environment, University of Western Sydney, Penrith 2751, New South Wales, Australia, 
Brajesh K. Singh

	School of Natural Sciences, Biological and Environmental Sciences, University of Stirling, Stirling FK9 4LA, UK, 
Jens-Arne Subke

	School of Life Sciences, Heriot–Watt University, Edinburgh EH14 4AS, UK, 
Philip A. Wookey

	Department of Ecology, Swedish University of Agricultural Sciences (SLU), 750 07 Uppsala, Sweden, 
Göran I. Ågren

	Laboratory of Functional Ecology and Global Change, Forest Sciences Centre of Catalonia (CTFC), 25280 Solsona, Spain, 
Maria-Teresa Sebastià & Fabrice Gouriveau

	Department of Horticulture, Botany and Landscaping, School of Agrifood and Forestry Science and Engineering, University of Lleida, 25198 Lleida, Spain, 
Maria-Teresa Sebastià

	Department of Crop Production Ecology, Swedish University of Agricultural Sciences (SLU), 750 07 Uppsala, Sweden, 
Göran Bergkvist

	School of Geosciences, University of Edinburgh, Edinburgh EH8 9XP, UK, 
Patrick Meir & Andrew T. Nottingham

	Research School of Biology, The Australian National University, Canberra, Australian Capital Territory 0200, Australia, 
Patrick Meir

	Seccion Quimica, Pontificia Universidad Catolica del Peru, Lima 32, Peru, 
Norma Salinas


Authors	Kristiina KarhuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Marc D. AuffretView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jennifer A. J. DungaitView author publications
You can also search for this author in
                        PubMed Google Scholar



	David W. HopkinsView author publications
You can also search for this author in
                        PubMed Google Scholar



	James I. ProsserView author publications
You can also search for this author in
                        PubMed Google Scholar



	Brajesh K. SinghView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jens-Arne SubkeView author publications
You can also search for this author in
                        PubMed Google Scholar



	Philip A. WookeyView author publications
You can also search for this author in
                        PubMed Google Scholar



	Göran I. ÅgrenView author publications
You can also search for this author in
                        PubMed Google Scholar



	Maria-Teresa SebastiàView author publications
You can also search for this author in
                        PubMed Google Scholar



	Fabrice GouriveauView author publications
You can also search for this author in
                        PubMed Google Scholar



	Göran BergkvistView author publications
You can also search for this author in
                        PubMed Google Scholar



	Patrick MeirView author publications
You can also search for this author in
                        PubMed Google Scholar



	Andrew T. NottinghamView author publications
You can also search for this author in
                        PubMed Google Scholar



	Norma SalinasView author publications
You can also search for this author in
                        PubMed Google Scholar



	Iain P. HartleyView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
K.K. conducted the CO2 measurements and statistical analyses. K.K. and M.D.A. conducted the chloroform-fumigation extraction and qPCR analyses, respectively, and led the data analysis and interpretation. I.P.H. (lead investigator), P.A.W., D.W.H., B.K.S. and J.I.P. designed the study. G.I.Å. and K.K. were responsible for the modelling presented in the methods. K.K., I.P.H., J.A.J.D., D.W.H., J.-A.S., P.A.W., M.-T.S., F.G., G.B., P.M., A.T.N. and N.S. were involved in planning site selection and soil sampling. All authors were involved in interpreting the results and contributed to writing the manuscript.
Corresponding author
Correspondence to
                Kristiina Karhu.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Extended data figures and tables

Extended Data Figure 1 The results of the Q model, presenting the patterns that would be observed if there were no compensatory or enhancing microbial community responses.
a, Absolute respiration rates in the three treatments (control, cooled and rewarmed) are plotted against time. b, Changes in C availability over time, indicating that rates of C loss are greater in the control soils. c, Respiration rates are plotted against C loss, resulting in the differences between rewarmed- and control-soil respiration rates being eliminated. d, Respiration rates are normalized to rates immediately after cooling, and cooled and control treatments now show an identical relationship between respiration rate and C loss.


Extended Data Figure 2 Respiration rates of all treatments (control, cooled and re-warmed) for the individual soils 1A, 1C, 1D and 1G, including the 84-day pre-incubation period.
RRCT was calculated as control (open circles) respiration rate divided by rewarmed (black uptriangles) respiration rate based on the CO2 fluxes presented in the left panels (mean and standard error, n = 5, technical replicates). In the right panels relative respiration rates normalized for the time of cooling are shown for the control (open circles) and cooled treatments (open uptriangles). The final cooled treatment measurements were compared to the control treatment regression line at a similar C loss to calculate RRMT (control/cooled). Error bars represent standard error.


Extended Data Figure 3 Respiration rates of all treatments (control, cooled and re-warmed) for the individual soils 1H, 2C, 2D and 2G, including the 84-day pre-incubation period.
As for Extended Data Fig. 2.


Extended Data Figure 4 Respiration rates of all treatments (control, cooled and re-warmed) for the individual soils 2H, 3A, 3C and 3D, including the 84-day pre-incubation period.
As for Extended Data Fig. 2.


Extended Data Figure 5 Respiration rates of all treatments (control, cooled and re-warmed) for the individual soils 3G, 3H, 4A and 4C, including the 84-day pre-incubation period.
As for Extended Data Fig. 2.


Extended Data Figure 6 Respiration rates of all treatments (control, cooled and re-warmed) for the individual soils 4D, 4G, 4H and 5E_1, including the 84-day pre-incubation period.
As for Extended Data Fig. 2.


Extended Data Figure 7 Respiration rates of all treatments (control, cooled and re-warmed) for the individual soils 5E_2 and 5E_3, including the 84-day pre-incubation period.
As for Extended Data Fig. 2.


Extended Data Figure 8 The mean ± 95% confidence intervals of mass-specific RRMT values, calculated per CFE biomass (a) and per qPCR biomass (b).
Overall values (that is, including all data) and values for the different soil groups, based on ecosystem type, management, climate and the various soil properties, are presented (n is given in parentheses; bars are cut if they extend beyond 2.0 or 0.5, numbers on broken lines represent the final x-axis value rounded to 1 decimal place). One evergreen broadleaved forest soil (5E_1) had a biomass too low to be measured using the CFE method. Therefore in a, we cannot present confidence intervals for evergreen broadleaf forests because there are now only two replicates. Similarly, only two soils remained in the 0–2% C group, so these were combined with the 2–4% C group (we show the average for soils with 0–4% C). Values >1 and <1 indicate enhancing and compensatory responses, respectively. The patterns are very similar to RRMT calculated per gram of soil C (Fig. 3a).


Extended Data Table 1 Sampling site and soil characteristicsFull size table
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Soil carbon in the balance
Much of the large amount of carbon stored in soils is released into the atmosphere as carbon dioxide through soil microbial respiration. It is thought that a warming induced stimulation of soil microbial respiration rates could increase soil carbon dioxide emissions and hence induce a positive climate feedback effect, but the response of soil microbial communities to changing temperatures remains uncertain. This paper investigates the role of microbial community level responses in controlling the temperature sensitivity of respiration in soils from the Arctic to the Amazon. The authors find that the microbial community level response enhances the longer-term temperature sensitivity of respiration more often than it reduces it. The strongest enhancing responses are observed in soils with high carbon-to-nitrogen ratios and in soils from cold climatic regions, suggesting that the substantial carbon stores in Arctic and boreal soils could be more vulnerable to climate warming than currently predicted.
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