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            Abstract
Approximately one-quarter of the anthropogenic carbon dioxide released into the atmosphere each year is absorbed by the global oceans, causing measurable declines in surface ocean pH, carbonate ion concentration ([CO32−]), and saturation state of carbonate minerals (Ω)1. This process, referred to as ocean acidification, represents a major threat to marine ecosystems, in particular marine calcifiers such as oysters, crabs, and corals. Laboratory and field studies2,3 have shown that calcification rates of many organisms decrease with declining pH, [CO32−], and Ω. Coral reefs are widely regarded as one of the most vulnerable marine ecosystems to ocean acidification, in part because the very architecture of the ecosystem is reliant on carbonate-secreting organisms4. Acidification-induced reductions in calcification are projected to shift coral reefs from a state of net accretion to one of net dissolution this century5. While retrospective studies show large-scale declines in coral, and community, calcification over recent decades6,7,8,9,10,11,12, determining the contribution of ocean acidification to these changes is difficult, if not impossible, owing to the confounding effects of other environmental factors such as temperature. Here we quantify the net calcification response of a coral reef flat to alkalinity enrichment, and show that, when ocean chemistry is restored closer to pre-industrial conditions, net community calcification increases. In providing results from the first seawater chemistry manipulation experiment of a natural coral reef community, we provide evidence that net community calcification is depressed compared with values expected for pre-industrial conditions, indicating that ocean acidification may already be impairing coral reef growth.
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                    Figure 1: Study site and experimental design.[image: ]


Figure 2: Chemical conditions for control (N = 7) and experiment (N = 15) days (mean ± 1 s.e.m.).[image: ]


Figure 3: Relationships between alkalinity and dye for control (N = 7) and experiment (N = 15) days.[image: ]


Figure 4: Alkalinity–dye slopes and percentage change in net calcification for control (N = 7) and experiment (N = 15) days (mean ± 1 s.e.m.).[image: ]
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Extended data figures and tables

Extended Data Figure 1 Theoretical representations of the null, H0, and alternative, H1, hypotheses.
a, In H0, the reef does not take up added alkalinity; here, the change in alkalinity between the upstream and downstream transects would not be systematically related to the dye concentration, and the ratio of the alkalinity–dye relationship, r, would not be expected to change between the upstream and downstream locations (that is, rup = rdown). b, In H1, reef uptake of added alkalinity occurs; here, areas with more alkalinity (and more dye) change at a different rate than areas with less alkalinity (and less dye), resulting in a change in the alkalinity–dye slope (that is, rup > rdown).


Extended Data Figure 2 Community composition of the reef flat study area.
Percentage cover by benthic type is as follows: crustose coralline algae (39%), live coral (17%), turf algae (16%), macroalgae (19%), sand/rubble (9%), and Halimeda (5%).


Extended Data Figure 3 Schematic of study area showing meter-spacing of station locations for the 9 upstream (U) stations and 15 downstream (D) transects.
Numbers indicate the metre-spacing from the centre of the study area, denoted as U0 for the upstream transect and D0 for the downstream transect. The outermost sampling locations for the upstream (−U16, U16) and downstream (−D16, D16) transects define the four outermost corners of the study area and were strategically positioned to lie outside the alkalinity–dye plume, rendering zero dye concentrations and added alkalinity.


Extended Data Figure 4 Mean chemical conditions for control (N = 7) and experiment (N = 15) days.
a, b, Carbonate ion concentrations ([CO32−]); c, d, 
                            p
                            
                              
                                
                                  CO
                                
                                2
                              
                            
                          ; e, f, dissolved inorganic carbon concentrations (CT) for upstream and downstream transects. Error bars, which represent standard errors, are indicative of day-to-day and hour-to-hour variability (not measurement error); estimates of measurement error are provided in the Methods. Total alkalinity (AT), dye concentration, aragonite saturation state (Ωarag), and total pH (pHT) are provided in Figs 2 and 3.


Extended Data Figure 5 Comparison of alkalinity values before and after ‘offset-corrections’ used in the multivariate regression analysis.
a, b, Measured (that is, ‘raw’) alkalinity values. c, d, ‘Offset-corrected’ alkalinity values. Bold lines represent average conditions; dashed lines show results by day. See Supplementary Information.


Extended Data Figure 6 Results of the multivariate regression analysis.
a, b, Unique offsets by station, xs, for the upstream and downstream transects. c, d, Magnitude of offsets by day, yd, for upstream and downstream transects. e, f, Alkalinity–dye ratios by day, rd, for upstream and downstream transects. g, h, Mean background alkalinities by day, âd, for upstream and downstream transects. Error bars represent standard errors. See Supplementary Information.


Extended Data Figure 7 Results of the multivariate regression were used to calculate the additional alkalinity uptake (that is, Gincrease) and background alkalinity uptake (that is, Gbackground) by day.
a, Fraction of added alkalinity taken up by the reef by day, given by (1 – (rdown/rup), equation (1) of main text). b, Background reef uptake by day, given by (âd, up − âd, down). Error bars represent standard errors. See Supplementary Information.


Extended Data Table 1 Schedule for control and experiment days, including date, time, predicted height of low tide, and mean photosynthetically active radiation (PAR) for the 1 h study periodFull size table


Extended Data Table 2 Mean (±1 s.e.m.) values for temperature (T), salinity (S), ammonium (NH4), nitrite and nitrate (NO2 + NO3), and dissolved oxygen (DO) during the 22-day study periodFull size table





Supplementary information
Supplementary Information
This file contains Supplementary Methods, Supplementary Notes, Supplementary Equations | Mathematical explanation (and computer code) of multivariate regression approach used to calculate alkalinity-dye ratios (slopes) and mean background alkalinities (y-intercepts), Supplementary Equations for calculating calcification, the mathematical explanation of mixed effects model and Supplementary Notes regarding underlying hypotheses. (PDF 823 kb)


Supplementary Table 1
This table contains the raw data for chemical and physical parameters across all days and station locations (measured and calculated). Details regarding measurements and associated errors are provided in the Methods. (XLSX 92 kb)
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        Editorial Summary
Ocean acidification effects on coral
Ocean acidification is one of several factors projected to threaten coral reef ecosystems, but disentangling its effects from other factors such as temperature is difficult. These authors used a manipulative experiment in which sodium hydroxide was added to seawater flowing over a natural coral reef community in situ. When ocean chemistry was restored closer to pre-industrial conditions, net community calcification increased. This suggests calcification rates are already lower than they were in pre-industrial times because of acidification. Deliberate alkalinization has been proposed as a geoengineering technique to offset ocean acidification, and this work suggests that the method could be effective, but only on a small scale — in protected bays or lagoons, for example.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Turning back time
                

                
	Janice M. Lough



                
    
        
            Nature
        
        News & Views
        
        
            24 Feb 2016
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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: ]
