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            Abstract
The concentration of dissolved oxygen in aquatic systems helps to regulate biodiversity1,2, nutrient biogeochemistry3, greenhouse gas emissions4, and the quality of drinking water5. The long-term declines in dissolved oxygen concentrations in coastal and ocean waters have been linked to climate warming and human activity6,7, but little is known about the changes in dissolved oxygen concentrations in lakes. Although the solubility of dissolved oxygen decreases with increasing water temperatures, long-term lake trajectories are difficult to predict. Oxygen losses in warming lakes may be amplified by enhanced decomposition and stronger thermal stratification8,9 or oxygen may increase as a result of enhanced primary production10. Here we analyse a combined total of 45,148 dissolved oxygen and temperature profiles and calculate trends for 393 temperate lakes that span 1941 to 2017. We find that a decline in dissolved oxygen is widespread in surface and deep-water habitats. The decline in surface waters is primarily associated with reduced solubility under warmer water temperatures, although dissolved oxygen in surface waters increased in a subset of highly productive warming lakes, probably owing to increasing production of phytoplankton. By contrast, the decline in deep waters is associated with stronger thermal stratification and loss of water clarity, but not with changes in gas solubility. Our results suggest that climate change and declining water clarity have altered the physical and chemical environment of lakes. Declines in dissolved oxygen in freshwater are 2.75 to 9.3 times greater than observed in the world’s oceans6,7 and could threaten essential lake ecosystem services2,3,5,11.
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                    Fig. 1: Trends in dissolved oxygen and temperature.[image: ]


Fig. 2: Solubility effects and changes in temperature and DO concentration over time.[image: ]


Fig. 3: Interaction of productivity and temperature in surface waters.[image: ]


Fig. 4: Effect of changes in water clarity and density difference on deep-water DO saturation change.[image: ]
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                Data availability

              
              Raw data used in this study are available in published datasets for all lakes except numbers 99, 100, 101 and 104 via the Freshwater Research and Environmental Database (number 3; https://doi.org/10.18728/568.0), the INRAE data repository (numbers 102, 127; https://doi.org/10.15454/BUJUSX), or the Environmental Data Initiative (all others; https://doi.org/10.6073/pasta/841f0472e19853b0676729221aedfb56)50,51,52. For numbers 99, 100, 101 and 104, permission was not granted from original data providers to make raw data publicly available. Original dataset sources and contact information for all sites are described in Supplementary Table 1. Supplementary Table 2 contains reported trends in dissolved oxygen and temperature for all lakes with more than 15 years of observations.
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Extended data figures and tables

Extended Data Fig. 1 Locations of lakes used in this study.
Red circles denote the study lakes.


Extended Data Fig. 2 Results of GAMM analysis of trends zoomed out to visualize distribution of residuals.
a, Surface-water temperature (°C). b, Deep-water temperature (°C). c, Surface-water DO (mg l−1). d, Deep-water DO concentration (mg l−1). The error bars are ±1  standard error from the smoothed estimate (as in Fig. 2c–f).


Extended Data Fig. 3 Drivers of deep-water change in percent dissolved oxygen saturation.
a–f, Partial dependency plots from a random forest algorithm of deep-water changes in the percentage of dissolved oxygen saturation (ΔSat) in the past five years of record relative to the first five years of record for each lake. Plots are ordered by predictor variable importance, decreasing in importance from the top left to the bottom right. Vertical red lines indicate zero change in predictor variable and hash marks on the x axis indicate lake distribution deciles. Partial dependencies indicate the relationship between predictor and response variables when holding other variables at their mean value. Lakes that experienced no change in either water clarity or density difference between surface and deep waters exhibited little change in deep-water saturation (see Fig. 4).


Extended Data Fig. 4 Drivers of the change in density difference between surface and deep waters.
a–f, Partial dependency plots from a random forest algorithm of deep-water change in water column density difference in the last five years of record relative to the first five years of record for each lake. Plots are ordered by predictor variable importance, decreasing in importance from the top left to the bottom right. Vertical red lines indicate zero values for predictor variable and hash marks on the x axis indicate lake distribution deciles. Partial dependencies indicate the relationship between predictor and response variables when holding other variables at their mean value.


Extended Data Table 1 Trends among subsets of temperate lakes, all temperate lakes, and all lakes including eight non-temperate lakes, as well as two time periods: 1980–2017 and 1990–2017Full size table


Extended Data Table 2 Trends in climate characteristics over study lakes, the entire temperate zone, and temperate zones in selected regions, 1980–2017Full size table


Extended Data Table 3 Coefficients and P values for the selected multiple regression model predicting lake surface temperature trendsFull size table
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