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            Abstract
Understanding which species and ecosystems will be most severely affected by warming as climate change advances is important for guiding conservation and management. Both marine and terrestrial fauna have been affected by warming1,2 but an explicit comparison of physiological sensitivity between the marine and terrestrial realms has been lacking. Assessing how close populations live to their upper thermal limits has been challenging, in part because extreme temperatures frequently drive demographic responses3,4 and yet fauna can use local thermal refugia to avoid extremes5,6,7. Here we show that marine ectotherms experience hourly body temperatures that are closer to their upper thermal limits than do terrestrial ectotherms across all latitudesâ€”but that this is the case only if terrestrial species can access thermal refugia. Although not a direct prediction of population decline, this thermal safety margin provides an index of the physiological stress caused by warming. On land, the smallest thermal safety margins were found for species at mid-latitudes where the hottest hourly body temperatures occurred; by contrast, the marine species with the smallest thermal safety margins were found near the equator. We also found that local extirpations related to warming have been twice as common in the ocean as on land, which is consistent with the smaller thermal safety margins at sea. Our results suggest that different processes will exacerbate thermal vulnerability across these two realms. Higher sensitivities to warming and faster rates of colonization in the marine realm suggest that extirpations will be more frequent and species turnover faster in the ocean. By contrast, terrestrial species appear to be more vulnerable to loss of access to thermal refugia, which would make habitat fragmentation and changes in land use critical drivers of species loss on land.
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                    Fig. 1: Extreme hot temperatures across latitudes in terrestrial and marine environments.[image: ]


Fig. 2: Greater thermal safety on land if thermal refugia are available.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Adjustment to account for the acclimatization temperatures used in laboratory experiments.
a, b, For land (a) and ocean (b) separately, the points show the average summer temperature used for acclimatization calculations (black) at each collection site, ordered from smallest to largest, the experimental acclimatization temperature (grey), the experimentally measured thermal-tolerance maximum (Tmax, blue) and the acclimatization-adjusted thermal-tolerance maximum (Tmaxâ€², purple). c, Tmaxâ€² adjusted with species-specific acclimatization response ratios (ARRs, nÂ =Â 69 species) is compared against Tmaxâ€² adjusted with ARRs averaged within realms. The grey line is a 1:1 line.


Extended Data Fig. 2 Uncertainty in the location of peaks or valleys in GAMM fits for terrestrial ectotherms.
aâ€“c, Clusters of graphs for extreme hot values of body temperatures in thermal refugia (Tb, protected) (a), hot thermal-tolerance limits (Tmaxâ€²) (b) and TSM (c) across latitudes. Each cluster of graphs has three parts: (1) the centre graph shows the fitted effect against latitude from a GAMM (dark line), and 50 samples from the fitted smoother (grey lines); (2) the top histogram shows uncertainty in the locations of the peaks (a, b) or valleys (c) detected from 1,000 samples from the fitted smoother; and (3) the right-hand histogram shows uncertainty in the number of peaks or valleys detected. d, Average TSM is plotted against the mid-point of each 10Â° latitude band. Error bars show s.e.m. Fewer data points create larger error bounds near the equator. nÂ =Â 299 species.


Extended Data Fig. 3 Effects of alternative emission scenarios and acclimatization on TSMs for the end of the twenty-first century (2081â€“2100).
a, Projected extreme hot hourly air- or water-surface temperatures from RCP8.5 or RCP2.6 scenarios. Shaded regions showÂ Â±1Â s.d. nÂ =Â 1,454 (terrestrial), 689,769 (ocean RCP8.5) or 689,381 (ocean RCP2.6) grid cells. b, Future TSMs without acclimatization. c, Future TSMs with acclimatization. Shaded ribbons showÂ Â±Â 1Â s.e. from GAMM fits (b, c). nÂ =Â 382 species for GAMM fits (b, c).


Extended Data Fig. 4 Alternative approaches to TSM calculations.
a, b, Warm TSMs across latitudes for terrestrial (a) and marine (b) species with alternative temperature calculations (annual average, summer average, warmest month and warmest hour). Physiological tolerance measurements were from acute laboratory exposures (minutes to hours), and acute environmental temperature extremes are therefore arguably most-appropriate for calculating TSM. TSMs from the most-acute temporal scale (hours) revealed a different latitudinal pattern than from the more-aggregated scales, in part because they better capture short-duration thermal extremes. However, in all calculations marine species had narrower TSMs. c, d, Warm TSM calculations for marine species (c) or for terrestrial species (d), with (solid line) or without (dashed line) accounting for behavioural thermoregulation. The latter case is appropriate if behavioural thermoregulation is not possible (for example, thermal refugia are not accessible). Negative thermal safety on land indicates that these habitats are not habitable during midday heat for durations that bring body temperatures close to equilibrium. Note that calculations in a and b do not account for acclimatization or behavioural thermoregulation, to enable clear comparison across timescales. Calculations in c and d include acclimatization to summer temperatures. In all plots, shaded ribbons showÂ Â±s.e. from GAMM fits. nÂ =Â 387 (warmest hour, no marine thermoregulation, or exposed or full sun) or 390 (warmest month, summer average or annual average) species for GAMM fits.


Extended Data Fig. 5 Relationship between physiological maximum (Tmax) and optimum (Topt) temperature across species.
Data are shown from studies15,26,90 that measured Tmax and Topt across species of phytoplankton, insects and lizards. The line is from a linear model with Tmax as the response variable and Topt as the explanatory term (linear regression r2Â =Â 0.77, FÂ =Â 1,036 with 1 and 310 degrees of freedom, two-sided PÂ <Â 10âˆ’15 with no corrections for multiple comparisons, nÂ =Â 312 species). All data are plotted in transparent grey so that overlapping data points appear as darker circles. The dashed line is a 1:1 relationship.


Extended Data Table 1 Thermal-tolerance maximums (Tmax) were compiled from 406 species in 15 classesFull size table


Extended Data Table 2 Statistical model results for maximum thermal-tolerance limits (Tmaxâ€²), extreme body temperatures (Tb, protected) and TSM of marine and terrestrial ectothermic animalsFull size table


Extended Data Table 3 Marine behavioural thermoregulation adjustmentsFull size table


Extended Data Table 4 Synthesis of range contraction prevalence in multi-species studiesFull size table
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