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            Abstract
Shifts in vegetation phenology are a key example of the biological effects of climate change1,2,3. However, there is substantial uncertainty about whether these temperature-driven trends will continue, or whether other factorsâ€”for example, photoperiodâ€”will become more important as warming exceeds the bounds of historical variability4,5. Here we use phenological transition dates derived from digital repeat photography6 to show that experimental whole-ecosystem warming treatments7 of up to +9â€‰Â°C linearly correlate with a delayed autumn green-down and advanced spring green-up of the dominant woody species in a boreal Piceaâ€“Sphagnum bog. Results were confirmed by direct observation of both vegetative and reproductive phenology of these and other bog plant species, and by multiple years of observations. There was little evidence that the observed responses were constrained by photoperiod. Our results indicate a likely extension of the period of vegetation activity by 1â€“2 weeks under a â€˜CO2Â stabilizationâ€™ climate scenario (+2.6â€‰Â±â€‰0.7â€‰Â°C), and 3â€“6 weeks under a â€˜high-CO2Â emissionâ€™ scenario (+5.9â€‰Â±â€‰1.1â€‰Â°C), byÂ the end of the twenty-first century. We also observed severe tissue mortality in the warmest enclosures after a severe spring frost event. Failure to cue to photoperiod resulted in precocious green-up and a premature loss of frost hardiness8, which suggests that vulnerability to spring frost damage will increase in a warmer world9,10. Vegetation strategies that have evolved to balance tradeoffs associated with phenological temperature tracking may be optimal under historical climates, but these strategies may not be optimized for future climate regimes. These in situ experimental results are of particular importance because boreal forests have both a circumpolar distribution and a key role in the global carbon cycle11.
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                    Fig. 1: Testing competing hypotheses for phenological responses to warming using data from a whole-ecosystem warming experiment.[image: ]


Fig. 2: Effect of whole-ecosystem warming treatments on dates of autumn green-down and spring-green up, as derived from digital camera imagery.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Air temperature and precipitation in the SPRUCE S1 bog (August 2015 to December 2017) relative to long-term (1960â€“2000) means and variability.
a, Long-term daily mean temperature (Â°C,â€‰Â±â€‰1Â s.d. indicated by shading), compared with daily mean temperature (calculated from 30-min means, based on nâ€‰=â€‰2 sensors mounted at 2-m height in each enclosure) in a +0â€‰Â°C enclosure (unheated control) and a +9.0â€‰Â°C enclosure. b, Long-term monthly mean temperature (mean daily maximum and mean daily minimum indicated by shaded bars), compared with monthly mean temperature (calculated from daily means, as in a) in different experimental treatments. c, Long-term monthly mean precipitation (mm,â€‰Â±â€‰1Â s.d. indicated by shading, with maxima and minima indicated by dotted lines), compared with measured monthly precipitation (nâ€‰=â€‰1 rain gauge) in the S1 bog.

                          Source Data
                        


Extended Data Fig. 2 Decadal mean temperature change (relative to 2006â€“2015 mean) projections from ten CMIP5 earth system models for the SPRUCE site.
a, Stabilization climate scenario (RCP4.5). b, High emission climate scenario (RCP8.5).

                          Source Data
                        


Extended Data Fig. 3 Relationships between air temperature and the start and end of the photosynthetic uptake period, as derived from FLUXNET data for evergreen conifer-dominated sites.
aâ€“d, Across-site patterns in spring (a) and autumn (b) in relation to mean annual temperature (nâ€‰=â€‰12 sites), and within-sites patterns in spring (c) and autumn (d) in relation to seasonal temperature anomalies (nâ€‰=â€‰86 site-years).

                          Source Data
                        


Extended Data Fig. 4 Unusually warm weather in late winter, followed by extreme cold in early April, resulted in severe frost damage in the warmest enclosures at SPRUCE in 2016.
a, Time series of daily mean air temperature, comparing plot 17 (+9.0â€‰Â°C warming) and plot 19 (unheated enclosure), during the winter and spring of 2016. By the time the frost event occurred (grey shading), the daily mean temperature in plot 17 had been above freezing for over a month, but had repeatedly dropped below freezing in plot 19. b, Time series of 30-min air temperatureâ€”again comparing plot 17 and plot 19â€”leading up to and immediately following the frost event, which occurred on the morning of 9 April and again on 12 April. The thin red lines indicate the variability (maximum and minimum) across nâ€‰=â€‰5 temperature sensors in plot 17. c, Time series of daily GCC, the green chromatic coordinate, for Picea trees in plot 17 and plot 19. Arrows denote spring green-up dates (progressively larger arrows corresponding to 10%, 25% and 50% of seasonal amplitude) estimated from GCC. The pronounced decline in GCC in plot 17 following the frost event (grey shading) is readily apparent. Trees in plot 19 retained sufficient frost hardiness that they were undamaged, despite experiencing much colder temperatures. d, Brown frost-damaged Larix foliage in plot 17. e, Picea branches in plot 17, showing loss of most foliage from previous years, with green foliage from the 2015 flush retained only at branch tips. f, Picea branches with frost-damaged foliage from previous years, but healthy green foliage from the 2016 flush.
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Extended Data Table 2 Effect of SPRUCE warming treatments on spring green-up and autumn green-downFull size table


Extended Data Table 3 Projected future extension of the period of vegetation activityFull size table


Extended Data Table 4 Effect of SPRUCE warming treatments on observed vegetative and reproductive phenological transitions (2016)Full size table
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