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            Abstract
Differences in phenological responses to climate change among species can desynchronise ecological interactions and thereby threaten ecosystem function. To assess these threats, we must quantify the relative impact of climate change on species at different trophic levels. Here, we apply a Climate Sensitivity Profile approach to 10,003 terrestrial and aquatic phenological data sets, spatially matched to temperature and precipitation data, to quantify variation in climate sensitivity. The direction, magnitude and timing of climate sensitivity varied markedly among organisms within taxonomic and trophic groups. Despite this variability, we detected systematic variation in the direction and magnitude of phenological climate sensitivity. Secondary consumers showed consistently lower climate sensitivity than other groups. We used mid-century climate change projections to estimate that the timing of phenological events could change more for primary consumers than for species in other trophic levels (6.2 versus 2.5–2.9 days earlier on average), with substantial taxonomic variation (1.1–14.8 days earlier on average).
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                    Figure 1: Climate sensitivity profiles.[image: ]


Figure 2: Climatic change in the UK, 1960–2012.[image: ]


Figure 3: Upper and lower limits of phenological climate sensitivity.[image: ]


Figure 4: Upper and lower limits of phenological climate sensitivity for broad taxonomic groups.[image: ]


Figure 5: Estimated phenological shifts by the 2050s.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Limits of phenological temperature sensitivity inclusive of marine plankton data.
a–c, Upper and lower limits of phenological temperature sensitivity are quantified as the slope of the relationship between seasonal timing (day of year) and temperature (°C) variation within specific seasonal periods. Limits in temperature sensitivity are shown for all taxa (a) and by trophic level (lower limit, b; upper limit, c). Inverted triangles indicate average sensitivity for all species in each group and curves are probability density plots of species-level variation in sensitivity (n = 379,081).


Extended Data Figure 2 Limits of phenological climate sensitivity for taxonomic groups (top) and trophic levels (bottom), after Monte-Carlo resampling.
a, b, Lower (blue) and upper (red) limits of the sensitivity of phenological events to changes in seasonal temperature (a) and precipitation (b). Coloured circles: responses based upon the full data set. Bars: 2.5th–97.5th percentile responses for each group, based upon 100 draws from the full data set. Data were sampled so that 5, (dotted bar), 20 (solid bar), 50 (dashed bar) and 100 (dot-dashed bar) phenological time series were drawn from each taxonomic group (n = 370,725).


Extended Data Figure 3 Climate sensitivities, based on different time periods.
Top: all data; middle: pre-1980 data; bottom: post-1980 data. Sensitivity is the slope of the relationship between seasonal timing (day of year) and temperature (°C) or precipitation (mm per day). a, b, Limits of temperature (a) and precipitation (b) sensitivity are summarized for all taxa. c–f, Lower (c, d) and upper (e, f) limits of temperature (c, e) and precipitation (d, f) sensitivity are shown by trophic level. Inverted triangles: average sensitivity for all species (a, b) or trophic levels (c–f). Curves, kernel density plots: probability density distributions of species-level climate sensitivity (that is, the relative likelihood of different climate sensitivities within each species group) (n = 370,725).


Extended Data Figure 4 Limits of phenological climate sensitivity for broad taxonomic groups.
Top, all data; bottom, post-1980 data only. a, b, Lower (blue) and upper (red) limits of the sensitivity of phenological events to seasonal temperature (a) and precipitation (b) change are shown. Coloured circles indicate the median response, and bars show the 5th–95th percentile responses for each group. Sensitivity is quantified by summarizing the species-level (random effects) responses from a mixed effects model including data for all taxa, and with taxonomic group as a fixed effect (n = 370,725).


Extended Data Figure 5 Seasonal windows for CSPs.
a–d, Estimated climatic sensitivity at the lower (a, c) and upper (b, d) limits of CSPs for 10,003 phenological series. Grey lines are seasonal time periods (x-axis) within which climatic variables have their most positive or negative correlations with the seasonal timing of each phenological event. The y-axis indicates the slope coefficient for each of these correlations; a measure of climate sensitivity (days change per °C or per mm). Shown are the lower and upper limits of CSPtemp (a and b, respectively) and the lower and upper limits of CSPprecip (c and d, respectively). Inset histograms show seasonal time window length (days) (n = 370,725).


Extended Data Figure 6 Time lags between phenological events and seasonal windows of climate sensitivity.
a–d, Frequency histograms showing the time lag (in days) between the mean timing of each phenological event and the end of seasonal windows corresponding to the lower and upper limits of CSPtemp (a and b, respectively) and the lower and upper limits of CSPprecip (c and d, respectively). Peaks at lags of around 1 year are where windows were identified that ended at the mean seasonal timing of an event, but in the previous year, owing to temporal autocorrelation in climate data (n = 370,725).


Extended Data Figure 7 Seasonal windows for CSPs by trophic level.
Estimated climatic sensitivity at the lower and upper limits of CSPs for taxa at each of three trophic levels. Formatting is as in Extended Data Fig. 5. a–d, Lower and upper limits of CSPtemp (a and b, respectively) and the lower and upper limits of CSPprecip (c and d, respectively) (n = 370,725).


Extended Data Figure 8 Example CSP.
Temperature sensitivity (CSPtemp) for alderfly (Sialis lutaria) emergence from Windermere, UK. Solid black line: sensitivity of first emergence to water temperature on different days of the year (days change per °C). Grey horizontal lines: 2.5th and 97.5th percentiles of these sensitivity values. Solid orange curve: GAM smoother fitted through the sensitivity values with associated confidence intervals (dashed orange curves). Horizontal bars indicate where GAM confidence intervals exceed the percentiles of the original sensitivity values, indicating seasonal windows at the limits of the climate sensitivity profile (n = 30).


Extended Data Table 1 Modelled relationships between seasonal timing and climate variables for n = 10,003 phenological time seriesFull size table


Extended Data Table 2 Parameter estimates and test statistics from climate–phenology mixed-effects modelsFull size table
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        Editorial Summary
The shifting biological seasons
Variations in the phenological responses of different species to climate change have fuelled concerns that key species interactions may desynchronize over time, with consequences for ecosystem functioning. Stephen Thackeray et al. examine the climate sensitivity of 812 terrestrial and aquatic taxa across the United Kingdom, using more than 10,000 phenological data sets spanning 1960 to 2012, together with temperature and precipitation data. There was a systematic difference in the magnitude and direction of phenological climate sensitivity across trophic levels, despite marked heterogeneity among organisms sharing taxonomic affinities and trophic position. In particular, secondary consumers showed lower levels of climate sensitivity than primary producers and consumers. The authors suggest that the differential sensitivity of phenology to climate across trophic levels could result in the desynchronization of seasonal events in the future.
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