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            Abstract
The tundra is warming more rapidly than any other biome on Earth, and the potential ramifications are far-reaching because of global feedback effects between vegetation and climate. A better understanding of how environmental factors shape plant structure and function is crucial for predicting the consequences of environmental change for ecosystem functioning. Here we explore the biome-wide relationships between temperature, moisture and seven key plant functional traits both across space and over three decades of warming at 117 tundra locations. Spatial temperature–trait relationships were generally strong but soil moisture had a marked influence on the strength and direction of these relationships, highlighting the potentially important influence of changes in water availability on future trait shifts in tundra plant communities. Community height increased with warming across all sites over the past three decades, but other traits lagged far behind predicted rates of change. Our findings highlight the challenge of using space-for-time substitution to predict the functional consequences of future warming and suggest that functions that are tied closely to plant height will experience the most rapid change. They also reveal the strength with which environmental factors shape biotic communities at the coldest extremes of the planet and will help to improve projections of functional changes in tundra ecosystems with climate warming.
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                    Fig. 1: Geographical distribution of trait and vegetation survey data and climatic change over the study period.[image: ]


Fig. 2: Strong spatial relationships in traits across temperature and soil moisture gradients are primarily explained by species turnover.[image: ]


Fig. 3: A tundra-wide increase in community height over time is related to warming.[image: ]


Fig. 4: Community height increases in line with space-for-time predictions but other traits lag.[image: ]
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                Data availability

              
              Trait data. Data compiled through the Tundra Trait Team are publicly accessible50. The public TTT database includes traits not considered in this study as well as tundra species that do not occur in our vegetation survey plots, for a total of nearly 92,000 trait observations on 978 species. Additional trait data from the TRY trait database can be requested at https://www.try-db.org/.

              Composition data. Most sites and years of the vegetation survey data included in this study are available in the Polar Data Catalogue (ID 10786_iso). Much of the individual site-level data has additionally been made available in the BioTIME database60 (https://synergy.st-andrews.ac.uk/biotime/biotime-database/).
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Extended data figures and tables

Extended Data Fig. 1 Overview of trait data and analyses.
a, Count of traits per latitude (rounded to the nearest degree) for all georeferenced observations in TRY and TTT that correspond to species in the vegetation survey dataset. b, Work flow and analyses of temperature–trait relationships. Intraspecific temperature–trait relationships over space were used to estimate the potential contribution of ITV to overall temperature–trait relationships over space and time (CWM + ITV) as trait measurements for individual plants over time are not available.


Extended Data Fig. 2 All temperature–trait relationships.
Slope of temperature–trait relationships over space (within-species (ITV) and across communities (CWM)) and with interannual variation in temperature (community temperature sensitivity). Spatial - ITV, spatial relationship between ITV and temperature; spatial-CWM, spatial relationship between CWM and summer temperature; temporal sensitivity-CWM, temperature sensitivity of CWM (that is, correspondence between interannual variation in CWM values with interannual variation in temperature). Error bars represent 95% credible intervals on the slope estimate. We used five-year mean temperatures (temperature of the survey year and four previous years) to estimate temperature sensitivity, because this interval has been shown to explain vegetation change in tundra20 and alpine29 plant communities. All slope estimates are in transformed units (height = log(cm), LDMC = logit(g g−1), leaf area = log(cm2), leaf nitrogen = log(mg g−1), SLA = log(mm2 mg−1)). Community (CWM) temperature–trait relationships are estimated across all 117 sites; intraspecific temperature–trait relationships are estimated as the mean of 108 and 109 species for SLA, 80 and 86 species for plant height, 74 and 72 species for leaf nitrogen, 85 and 76 species for leaf area, and 43 and 52 species for LDMC, for summer and winter temperature, respectively (see Methods for details).


Extended Data Fig. 3 Community woodiness and evergreenness over space and time.
a, b, Variation in community woodiness (a) and evergreenness (b) across space with summer temperature and soil moisture. Community woodiness is the abundance-weighted proportion of woody species versus all other plant species in the community. Community evergreenness is the abundance-weighted proportion of evergreen shrubs versus all shrub species (deciduous and evergreen). The evergreen model was generated using a reduced number of sites (98 instead of 117), because some sites did not have any woody species (and it was thus not possible to calculate a proportion of evergreen species). Both temperature and moisture were important predictors of community woodiness and evergreenness. The 95% credible interval for a temperature × moisture interaction term overlapped zero in both models (−0.100 to 0.114 and −0.201 to 0.069 for woodiness and evergreenness, respectively). c, d, There was no change over time in woodiness (c) or evergreenness (d). Thin lines represent slopes per site (woodiness, n = 117 sites; evergreenness, n = 98 sites). In all panels, bold lines indicate overall model predictions and shaded ribbons designate 95% credible intervals on these model predictions.


Extended Data Fig. 4 Range in species mean values of each trait by summer temperature.
Black dashed lines represent quantile regression estimates for 1% and 99% quantiles. Species mean values are estimated from intercept-only Bayesian models using the estimation technique described in the Methods (see ‘Calculation of CWM values’). Species locations are based on species in the 117 vegetation survey sites. All values are back-transformed into their original units (height (cm), LDMC (g g−1), leaf area (cm2), leaf nitrogen (mg g−1), SLA (mm2 mg−1).


Extended Data Fig. 5 The rate of community trait change is not related to the rate of temperature change or soil moisture for any trait.
a, b, Rate of CWM change over time per site (n = 117 sites) related to temperature change and long-term mean soil moisture (a) or soil moisture change (b) at a site. Points represent mean trait change values for each site, lines represent the predicted relationship between trait change, temperature change and soil moisture or soil moisture change, and transparent ribbons are the 95% credible intervals on these predictions. Both mean soil moisture and soil moisture change were modelled as a continuous variables, but are shown as predictions for minimum and maximum values or rates of change. Trait change estimates are in transformed units (log for height, leaf area, leaf nitrogen and SLA, and logit for LDMC). Soil moisture change was estimated from downscaled ERA-Interim data and may not accurately represent local changes in moisture availability at each site.


Extended Data Fig. 6 Increasing community height is driven by the immigration of taller species, not the loss of shorter ones.
Probability that a species newly arrived in a site (gained) or disappeared from a site (lost) as a function of its traits (n = 117 sites). Lines and ribbons represent overall model predictions and the 95% credible intervals on these predictions, respectively. Dark ribbons and solid lines represent species gains whereas pale ribbons and dashed lines represent species losses. Only for plant height was the trait–probability relationship different for gains and losses.


Extended Data Fig. 7 Comparison of actual, expected and projected CWM trait change over time.
Actual, expected and projected CWM trait changes are shown as solid coloured, solid black, and dashed or dotted lines, respectively. The expected trait change is calculated using the observed spatial temperature–trait relationship and the average rate of recent summer warming across all sites. Note that these projections assume no change in soil moisture conditions. The dotted and dashed black lines after 2015 show the projected trait change for the maximum (RCP8.5) and minimum (RCP2.6) IPCC carbon emission scenarios, respectively, from the HadGEM2 AO Global Circulation Model, given the expected temperature change associated with those scenarios. Points along the left axis of each panel show the distribution of present-day CWM per site (n = 117 sites) to better demonstrate the magnitude of projected change. Values are in original units (height (cm), LDMC (g g−1), leaf area (cm2), leaf nitrogen (mg g−1) and SLA (mm2 mg−1)).


Extended Data Fig. 8 Community trait co-variation is structured by temperature and moisture.
a, PCA of plot-level community-weighted traits for seven key functional traits demonstrating how communities vary in multidimensional trait space. Trait correlations are highest between SLA and leaf nitrogen, and evergreenness and woodiness. Variation in SLA, leaf nitrogen, evergreenness and woodiness (principal component (PC)1) are orthogonal to variation in height (PC2). Variation in leaf area and LDMC are explained by both PC1 and PC2. The colour of the points indicates the soil moisture status of each plot at the site-level. b, c, Plot scores along PC1, related to plant resource economy, vary with summer temperature, soil moisture and their interaction (b), whereas plot scores along PC2 vary only with soil moisture (c). The colour of the points indicates the soil moisture of each site. Because not all plots and sites had woody species (and thus proportion evergreen could not be calculated), this analysis was conducted on a subset of 1,098 (out of 1,520) plots at 98 (out of 117) different sites.


Extended Data Fig. 9 Temperature–trait relationships by growth form and site elevation.
a, Mean (±s.d.) intraspecific temperature–height relationships (n = 80 species) per functional group. Dwarf shrubs are defined as those shrubs that do not grow above 30 cm in height (as estimated by regional floras, such as Flora of North America, USDA or the Royal Horticultural Society) and are generally genetically limited in their ability to grow upright. There are no differences among functional groups in the magnitude of mean intraspecific temperature–height relationships. b, Relationship between community-weighted trait values, summer temperature and soil moisture across biogeographical gradients, as in Fig. 2a. Points represent mean estimates per site (n = 117 sites) and are sized by the elevation of the site (larger circles indicate higher elevation). Ribbons represent the overall trait–temperature–moisture relationship (95% credible intervals on predictions at minimum and maximum soil moisture) across all sites.


Extended Data Table 1 Ecosystem functions influenced by each of the seven plant traitsFull size table
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