


Extended Data Fig. 4 | Thermophilization explained by the mechanisms  
of species gains, losses, or abundance shifts in different ecosystems.  
a, Proportions of plots in which thermophilization was primarily driven by 
mechanisms of species gains, losses, or abundance shifts. The dominant 
mechanism was identified for each plot as the one contributing the most  
(in absolute terms) to the observed shift in community thermal affinity. These 
results indicate that thermophilization was mainly driven by mechanisms of 
gains in grasslands, gains and losses in forests, and losses and abundance  
shifts on alpine summits. b, Relationship between observed versus estimated 
community-weighted mean temperature (ΔTCWM) for different ecosystem types 

without or with rare species. The sum of gains, losses, and abundance shifts of 
persisting species was used to estimate ΔTCWM per plot and compared with the 
observed ΔTCWM. Each point represents a plot (n = 4372, 1209, and 457 for forests, 
grasslands, and alpine summits, respectively), coloured by ecosystem type. 
Solid lines represent linear regression per ecosystem with 95% confidence 
intervals, and the dashed line denotes the 1:1 relationship. The significant 
linear relationships between estimated and observed ΔTCWM indicate that the 
three mechanisms collectively provide a reasonable explanation for observed 
thermophilization patterns.
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Extended Data Fig. 5 | See next page for caption.



Extended Data Fig. 5 | Changes in the probability density of species thermal 
suitability and the proportion of thermally mismatched species in different 
ecosystems. a, Changes in the probability density of thermal suitability  
under local climate (Tclim) inferred from plot-level floristic temperature  
(Tplant) distributions. Boxplots showing changes in probability density of Tplant 
between baseline survey and resurvey (Δ = resurvey – baseline survey), with  
the centre line indicating the median, the box representing the 25th and  
75th percentiles, and the whiskers showing the minimum and maximum values. 
These results show that the probability density at Tclim significantly and 
marginally decreased from baseline to resurvey in forest and grassland 
ecosystems, respectively, suggesting increasing climatic mismatch. b, Changes 

in the proportion of thermally mismatched species (Δ = resurvey – baseline 
survey). Mismatch is defined as background macroclimate falling outside of 
the 2.5–97.5% range of a species’ thermal distribution. These results suggest 
that the proportion of mismatched species significantly increased in forests, 
but not in grasslands or on alpine summits. In both panels a and b, each point 
represents a plot (n = 4372, 1209, and 457 for forests, grasslands, and alpine 
summits, respectively), and the black circles with error bars indicate means 
with 95% confidence intervals estimated using linear mixed-effects models 
with “site” as a random-effects factor, and the p values indicate whether change 
differs significantly from zero (linear mixed-effects models; two-sided).
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Extended Data Fig. 6 | Quantile-quantile (QQ) plots of vegetation 
thermophilization rates and climatic debts (°C per decade). Each plot 
(n = 6038 and 6067 for estimations excluding and including rare species, 
respectively) compares the sample quantiles of the observed data with the 
theoretical quantiles of a normal distribution. The degree of alignment with 
the 1:1 reference line indicates how well each variable approximates normality, 
informing the suitability of linear modelling assumptions. GS05, GSMedian, 

and GS95 indicate the 5th, median, and 95th percentiles of the floristic 
temperature distribution estimated using mean growing season temperature, 
respectively, and ab and pa indicate the abundance and presence/absence 
vegetation data, respectively. These plots show an approximately linear 
relationship between theoretical and observed quantiles, indicating the 
deviations from normality were minimal and not severe enough to invalidate 
the Gaussian assumption.



Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Climate warming patterns and vegetation 
thermophilization rate/climatic debt. a, Relationship between baseline 
temperature and temperature change rate of the growing season across 
ecosystems and the associated residual plot. Each point represents a plot 
(n = 6038), with the red line indicating the linear regression fit and the  
shaded red area showing the 95% confidence interval around the fitted 
relationship. These visual and statistical diagnostics suggest that a linear 
baseline temperature term provides a reasonable adjustment in the estimation 
of thermophilization rate and climatic debt, with no strong evidence that a 

more complex or non-linear formulation is necessary in our analysis.  
b, Vegetation thermophilization rates and climatic debts (°C per decade)  
in different ecosystems as estimated using the 20% and 80% percentiles of  
the floristic temperature distribution. Thermophilization rate and climatic 
data were estimated using vegetation abundance data excluding rare species. 
Circles represent means (n = 4372, 1209, and 457 plots for forests, grasslands, 
and alpine summits, respectively) with 80% (thick line) and 95% (thin line) 
credible intervals and posterior distributions obtained from Bayesian mixed-
effects models.



Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Impacts of climate data resolution and spatial 
autocorrelation on vegetation thermophilization. a, Relationship between 
thermophilization rates estimated using fine (30 arc-sec, around 1 × 1 km) and 
coarse (10 arc-min, around 20 × 20 km) resolution climate data. Each point 
represents a plot (n = 457). The dashed lines represent the 1:1 relationship, 
while solid black lines show the fitted linear regression, with shaded bands 
indicating the 95% confidence interval around the fitted relationship.  
b, Overall thermophilziation rates estimated from Bayesian mixed-effects 
models using fine and coarse resolution climate data. Circles represent  
means (n = 457 plots) with 80% (thick line) and 95% (thin line) credible intervals 
(CIs) and posterior distributions obtained from Bayesian mixed-effects 
models. Thermophilization rates were quantified as the declines of cold- 
adapted species (5th percentile shift), overall (median), and increases of 

warmth-demanding species (95th percentile shift) using vegetation abundance 
data excluding rare species. c, Comparison of estimated thermophilization 
rates (°C per decade) with and without accounting for spatial autocorrelation 
using a Gaussian Process (GP). Circles represent means (n = 4372, 1209, and 457 
plots for forests, grasslands, and alpine summits, respectively) with 80% (thick 
line) and 95% (thin line) CIs and posterior distributions obtained from Bayesian 
mixed-effects models. Thermophilization rates were quantified as the declines 
of cold-adapted species (5th percentile shift), overall (median), and increases of 
warmth-demanding species (95th percentile shift) using vegetation abundance 
data excluding rare species. The overlapping 95% CIs across models suggests 
that spatial autocorrelation does not confound the observed ecosystem 
differences in thermophilization, and that the ecosystem effects are robust to 
spatial structure.



Extended Data Table 1 | Detailed information on the databases of forests, grasslands, and alpine summits used in this study

Key references: 57,58,80.
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Data collection No software or code was used in the collection of community composition data.

Data analysis All the statistical analyses were conducted using R version 4.4.2. Vegetation thermophilization rate and climatic debt were estimated using 
Bayesian mixed-effects models with the brms package (version 2.22.0). The elevatr package (version 0.99.1) and terra package (version 
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Raw data used in this study are available at figshare (https://doi.org/10.6084/m9.figshare.28368743.v5). Vegetation survey data include the forestREplot database 
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version 2.3 (www.forestreplot.ugent.be) for forests, the GRACE database (https://doi.org/10.1111/jvs.12727) for grasslands, and the GLORIA database (https://
gloria.ac.at) for alpine summits. Other publicly available datasets used in the study include climate data from CRU TS version 4.07 (https://crudata.uea.ac.uk/cru/
data/hrg/cru_ts_4.07) and WorldClim v.2 (https://rmets.onlinelibrary.wiley.com/doi/10.1002/joc.5086), topography data from the R package elevatr (https://cran.r-
project.org/web/packages/elevatr), species occurrence records from GBIF (https://doi.org/10.15468/dl.hffjcf), and snow cover data from CHELSA-bioclim version 
2.1 (https://chelsa-climate.org).

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender not applicable.

Reporting on race, ethnicity, or 
other socially relevant 
groupings

not applicable.

Population characteristics not applicable.

Recruitment not applicable.

Ethics oversight not applicable.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description This study analyzed multidecadal data from (quasi-)permanent plots resurveyed over 12–78 years in forests, grasslands, and alpine 
summits across Europe, aiming to evaluate if thermophilization and climatic debts of plants vary among these contrasting habitats. 

Research sample We focused on vascular plant species in forest understory layer and in grasslands and alpine summits across Europe.  Data used in 
this study were from three available databases, the forestREplot database version 2.3 (www.forestreplot.ugent.be) for forests, the 
GRACE database for grasslands, and the GLORIA (https://gloria.ac.at) database for alpine summits. Details about the databases are 
available in the following references:  
1. Verheyen, K. et al. Combining biodiversity resurveys across regions to advance global change research. BioScience 67, 73-83 
(2017). 
2. Diekmann, M. et al. Patterns of long-term vegetation change vary between different types of semi-natural grasslands in Western 
and Central Europe. Journal of Vegetation Science 30, 187-202 (2019). 
3. Pauli, H., Gottfried, M., Lamprecht, A., Niessner, S., Rumpf, S.B. & Winkler, M. et al. (2015). The GLORIA field manual-standard 
Multi-Summit approach, supplementary methods and extra approaches. Vienna: GLORIA-Coordination, Austrian Academy of Sciences 
& University of Natural Resources and Life Sciences. ISBN: 978-92-79-45694-7. 

Sampling strategy We included the available plant community composition data, and sample size was thus not predetermined but rather a maximum 
possible based on available data.

Data collection Data was collected by many different people at diverse locations across Europe (see author contribution statement).

Timing and spatial scale Plant community composition data were collected between 1933 and 2020 at 76 sites in forests, between 1931 and 2016 at 22 sites, 
and between 2001 and 2017 at 64 sites across Europe. 

Data exclusions To make sure the plant communities have enough time to respond to climate warming, we only used data with a time period 
between baseline survey and resurvey no less than 10 years. 

Reproducibility This study was not experimental, but the large number of sampling sites for all three ecosystems across Europe ensures good spatial 
replication.

Randomization This study is non-experimental; therefore, samples were not randomly assigned to experimental groups.
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Blinding Vegetation surveys were not carried out with the goal of documenting community composition change over time, and thus bias in 
data collection is unlikely.

Did the study involve field work? Yes No

Field work, collection and transport

Field conditions Field conditions varied by ecosystem types and sites. Site climate conditions varied across sites and sampling time. Information about 
temperature changes is shown in the Methods section of the study.

Location Plant composition data were collected from forests, grasslands, and alpine summits across Europe, the distribution of plots is shown 
in Figure 1.

Access & import/export The appropriate data collection permits, which varied among different sites and countries, were obtained whenever necessary. 

Disturbance Vegetation sampling was non-destructive.
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system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented 
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Any other significant area
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