


Extended DataFig. 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
mechanismwas identified for each plot as the one contributing the most

(in absolute terms) to the observed shiftin community thermal affinity. These
resultsindicate that thermophilization was mainly driven by mechanisms of
gainsingrasslands, gains and lossesin forests, and losses and abundance
shifts on alpine summits. b, Relationship between observed versus estimated
community-weighted mean temperature (AT, for different ecosystemtypes

without or withrare species. The sum of gains, losses, and abundance shifts of
persisting species was used to estimate ATy per plotand compared with the
observed AT.yy. Each pointrepresentsaplot (n=4372,1209, and 457 for forests,
grasslands, and alpine summits, respectively), coloured by ecosystem type.
Solid linesrepresent linear regression per ecosystem with 95% confidence
intervals, and the dashed line denotes the 1:1relationship. The significant
linear relationships between estimated and observed AT,y indicate that the
three mechanisms collectively provide areasonable explanation for observed
thermophilization patterns.
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Extended DataFig.5|See next page for caption.



Extended DataFig. 5| Changesin the probability density of species thermal
suitability and the proportion of thermally mismatched speciesin different
ecosystems. a, Changesin the probability density of thermal suitability
under local climate (T;,,) inferred from plot-level floristic temperature

(T,iny) distributions. Boxplots showing changes in probability density of T,
betweenbaseline survey and resurvey (A =resurvey - baseline survey), with

the centrelineindicating the median, the box representing the 25" and

75" percentiles, and the whiskers showing the minimum and maximum values.
These results show that the probability density at T, significantly and
marginally decreased frombaseline to resurveyinforestand grassland
ecosystems, respectively, suggestingincreasing climatic mismatch. b, Changes

inthe proportion of thermally mismatched species (A =resurvey - baseline
survey). Mismatchis defined as background macroclimate falling outside of
the2.5-97.5% range of aspecies’ thermal distribution. These results suggest
that the proportion of mismatched species significantly increased in forests,
butnotingrasslands or onalpine summits. Inboth panelsaandb, each point
representsaplot (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” asarandom-effects factor, and the p valuesindicate whether change
differs significantly fromzero (linear mixed-effects models; two-sided).
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Extended DataFig. 6 | Quantile-quantile (QQ) plots of vegetation and GS95indicate the 5, median, and 95" percentiles of the floristic
thermophilizationrates and climatic debts (°C per decade). Each plot temperature distribution estimated using mean growing season temperature,
(n=6038and 6067 for estimations excludingand including rare species, respectively,and aband paindicate the abundance and presence/absence
respectively) compares the sample quantiles of the observed datawith the vegetation data, respectively. These plots show an approximately linear
theoretical quantiles of anormal distribution. The degree of alignment with relationship between theoretical and observed quantiles, indicating the
thel:1referencelineindicates how well each variable approximates normality, deviations from normality were minimal and not severe enough toinvalidate

informing the suitability of linear modelling assumptions. GSO5, GSMedian, the Gaussian assumption.
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Extended DataFig.7|See next page for caption.
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Extended DataFig.7|Climate warming patterns and vegetation
thermophilizationrate/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), withtheredlineindicating thelinear regression fit and the

shaded red areashowingthe 95% confidenceinterval around the fitted
relationship. These visual and statistical diagnostics suggest thatalinear
baselinetemperature term provides areasonable adjustmentin the estimation
ofthermophilization rate and climatic debt, with no strongevidence thata

more complex or non-linear formulation is necessary in our analysis.

b, Vegetation thermophilization rates and climatic debts (°C per decade)
indifferentecosystems as estimated using the 20% and 80% percentiles of
thefloristic temperature distribution. Thermophilization rate and climatic
datawere estimated using vegetation abundance data excludingrare species.
Circlesrepresent means (n=4372,1209,and 457 plots for forests, grasslands,
and alpine summits, respectively) with 80% (thick line) and 95% (thin line)
credibleintervals and posterior distributions obtained from Bayesian mixed-
effectsmodels.
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Extended DataFig. 8 |See next page for caption.
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Extended DataFig. 8 |Impacts of climate dataresolutionand spatial
autocorrelation onvegetation thermophilization. a, Relationship between
thermophilization rates estimated using fine (30 arc-sec, around 1 x1km) and
coarse (10 arc-min, around 20 x 20 km) resolution climate data. Each point
representsaplot (n=457). The dashed lines represent the 1:1relationship,
whilesolid 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
(Cls)and posterior distributions obtained from Bayesian mixed-effects
models. Thermophilization rates were quantified as the declines of cold-
adapted species (5" percentile shift), overall (median), and increases of

warmth-demanding species (95" percentile shift) using vegetation abundance
dataexcludingrare species. c, Comparison of estimated thermophilization
rates (°C per decade) withand 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% (thinline) Cls and posterior distributions obtained from Bayesian
mixed-effects models. Thermophilization rates were quantified as the declines
of cold-adapted species (5" percentile shift), overall (median), and increases of
warmth-demanding species (95 percentile shift) using vegetation abundance
dataexcluding rare species. The overlapping 95% Cls across models suggests
that spatial autocorrelation does not confound the observed ecosystem
differencesinthermophilization, 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

Ecosystem Database Number of Number of Earliest year of Latest year of Range of intercensal Website Key Reference
plots sites baseline survey resurvey time span (year)

Forest forestREplot 4372 76 1933 2020 12-78 forestreplot.ugent.be Verheyen et al.,
201280

Grassland GRACE 1209 22 1931 2016 16-78 Diekmann et al.,
2019%7

Alpine GLORIA 486 64 2001 2017 12-15 gloria.ac.at Pauli et al,

summit 2015%

Key references: 57,58,80.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a | Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
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A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X

A description of all covariates tested
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

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
1.8.29) were used to extract and process topography data, and the ggh4x package (version 0.3.1) to generate figures. No custom code was
developed in this study.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy
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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




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 notapplicable.
other socially relevant

groupings

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? X ves [InNo

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.
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Disturbance Vegetation sampling was non-destructive.
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Materials & experimental systems Methods
Involved in the study n/a 7 Involved in the study
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Plants

Seed stocks not applicable.

Novel plant genotypes  notapplicable.

Authentication not applicable.
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