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Habitat-specific trends in taxonomic,
functional, and phylogenetic diversity in
European plant communities over a century
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Despitewidespread concernover global biodiversity loss, thebalancebetween
gains and losses within local plant communities remains contentious, largely
due to a scarcity of integrative, long-term and large-scale analyses across dif-
ferent habitats and multiple facets of biodiversity. Here, we analyse 57,390
vegetation-plot time series of vascular plants across Europe to quantify the
average and habitat-specific trends in taxonomic, functional, phylogenetic,
and gamma diversity, alongside with changes in threatened Red List, non-
native, and specialist versus generalist species. We find that, over the last 100
years, plant communities gained on average 0.7% in vegetation cover and 0.2%
in species number per year, associated with gains in functional and phyloge-
netic diversity, non-native, Red List, and generalist species. Diversity changes
are most pronounced in mire and wetland communities. Differences among
habitat types and habitat-change trajectory (stable, successional, disturbed),
together with the most recent observation year, explain 2.1%–36.6% of the
variation in diversity trends. Habitat-specific gamma diversity showed no
general trends and only increased in stable grasslands and successional spar-
sely vegetated habitats. By integrating habitat types and change trajectories,
we reconcile some of the conflicting narratives on local biodiversity change in
favour of a more nuanced understanding of the observed variation in local
biodiversity change.

Losses of plant diversity can alter the health and functioning of eco-
systems, with negative effects also for human well-being1,2. Yet, plant
diversity is threatened worldwide due to land-use change, climate
change, environmental pollution, and biological invasions2–7. Beyond
these pervasive threats to global plant diversity, the resulting changes
in the diversity of local plant communities remain ambiguous and
poorly understood8,9. One likely reason for the inconsistent findings
across studies on local biodiversity changes is that the diversity trends
of local plant communities are often context-dependent and influ-
enced by the degree of specialisation among co-occurring species8,10–16.
Another reason for the varying and non-significant local diversity
trends could be that declines in habitat-specialist “loser” species may
locally be masked by increases in more generalist “winner” species15–18.

Regardless of the exact causes, the trends in local plant diversity
changes remain debated. This is the case not only for taxonomic
diversity (i.e., the number and evenness of species or taxa within a
community), but also the diversity of plant forms and functions (i.e.,
the types and distribution of plant traits, Supplementary Table 1), the
diversity of evolutionary histories (i.e., the phylogenetic relatedness of
co-occurring taxa), as well as the number and cover of threatened Red
List species, introduced non-native species, and habitat specialists
versus generalist species (Fig. 1). Although global patterns in plant
taxonomic, functional, and phylogenetic diversity are known to be
complementary and linked to human well-being2,19,20, we still lack
integrative syntheses on the prevailing changes in local plant diversity
at the continental and global extent.
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One of the most robust methods for assessing temporal changes
in local plant communities relies on repeated observations in (semi-)
permanent vegetation plots21,22. These vegetation-plot time series are
typically collected for national-level biodiversity monitoring pro-
grammes, e.g. across France, Switzerland, and theUnitedKingdom23–25.
However, large-scale and generalizable syntheses across vegetation-
plot time series are still often limited in terms of spatial and temporal
representativeness (at least for the previous century), and in terms of
differences among habitat types and specific drivers of biodiversity
changes26,27. To foster European syntheses on local plant diversity
changes acrossmultiple regions, environmental gradients, and habitat
types21,28–30, we mobilized existing vegetation-plot time series data
across large spatiotemporal extents30–33. The accumulated coverage in
space and time now allows us to relate observed local and habitat-
specific trends inplant diversity to the European-level richness of plant
species, hereafter habitat-specific European gamma diversity34–36.

To quantify the variability in diversity trends among different
habitat types, all recorded vegetation-plot observations should ideally
be classified into a common system of plant taxonomy and habitat
types. Expert-based classification algorithms can nowadays combine
information on the location and floristic composition to classify
thousands of vegetation-plot observations into a standardized habitat
system. For this study, we used the European Nature Information
System (EUNIS, Supplementary Data 1, Supplementary Fig. 1), which is
also adopted by the European Environmental Agency, ranging from
broadly defined EUNIS level 1 habitats (e.g., T - forests) to more nar-
rowly defined level 2 habitats (e.g., T1 - Deciduous broadleaved forest)
and level 3 habitats (e.g., T18 - Fagus forest on acid soils)14. By assigning
each vegetation-plot observation to a habitat type, we can not only
account for the initial habitat type but also for the shifts from one
habitat type to another within individual time series. For example, a
secondary grassland that undergoes succession may eventually
develop into a shrubland and later into a forest, both of which would
be reflected in predictable shifts in species compositions. Conversely,
forests that suffer from severe disturbance (e.g., storms, fires, or land-
use changes) may develop into shrublands, grasslands, or more spar-
sely vegetated habitats. Even within relatively stable time series (e.g.,

plots that remain forested), a change of climate, pollution, or man-
agement practices may lead to likewise predictable shifts in plant
composition37,38.

In this study,we combined a large Europeandataset of vegetation-
plot time series (using 57,390 time series with 199,282 individual
vegetation-plot observations from ReSurveyEurope33, Fig. 3a, b, Sup-
plementary Fig. 2, and Supplementary Fig. 3), with data on plant
traits39, phylogenetic relationships40 (Supplementary Data 2), threat
status from static national and European Red Lists (providing a con-
sistent classification across species and time)41, non-native origin42, and
species’ nichewidth derived fromco-occurrence data43–45 (Fig. 2).Most
time series consist of two (55%), three (17.7%), or four (8.6%) obser-
vations and cover 1–4 (10.3%), 5–10 (43.1%), and 11–20 (18.1%) years
between the first and the last observation date (with amaximumof 103
years, Supplementary Fig. 2). Based on the assigned level 3 habitat
types at the first versus last observation date, we developed an expert-
based scheme to classify the observed shifts in species composition
into amore generalizable frameworkwith the following five categories
(all shown in the Supplementary Data 3). Time series with stable tra-
jectories have no or only marginal shifts in EUNIS level 3 habitat types
(13,527 = 23.6%). Time series with successional trajectories exhibit
shifts from lower to higher vegetation biomass or complexity
(3263 = 5.7%). Time serieswithdisturbance trajectories showshifts that
were contrary to successional dynamics (1945 = 3.4%). Time series with
other trajectories indicate undirected shifts, changes in abiotic con-
ditions, or land-use shifts (10,819 = 18.9%), and unclassifiable time
series could not be assigned to EUNIS level 3 habitat types
(27,836 = 48.5%). With this comprehensive dataset, we tested three
hypotheses: (H1) local plant communities show stable species richness,
but negative trends in functional and phylogenetic diversity due to the
replacement of distinct habitat-specialist with more similar generalist
species5,46,47. (H2) Diversity trends differ with respect to habitat types,
habitat-change trajectories, and observation dates. (H3) Across all
vegetation-plot observations, European gamma diversity has
increased during the last 100 years due to a spread of non-native and
generalist species. As disturbed and nutrient-rich habitats tend to be
more susceptible to invasive species48,49, we expected that time series
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Fig. 1 | Average annual percentage changes, relative to baseline conditions, in
local plant diversity indices across all time series. Numbers in boxes show
weighted average trends in percent per year. Dotted boxes indicate non-significant
trends from separate Student's t tests at p >0.05 (c.f., Supplementary Table 3).
Horizontal lines below boxes show corresponding Wald-approximated 95% con-
fidence intervals, calculated asweighted average ± 1.96 * standard error. Plant traits
used to calculate functional diversity indices: plant height, stem diameter, rooting
depth, specific root length, specific fine root length, leaf carbon to nitrogen ratio,

leaf phosphorus content, leaf dry matter content, leaf area, leaf thickness, specific
leaf area, stem conduit density, stem conduit diameter, and seedmass. Symbols: i –
focal species, pi – proportion of focal species, ni – number of focal species, S –

number of species, XtS – trait × species matrix, PEWij – partial weighed evenness
between species i and j, Δd – sum of abundance-weighted deviances, dG – mean
distance of all species to the centre of trait gravity, Δ|d | – absolute abundance-
weighted deviances from the centre of gravity, bi – phylogenetic branch length of
focal species, dij – phylogenetic distance between species i and j.
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in disturbed and man-made habitats should show the comparatively
largest increases in habitat-specific gamma diversity. With these ana-
lyses,weprovide a comprehensive synthesis of the trends in local plant
diversity across Europe, with important insights into the habitat-

specificity of multiple facets of plant-diversity change. Adding to pre-
vious syntheses, we provide a nuanced understanding of the past and
current changes in plant diversity that might serve as a blueprint for
analyses in other biogeographic regions.

Fig. 2 | Workflow for the compilation, cleaning, harmonization, and analysis of
ReSurveyEurope time series of vegetation plots. Different colours indicate
separate analyses for different habitat types and habitat-change trajectories.

Designed by FreePik. WFO-Logo: World Flora Online (2026). Published on the
Internet, www.worldfloraonline.org.1 EUNIS-ESy: Expert system for automatic
classification of European vegetation plots to EUNIS habitats91.
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Results and discussion
Average trends in local plant diversity
To be able to draw generalizations from time series with varying
numbers of vegetation plots and observations, we used a linearmodel-
based, meta-analytic approach to summarise the biodiversity trend of
each time series into a metric of mean annual diversity change. Aver-
aged across all time series, we found that local plant communities
exhibited positive annual percentage changes (relative to the first
observation date) in nearly all of the investigated biodiversity indices
(Fig. 1, Supplementary Table 2), such as vegetation cover (0.7% year−1),
species richness (0.2% year−1), functional and phylogenetic diversity
(0.1–0.7% year−1), as well as in the number and cover of non-native,
generalist, and threatened Red List species. Functional evenness and
the number and cover of habitat specialists were the only indices that
showed no significant trends. Considering these findings, we have to
reject our hypotheses of a generally stable or decreasing local plant
diversity in Europe (H1). For the diversity of threatened species, we
want topoint out that the estimated trendswere not driven by changes
in threat classification (as these were derived from static Red Lists),
andwe noted that threatened species tended to have slightly narrower
niche widths than non-threatened species (R² = 0.006, Supplementary
Box 1). When analysed on the original unit of the respective diversity
indices, we estimated positive average annual percentage changes in
mean nearest taxon distance, cover of non-native species, cover of
habitat generalists, and community-weighted mean niche width,
together with negative average trends in Shannon diversity, functional
evenness, number and cover of Red List species, number of specialists,
and cover of generalists (Supplementary Table 3).

To account for the uneven representation of habitat types, we re-
calculated all average diversity trends for the subset of EUNIS level
3-assigned time series, whichweweighted to ensure an equal impact for
all habitat types included. The obtained balanced annual percentage
changes were of comparable significance and direction as those
obtained with unbalanced analyses across all time series (Supplemen-
tary Table 4), yielding positive balanced trends for vegetation cover (1%
year−1), species richness (1.4% year−1), and the other indices of plant
diversity, except for non-significant balanced trends in functional
divergence, number/cover of threatened Red List species and number
of specialist species. When analysed on their original units, the sig-
nificance of the resulting balanced trends was similar to those in annual
percentage changes, albeit with a significant negative trend in the
number/cover of threatenedRed List species andnon-significant trends
in the number/cover of non-native species (Supplementary Table 5).

Addressing potential impacts of dataset biases, we found that the
observed diversity trends were unrelated to rare changes in plot sizes
within time series (Supplementary Table 6). Yet, compared to a per-
manent plot design, we found that semi-permanent vegetation plots
were associated with more positive trends in species richness and
number/cover of non-native species, together with more negative
trends in Shannon diversity, mean pairwise phylogenetic distance,
mean nearest taxon distance, number/cover of threatened Red List
species, and more negative trends in the cover of specialist species
(Supplementary Table 6). Motivated by recent findings of temporal
shifts from negative to positive trend in European local species
richness50–52, we tested whether average annual percentage changes in
local plant diversity differedbetweenobservationsmadebeforeversus
after 2000. Summarized among grassland, shrubland, and forests
habitats, we found that temporal differences appeared between
grassland and forest but were nonsignificant for shrubland (Supple-
mentary Fig. 4, statistics in Supplementary Data 4). In contrast to
Midolo et al.52, plot observations conducted after 2000 yielded less
positive trends, e.g., for vegetation cover of grasslands and shrub-
lands, species richness of grasslands, and for the number/cover of
threatened Red List species. Only the cover of habitat specialists in
grasslands and forests showed more positive trends after 2000.

Shifts in habitat types
For the subset of time series that could be assigned to EUNIS level 1
habitat types at the initial and the last observation date (seeMethods),
we noted that shifts from grasslands to shrublands and heathlands
(and vice versa) were the most often recorded shift in EUNIS level 1
habitat types (in 715 and 449 time series, respectively, Fig. 3c, Sup-
plementary Figs. 5 and 6). In contrast, any shifts from other habitat
types towards sparsely vegetated or man-made habitats, both inter-
preted as disturbance trajectories, were among the least often recor-
ded shifts in our dataset.

For a subset of 15,348 time series with sufficient replication of
EUNIS level 3 habitat types and habitat-change trajectories (see
Methods), we estimated the proportion of biodiversity trends varia-
bility that could be related to (1) different habitat types (EUNIS level 3
at the initial observationdate), (2) different habitat-change trajectories
(stable, succession, or disturbance), (3) interactions among habitat
types and change trajectories (to account for habitat-change specifi-
city), and (4) different observation periods (here, quantified by the
year of the last observation to account for potential temporal gra-
dients in climate, land-use, or scientific focus). Jointly, these four pre-
dictors explained between 2.1% and 36.6% of the variation in annual
percentage changes of biodiversity indices (with a mean of 7.4%). In
accordance with our hypothesis (H2), we found that the proportion of
explained variation in diversity trends was, on average, most tightly
related to interactions among level 3 habitat type and habitat-change
trajectory (3.6% of explained variation, Fig. 4, statistics in Supple-
mentary Data 5), followed by differences among level 3 habitat types
(1%), observation years (0.7%), and the type of habitat-change trajec-
tory (0.6%). The high importanceof habitat type × change interactions,
together with themodest explanatory power, highlights the specificity
of local biodiversity patterns that must be addressed with further
multi-scale contextual data (e.g., on land-use intensity, as well as cli-
matic and regional context). Regarding the different facets of plant
diversity, the threepredictorsweremost tightly related to the trends in
species richness and community-weighted mean niche width (with
averages of 11.2% and 10.1% of explained variation, respectively) and
least tightly related to the trends in functional divergence and func-
tional richness (both with 4.8%). Regarding EUNIS level 1 habitat types,
the three predictors were most tightly related to diversity trends in
inland waters and vegetated man-made habitats (10.1% and 9.8%) and
least tightly related to the diversity trends in grasslands and inland
sparse vegetation (4.6% and 4.3%).

The specific annual percentage changes in local plant diversity
among EUNIS level 1 habitats and habitat-change trajectories are
shown in Fig. 5, Supplementary Figs. 7 and 8, statistics in Supple-
mentary Data 6). Vegetation cover increased most strongly in inland
waters, sparsely vegetated, and man-made habitats that underwent
successional trajectories. Taxonomic diversitymost strongly increased
in mires and wetlands that underwent disturbance trajectories,
potentially due to the establishment of functionally different species,
as indicated by the coupled increases in functional richness. The
number and cover of threatened Red List species increased most
strongly in grassland and forest habitats that underwent successional
trajectories anddecreased (to a lesser degree) in stable shrublands and
forests (Supplementary Fig. 8). Non-native species increased most
strongly in mires and wetlands that underwent successional trajec-
tories and decreased only (to a lesser degree) in stable sparsely vege-
tated and successional vegetated man-made habitats. With regard to
the niche width indicators, specialist species decreased most strongly
in marine and inland waters that underwent successional trajectories
and increased most strongly in shrublands that underwent succes-
sional trajectories. Habitat generalists increasedmost strongly inmires
and wetlands, especially with successional and disturbance trajec-
tories, and decreased only in grasslands that underwent successional
or disturbance trajectories. Jointly, this resulted in the largest positive
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Fig. 3 | Data overview of the ReSurveyEurope time series of vegetation plots.
a shows the geographic distribution of time series. b shows the temporal dis-
tribution of time series from the first to the last survey date, aggregated at 5-year
intervals. c shows the number of time series with shifts in the assigned EUNIS level 1
habitat type between the initial (left) and the last survey date (indicated by the

width of the connecting lines). Time series with stable habitat types and time series
that could not be assigned to a habitat type were omitted from c (but are shown in
Supplementary Figs. 5 and 6, and Supplementary Data 2). Maps were created with
rnaturalearth118,119.

Article https://doi.org/10.1038/s41467-026-72112-5

Nature Communications | (2026)17:4208 5

www.nature.com/naturecommunications


shifts in community-weighted mean niche width in marine, inland
water, and grassland habitats that underwent successional trajectories
(Supplementary Fig. 8).

Trends in habitat-specific gamma diversity
In contrast to our hypothesis (H3), European gamma diversity, quan-
tified as the summed number of unique taxa across all time series, did
not follow a general or any temporal trends (Supplementary Fig. 9,
statistics in Supplementary Data 7). Yet, only when differentiated
among habitat types and habitat-change trajectories, we found a sig-
nificant increase in European gamma diversity in stable grasslands and
sparsely vegetated habitats that underwent successional trajectories
(Fig. 6). Against our expectations, the absence of gamma diversity
trends in nutrient-rich and disturbed habitats indicated a turnover
instead of an invasion of non-native or habitat generalist species.
Furthermore, the highest (albeit non-significant) proportion of nega-
tive gamma diversity trends in stable and successional forests might
indicate large-scale losses of forest species that were not visible from
local plot-level data alone. Even though our analyses revealed clear
gaps in habitat types and time periods, they showed that European
biodiversity changes involved a compositional re-organization rather
than a uniform erosion of plant species richness.

Vegetation time series for biodiversity monitoring
In this study, we synthesized the general and habitat-specific trends in
multiple facets of local plant diversity from vegetation-plot time series
that covered up to 113 years and the majority of European habitat
types33. Contrary to recent findings50,52,53, we found no consistent
continental decline of plant diversity but, on average, an increase in
local plant diversity that was associated with increases in non-native,
threatenedRed List, and habitat generalist species. Contributing to the

ongoing discussion on global versus local trends in plant diversity8,16,54,
we demonstrated that diversity trends in local plant communities defy
broad generalizations as they reflect complex, habitat- and time-
specific responses to disturbance and successional dynamics26.

Discrepancies with recently published net-zero52 or
deteriorating50,53 trends for European local plant diversity highlight the
added insights from repeated vegetation observations (compared to
one-time sampled vegetation plots52) over large ecological gradients
(compared to ecologically limited time series50,53). Yet, in agreements
with extensive vegetation-plot time series across the Czech Republic
and Germany16,32, we conclude that the observed increases in local
species richness are not necessarily associated with increases in habi-
tat quality, but tend to be driven, at least in part, by increases in non-
native and generalist species—both of which could mask ongoing
declines in native or specialized species15,16,55–59.

The observed variation in plant diversity trends among habitat
types16,52,60,61 reflect the impacts of varying ecological drivers. For
instance, positive diversity trends in stable grassland habitats might
partly be attributed to upward shifts of generalist and non-native
plants that follow shifting isotherms within mountain ranges62–66.
Increases in cover and diversity of mire and wetland communities
might be unrelated to conservation efforts, but rather reflect general
reductions in habitat quality from desiccation and disturbances that
allow the establishment of shrubs, trees, and more generalist grass
species63,67–70 (Supplementary Figs. 7 and 8). Here, future resurveys are
needed to evaluate whether reported increases in plant diversity could
finally lead to a general decline of plant diversity in these peculiar
habitats. Finally, increases in vegetation cover and threatened Red List
species in man-made habitats could be partly caused by land-use
extensification and abandonment, both of which might lead to higher
conservation value of these artificial habitats71–73.
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To better understand the drivers and ecological consequences of
the observed species losses and gains, more studies on temporal spe-
cies turnover at finer spatial scales are needed74–76. Although our results
are derived from a comprehensive dataset of European vegetation-plot
time series, we cannot rule out that the observed diversity trends were,
at least in part, affected by methodological artifacts, such as pseudo-
turnover77, and anticipated species occurrences from historic records.
As most of the vegetation-plot time series compiled in ReSurvey
Europe33 were initially established to address specific ecological ques-
tions, it is important to acknowledge that the synthesized diversity
trends may, at least in part, be biased by variation in resurvey design
(c.f., Supplementary Table 6), different plot sizes (c.f., Supplementary
Fig. 10, statistics in Supplementary Data 8), and temporal changes
research priorities, species taxonomies, and sampling effort78. For
instance, disturbance trajectories are likely underrepresented because
historic vegetation plots that have been converted to artificial or

agricultural land are less frequently resurveyed. Likewise, time series
from aquatic and coastal habitats remain both underrepresented and
spatially clustered, as do resurveys of existing vegetation plots on the
Iberian Peninsula, in Fennoscandia, and in the easternmost regions of
Europe. Although some of the imbalances could be alleviated through
rarefaction and spatially weighted analyses, closing of these gaps ulti-
mately requires future resurveys of existing vegetation plots by bota-
nical experts (motivate-biodiversity.eu), potentially complemented by
AI-assisted citizen-science approaches, such as Observation.org, iNa-
turalist (www.inaturalist.org), Pl@ntNet (plantnet.org), or Pl@ntBERT79

(github.com/cesar-leblanc/plantbert). To promote resurveys of estab-
lished vegetation plots, the locations of nearly all plots in the European
Vegetation Archive and the ReSurveyEurope database have now been
made openly accessible at www.evamap.eu80.

In this study, we demonstrated how a massive dataset of
vegetation-plot time series can be leveraged to improve our
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Fig. 6 | Decadal trends in gamma diversity separated by EUNIS level 1 habitat
type and habitat-change trajectory. To account for temporal trends in sample
sizes, each trend line includes only pairs of observations from vegetation plots that
were conducted in the first and the second decade compared. In the boxes, the first
number shows the average decadal trend in gamma diversity (with asterisks

indicating significance according to two-sided Student's t tests at p <0.05) and the
second number shows the proportion of positive versus negative decadal trends
(with asterisks indicating significance according to two-sided binomial tests at
p <0.05). Statistics are shown in Supplementary Data 7.
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understanding of large-scale and specific trends in local plant diversity
that are not (yet) accessible through satellite-derived remote sensing
products81. Yet, the compiled dataset of vegetation-plot observations
could serve as ground-truthing data or provide plant functional type
classifications for future regional- to large-scale projections of plant
diversity and ecosystem functioning trends. To improve upon the
relatively modest explanatory power of up to 24.9% of variation in local
diversity trends, we recommend that future syntheses should account
for additional factors that could lead to varying trends in local plant
diversity. First, historical datasets should be checked for methodolo-
gical inconsistencies, including differences in sampling purposes, spa-
tial scales, and unbalanced gradients in environmental conditions or
community composition82. Secondly, future studies should explicitly
account for variation in key drivers of local biodiversity change, such as
changes in land-use intensity—also in the surrounding landscape29,83—as
well as changes in abiotic conditions, eutrophication levels, or the
protection status of resurveyed plant communities64,84–86.

Synthesized over a century of European vegetation-plot time
series, we detected prevailing positive trends in the diversity of local
plant communities. However, a substantial proportion of these positive
trends might be rather related to increases in non-native and habitat
generalist species, both of whichmight havemasked non-significant or
declining trends among habitat specialists. For example, in mire and
wetland communities, we observed a clear decline in the diversity of
habitat specialists. Yet, positive trends in threatened Red List species
and habitat specialists after the year 2000 also show that biodiversity
recovery is possible under favourable management52. Still, due to the
complexity of ecological systems, also with regard to the intricate
effects of climate and land-use change, the site- and habitat-specific
future trends in local plant diversity cannot yet be reliably extrapolated
from the compiled vegetation-plot time series. Rather, our results
emphasize that future syntheses and modelling approaches should
account for habitat types and anticipatedhabitat-change trajectories to
generate more accurate predictions for the impacts of different man-
agement options to foster the conservation of local plant diversity.

Methods
Vegetation data
Rawvegetation data consisted of 429,917 vegetation-plot observations
from 119,964 permanent and semi-permanent vegetation plots; the
latter ones were not permanently marked but resampled in proximate
and representative plant communities. Time series of vegetation-plot
datawere collected and curatedby theReSurveyEurope initiative33 and
accessed via the European Vegetation Archive87 on April 4th, 2024
(project no. 200, databases listed in Supplementary Data 9).
Vegetation-plot data were exported as species-level percentage cover
values of vascular plant species in one or multiple vegetation layers,
depending on the raw data submitted to ReSurveyEurope. To guar-
antee consistent analyses over homogeneous data structures, we
excluded plots that were experimentally manipulated for research
purposes but kept all plots that were regularly mown or managed
following traditional or regular management practices. We excluded
all vegetation-plot observations that consisted only of species pre-
sence/absence data without species cover information because this
data did not permit the assignment of EUNIS habitat types or the cal-
culation ofmost indices of plant diversity.We further excluded all time
series in which the area of the resurveyed vegetation plot changed by a
factor of more than two because biodiversity patterns and trends are
area-dependent88,89. The filtered dataset included 199,282 vegetation-
plot observations belonging to 57,390 different time series.

Assignment of EUNIS habitat types and habitat-change
trajectories
Using information on species abundances and biogeographic regions,
we applied an automated, expert-based classification system that

assigns vegetation-plot observations to the EUNIS hierarchy of habitat
types90,91. In total, we were able to assign 107,040 vegetation-plot
observations to broadly defined EUNIS level 1 habitat types (53.7%), of
which we could classify a subset of 69,389 vegetation-plot observa-
tions to more narrowly defined EUNIS level 3 habitat types (34.8%).
Vegetation-plot observations that could be assigned tomultiple EUNIS
habitat types or consisted of multiple observations were assigned to
the matching level 1 or level 2 habitat types, e.g., when older plots
could not be exactly re-located so that the re-sampling was conducted
in proximate representative habitats andwith sometimesdifferingplot
numbers so that diversity trends had to be estimated in these so-called
N-to-N relationships of semi-permanent plots. Based on the assigned
EUNIS level 1 and level 3 habitat types during the initial versus the last
observation date, we classified each time series into the following
classes of habitat-change trajectories (see Supplementary Data 3):
stable time series that remained at the same or similar EUNIS level 3
habitat type, successional time series that were characterized by a
change in EUNIS habitat type that implied an increase in biomass and/
or habitat complexity, disturbed time series thatwere characterizedby
decreasing biomass and/or habitat complexity due to natural or
human-caused disturbances, other time series for which the observed
shifts in habitat types indicated a shift in land-use or could not be
categorized to the previous three trajectories (e.g., shifts from wet to
dry heath, or shifts from dark taiga to Picea mire forest), and unclas-
sifiable time series that includedall timeseries forwhich the initial and/
or last observation could not be assigned to a EUNIS level 3
habitat type.

Taxonomic harmonization
Within each time series, we checked for potential name mismatches,
which we defined as taxa observations that had different names or
were split into multiple taxa in subsequent vegetation-plot observa-
tions but actually referred to the same taxon, e.g., due to different
surveyors, uncertainties in taxondetermination, or altered taxonomies
over time. For this, we compiled all instances where a taxonwas lost or
gained between two consecutive vegetation-plot observations while
other taxaof the samegenuswere still present. In search for systematic
name mismatches, we extracted all losses and gains that occurred in
>40% of a minimum of five vegetation plots located in the same
research site of a given resurvey project. After consultation with the
original data owners, we hand-corrected 24 project- and site-specific
taxon names, totalling 3097 occurrence observations (Supplementary
Table 7). Tobe able to link our taxonnameswith thoseof the TRYPlant
Trait Database39, we matched all taxa to the taxonomic backbone of
the sPlot – Global Vegetation Database, version 4.092 and hand-
corrected 2944 taxon names that could either be matched to syno-
nyms in the sPlot taxonomic backbone, were flagged as synonyms
according to the World Flora Online Database (version 2023.12,93), or
had identifiable spelling mistakes. The obtained matched/corrected
taxa were unified to the species or genus level (when species infor-
mationwas not available), resulting in a total of 4963 taxon nameswith
2,836,096 occurrence observations.

Species-level information
Species functional traits were extracted from a gap-filled dataset that
covered 46 mean trait values (Supplementary Table 1) for 78,278 taxa
(including genus-level trait means). These taxon-level mean values
were calculated from the raw data of the TRY Plant Trait Database,
version 6.039, using Bayesian Hierarchical Probabilistic Matrix Factor-
ization to predict missing values from observed trait records and
phylogenetic relationships94. For our analyses, we log-transformed and
standardized all trait values to have a mean of zero and a variance of
one, and extracted the subset of 3834 taxa that occurred in our time
series of vegetation plots. To reducemulticollinearity among traits, we
visually inspected correlation plots (Supplementary Fig. 11) and the
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first eight principal components that we calculated for the species-by-
trait matrix (with 3834 species rows and 46 traits columns, Supple-
mentary Fig. 12). Based on pairwise-correlations of Pearsons’s r > ±0.6,
we decided to only keep the following 14 log-transformed and stan-
dardized traits for all statistical analyses: plant height and stem dia-
meter (as a proxy for stature); rooting depth, specific root length, and
specific length offine roots (root architecture); leaf carbon-to-nitrogen
ratio, leaf phosphorus content, and leaf dry matter content (leaf phy-
siology); leaf area, leaf thickness, and specific leaf area (leaf archi-
tecture); stem conduit density and stem conduit diameter (hydraulic
strategy); and seed mass (as a proxy for germination and seedling
strategy).

Species phylogenetic relationships were extracted from the phy-
logenetic backbone of the sPlot database, version 3.020,95—a super tree
based on the Open Tree of Life40 with 589 additional species on 634
nodes that sum up to 7857 species. Taxa that were not resolved by the
phylogenies of origin were bound to the most recent common
ancestor if the genus includedmore than one species, or to half of the
terminal level of a sister species if only one species was available in the
focal genus. The obtained phylogenetic backbone for our time series
of vegetation plots covered 4684 taxa (95.1%, see Supplemen-
tary Data 2).

Species threat status was extracted in binary form (“threatened”
versus “not threatened”) from a harmonized, static compilation of the
European Red List and the National Red List Project (www.
nationalredlist.org96,97). We classified species as “threatened” when
they were listed as Critically Endangered (CR), Endangered (EN), Vul-
nerable (VU), Possibly Extinct (PE), Possibly Extinct in theWild (PEW), or
other similar threat levels that were difficult to match to an IUCN cate-
gory (e.g., Rare, Nationally Critical, Sparse, Declining, etc.), but were
clearly indicative of a “threatened” status. We classified species as “not
threatened”when they were either not listed in the Red Lists or listed as
Near Threatened (NT) or Least Concern (LC), according to the IUCN
classifications. For our analyses, we classified species as Red List species
if theywere classified as “threatened” on either the EuropeanRed List or
on the national Red Lists of the country inwhich the vegetation plotwas
situated.

For each species, the origin in Europe was assessed following
delimitation in the FloraVeg.EU database42. All plant species that are
native to at least part of Europe were considered native. Species
introduced intentionally or unintentionally by humans to Europe from
other continents were considered non-native plants.

Species-specific relative niche width was calculated as a proxy for
habitat specialization. A co-occurrence-based approach from Fridley43

was applied following the basic assumption that habitat generalists
should co-occurwith a larger number of species than specialist species
that are restricted to a limited set of habitats and co-occurring species.
To obtain representative estimates, we restricted all niche width cal-
culations to species with ≥50 plot occurrences ( = 1995 species). For
each species, we randomly selected a subset of 20 vegetation-plot
observations from different time series and calculated the multiple
Simpsondissimilarity index45, which is independent of species richness
and nestedness, meaning that plant communities with fewer but the
same species are considered to be compositionally similar. To obtain
representative estimates, this random selection and calculation were
repeated 100 times for each species, and the niche width was then
quantified as the mean value of the resulting 100 multiple Simpson
dissimilarity values. The obtained species-specific niche width esti-
mates ranged from 0.7 to 0.98 (Supplementary Fig. 13), and we clas-
sified all specieswith the lowest 10%of values as habitat-specialists and
all species with the highest 10% of values as habitat-generalists.

Community-level diversity indices
As species could be recorded in different vegetation layers of the same
vegetation plot, we first calculated the summed cover for each species

across all layers, using equation six from Fischer98—shown in Fig. 1.
With these taxon-level cover values, we calculated several community-
level indices of plant diversity (Fig. 1). Vegetation cover was quantified
as the proportion of plot area that was covered by vegetation (under
consideration of overlaps among co-occurring taxa98). Taxonomic
diversity was quantified by the number and evenness in cover of co-
occurring taxa. Functional diversity was quantified as functional rich-
ness, functional evenness, and functional divergence of the selected 14
traits (all normalized to unit variance99–103). Since these functional
diversity indices are known to be sensitive to the completeness of the
available trait data104, we only calculated them for vegetation-plot
observations for which the summed cover of all plants with trait data
available was ≥80% of the total vegetation cover. Phylogenetic diver-
sity was quantified as the sum of branch lengths from phylogenetic
trees that were pruned to the level of vegetation-plot observations
(Faith’s phylogenetic diversity), mean pairwise phylogenetic distance,
and mean nearest taxon distance. Phylogenetic diversity indices were
only calculated for those vegetation-plot observations for which we
had the phylogenetic relationships for all co-occurring taxa in the
respective observation. For the subset of “threatened”, “specialist”,
and ”generalist” species, we calculated the summed cover and species
richness using the same methods applied to the entire plant commu-
nity. To account for shifts in species with “intermediate” niche width,
we supplemented the “specialist” and “generalist” values with the
community-weighted mean niche width, which we calculated from
species’ relative cover and only for vegetation-plot observations for
which we had niche width estimates for species that together covered
≥80% of total plant cover.

Time series-specific trends in diversity indices
For each time series, i.e., for each set of vegetation-plot observations,
we used separate ordinary least square regressions for each biodi-
versity index to calculate (1) the time series-specific annual percentage
change and (2) the time series-specific annual change in the original
unit of each biodiversity index. Time series-specific annual percentage
changeswere quantified by regression slopes between the observation
year and the logarithm of the focal diversity index—to whichwe added
a constant value of 0.5 in the case of the number of Red List, non-
native, specialist, and generalist species. The obtained regression
slopes were transformed to percentage values with eslope � 1

� �
*100:

Time series-specific annual changes in original units of the focal
diversity indices were quantified by regression slopes between the
observation year and the original values of the focal diversity index.

For time series with only two vegetation-plot observations (i.e., a
baseline observation and a single resurvey), the obtained regression
slopes quantified the time series-specific relative and absolute change
in diversity values, divided by the timespan between the two obser-
vations (in years). For time series withmore observations, the resulting
regression slopes quantified the time series-specific relative and
absolute annual change in the biodiversity value. Time series-specific
diversity trends could cover multiple vegetation plots, e.g., in the case
of N-to-N relationships from semi-permanent resurvey plots for which
one or more original vegetation plots were resurveyed with several
newplots in proximate locations in the samehabitat insteadof specific
plot locations33.

Average trends in local plant diversity
For each diversity index, we used linearmodels to estimate twometrics
ofweightedbiodiversity trends. (1) Average annual percentage changes
synthesized diversity trends across all time series; each one con-
tributing according to the logarithm of the number of observations (to
upweight the impact of time series with many observations). (2)
Balanced annual percentage changes synthesized diversity trends
across all EUNIS level 3 habitat types; each time series being assigned
with a weight that guaranteed equal impact of each habitat type. For

Article https://doi.org/10.1038/s41467-026-72112-5

Nature Communications | (2026)17:4208 10

http://www.nationalredlist.org
http://www.nationalredlist.org
www.nature.com/naturecommunications


this analysis, we excluded all time series from EUNIS level 3 habitat
types with fewer than ten time series in our dataset. Significance of
weightedbiodiversity trendswasdetermined fromWald-approximated
95% confidence intervals (estimate ± 1.96 × standard error).

We conducted additional sensitivity analyses to test how the
average and balanced annual percentage changes could have been
affected by differences in resurvey design. For this, we re-calculated
the weighted linear models for the average and balanced trends of
each diversity index—but added the following two variables as fixed
effects: (1) the type of resurvey design (semi-permanent versus per-
manent) and (2) the time series-specific relative change in plot size
between the baseline and the last resurvey observation.

To test for differences in biodiversity trends before and after the
year 2000, we separated all vegetation-plot observations into two
groups (also within individual time series): (1) observations conducted
before 2000 and (2) observations conducted after 2000. For each
group, we re-calculated and tested the significance of average annual
percentage changes analogue to the complete dataset. Differences in
average annual percentage changes between the two groups were
tested with weighted t-test with an analogue weighting scheme, i.e.,
with each time series-specific trend being weighted according to the
logarithm of the number of observations. Due to data limitations,
these comparisons between pre- versus post-2000 time series could
only be conducted for the subset of time series that were classified as
EUNIS level 1 grassland, shrubland, or forest habitats.

Specificity of local biodiversity trends
Separately for each combination of EUNIS level 1 habitat type and
biodiversity index, we applied linear model-based dominance
analyses105,106 to calculate the predictive power of the following four
variables to explain the observed variation in annual percentage
changes: the type of EUNIS level 3 habitat, the type of habitat-change
trajectory (“stable”, “succession”, or “disturbance”), the interaction
among habitat type and habitat-change trajectory, and the year of the
last observation. To avoid bias from low sample sizes, we restricted all
dominance analyses to those combinations of EUNIS level 1 habitat
type and biodiversity index that had ≥2 different EUNIS level 3 habitat
types, eachwith ≥2 different habitat-change trajectories, eachwith ≥10
time series (i.e., a minimum of 2 × 2 × 10 = 40 time series).

For each combination of diversity index, EUNIS level 1 habitat
type, and habitat-change trajectory, we applied linear regression to
estimate the specific average annual percentage change; with each
time series contributed according to the logarithm of the number of
observations (to upweight the impact of time series with many
observations). Significance of weighted biodiversity trends was (ana-
logue to average diversity trends) determined from Wald-
approximated 95% confidence intervals.

Trends in European gamma diversity
To quantify the trends in European gamma diversity (i.e., in the
cumulative number of unique taxa per EUNIS level 1 habitat type and
habitat-change trajectory), we had tomake sure that our analyses were
not biased by different numbers of vegetation-plot observations at
different timepoints. Thismight occur as a result of different numbers
of time series in a given time period or N-to-N relationships (see
above). To achieve this, we calculated the differences in gamma
diversity between all possible pairs of decades (e.g., 1920–1929 versus
1930–1939). For each pair of decades, we selected those vegetation
plots that had observations in both decades. When a time series had
more than one observation in the same decade, we kept only the first
observation in the earlier decade and the last observation in the later
decade. For each pair of decades, we calculated the difference in
gamma diversity, i.e., the difference in the number of uniquely recor-
ded taxa across all vegetation-plot observations, divided by the tem-
poral distance (in decades). Across all decadal trends in gamma

diversity, we determined the significance of the average gamma
diversity trends with a t test (at p < 0.05), and we determined the sig-
nificance of positive versus negative gamma diversity trends with a
binomial test (at p < 0.05).

Software
All analyses were conducted in R107 using the following packages:
dominance analyses were calculated with dominanceanalysis108, func-
tional diversity and phylogenetic diversity indiceswere calculatedwith
FD and picante103,109,110, graphical representations were plotted with
data.tree, ggplot2, ggalluvial, ggh4x, andnetworkD3111–116, linearmixed-
effects models were calculated with lme4117, map data were
retrieved with rnaturalearth118,119, principal component analyses were
calculated with FactoMineR120, weighted t-tests were calculated with
weights121, and the World Flora Online database was handled with
WorldFlora93,122.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Thedata generated in this study, i.e. time series-specific linear trends in
all biodiversity indices, expressed in annual percentage changes and in
absolute units, are openly available at the data repository of the Ger-
man Centre for Integrated Biodiversity Research (iDiv) Halle-Jena-
Leipzig (idata.idiv.de/ddm/Data/ShowData/3611, https://doi.org/10.
25829/idiv.3611-rgwa69). Raw vegetation data cannot be made
openly available as they belong to the owners and custodians of each
vegetation database—but canbe requested at the European Vegetation
Archive123. Individual vegetation databases for this study are listed in
Supplementary Data 9. Plant trait data can be downloaded from the
website of the TRY plant trait database (www.try-db.org). Phylogenetic
data can be downloaded from the website of the Open Tree of Life
(tree.opentreeoflife.org). Classification into native and non-native
species is openly available at the FloraVeg.EU database42. Red List
data was downloaded from github.com/istaude/european-redlist-
synthesis. A harmonized version can be requested from LauraMéndez
(laura.mendez@ufz.de).

Code availability
The R-code generated to harmonize taxa names, filter vegetation-time
series data, calculate biodiversity indices, and analyse the general and
specific trends in local plant diversity is openly available at github.
com/StephanKambach/Local_trends_in_plant_diversity (zenodo.org,
https://doi.org/10.5281/zenodo.18875713).
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