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Ellenberg-type indicator values for European plants

Abstract

Aims: Ellenberg-type indicator values are expert-based rankings of plant species according to their
ecological optima on main environmental gradients. Here we extend the indicator-value system proposed
by Heinz Ellenberg and co-authors for Central Europe by incorporating compatible systems developed for
other European regions and creating a harmonized dataset of indicator values applicable at the European

scale.

Methods: We collected European datasets of indicator values for vascular plants and selected 13 datasets

that used the nine-, ten- or twelve-step scales defined by Ellenberg for light, temperature, moisture,



114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

reaction, nutrients and salinity. We compared these values with the original Ellenberg values and used
those that showed consistent trends in regression slope and coefficient of determination. We calculated
the average value for each combination of species and indicator value from these datasets. based on
species co-occurrences in European vegetation plots, we also calculated new values for species that were

not assigned an indicator value.

Results: We provide a new dataset of Ellenberg-type indicator values for 8,908 European vascular plant
species (8,168 for light, 7,400 for temperature, 8,030 for moisture, 7,282 for reaction, 7,193 for nutrients

and 7,507 for salinity), of which 398 species have been newly assigned to at least one indicator value.

Conclusions: The newly introduced indicator values are compatible with the original Ellenberg values.
They can be used for large-scale studies of the European flora and vegetation or for gap-filling in

regional datasets. The

European values and the original and taxonomically harmonized regional datasets of Ellenberg-type

indicator values are available in Supplementary Information and the Zenodo repository.

Introduction

Bioindication of abiotic site conditions from environmental relationships of plant species has a long
tradition (Cajander, 1926; Iversen, 1936). Seminal work was done by the German vegetation ecologist
Heinz Ellenberg, who published a comprehensive dataset of indicator values for plant species (Ellenberg,
1974). These values were based on field observations and partly also measurements, mainly from
Germany. Ellenberg defined indicator values for seven abiotic environmental variables: light,
temperature, continentality, moisture, soil reaction, nutrient (nitrogen) content, and salinity. While the
first three variables relate mainly to above-ground conditions, the last four describe substrate conditions
(soil or water). Ellenberg originally defined indicator values for nitrogen content, but later studies

suggested that they rather reflect general soil fertility, such as the combined availability of both nitrogen



138  and phosphorus (Boller-Elmer, 1977; Briemle, 1986; Hill & Carey, 1997). Therefore, Ellenberg’s original

139 nitrogen values are nowadays more often called nutrient values (Ellenberg et al. 1992).

140  Ellenberg indicator values were defined on ordinal scales that characterize the relative position of the
141  centroid of a species’ realized one-dimensional niche related to the respective environmental variable. A
142  low value corresponds to the position of the species optimum towards the lower end of the environmental
143  gradient and, respectively, towards the higher end of the gradient for a high value. For example, low

144 values of the light value are assigned to shade-tolerant species, whereas high values are assigned to

145  species that occur in full light.

146  Ellenberg’s system was inspired in part by the ideas of Cajander (1926), who used associations of plant
147  species to evaluate forest types and productivity, and Iversen (1936), who arranged plants into response
148  groups to environmental variables relevant to plant growth. However, Ellenberg (1948, 1950, 1952) was
149  the first to use numerical codes instead of verbally defined levels of environmental gradients. Ellenberg
150 (1948) also proposed using these codes to calculate community means based on simple species presence,
151  or weighted values based on abundance (i.e., percentage cover in the plot). Subsequently, other authors
152  (e.g., Zoélyomi et al., 1967; Zlatnik et al., 1970) adopted Ellenberg’s concept of bioindication by creating
153  regional systems of indicator values for other parts of Europe. Not only vascular plants but later also
154  bryophytes and lichens were characterized by indicator values following the same system (Ellenberg et

155  al, 1992).

156  Repeatedly updated and refined, Ellenberg indicator values (Ellenberg et al., 1992, 2001; Ellenberg &
157  Leuschner, 2010) are a widely used tool for rapid estimation of environmental conditions without direct
158  measurements (Diekmann, 2003; Holtland et al., 2010). In the Web of Science database, 907 articles with
159  the keywords (including words used in abstracts) ‘Ellenberg’ AND ‘Indicator’ were registered between 1
160  January 1974 and 30 June 2022, indicating their importance to plant ecologists. Several studies found a
161  good agreement between community means (weighted or non-weighted) calculated from Ellenberg

162 indicator values and values of environmental variables measured in situ (Ellenberg et al., 1992;
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Herzberger & Karrer, 1992; Hill & Carey, 1997; Ertsen et al., 1998; Schaffers & Sykora, 2000; Wamelink
et al., 2002; Diekmann, 2003; Chytry et al., 2009; Sicuriello et al., 2014). Some authors also discussed the
consistency of indicator values between different geographical areas (Diekmann & Lawesson, 1999;
Gégout & Krizova, 2003; Godefroid & Dana, 2007; Wasof et al., 2013). Because Ellenberg’s original
dataset focused on plants occurring in the western part of Central Europe, other authors proposed
indicator values for other European regions. These datasets included many species that were missing from
Ellenberg’s original dataset and often contained different values for the same species, reflecting shifted
optima of their realized niches between regions (e.g. Landolt, 1977; Tsyganov, 1983; Jurko, 1990; Karrer,
1992; Borhidi, 1995; Mayor Ldpez, 1996; Bohling et al., 2002; Zarzycki et al., 2002; Hill et al., 2004;
Pignatti, 2005; Landolt et al., 2010; Didukh, 2011; Chytry et al., 2018; Domina et al., 2018; Guarino &
La Rosa, 2019; Jiménez-Alfaro et al., 2021). Specialized datasets of indicator values for species limited to
a specific habitat type but covering large areas were also created (e.g. Hajek et al., 2020 — mires; Dité et

al., 2022 — saline habitats).

The increasing number of synthetic and macroecological studies on European vegetation, catalyzed by the
launch of the European database of vegetation plots (European Vegetation Archive, EVA; Chytry et al.,
2016), require a coherent system of species-level indicator values. Although regional systems of indicator
values have been widely used for a long time, no consensual system of indicator values for European
plants has been developed so far. Therefore, we have compiled a harmonized dataset of vascular plant
indicator values for light, temperature, moisture, soil (or water) reaction (related to base saturation),
nutrients (site productivity), and salinity suitable for a large part of Europe, using the same numerical
scales as defined by Ellenberg. In this article, we describe the content of the new dataset and the methods

used to compile it.

Methods
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We compiled a database of thirteen published European datasets of indicator values for vascular plant
species defined on the same nine-degree scale (or ten-degree scale for salinity and twelve-degree scale for
moisture) as the original Ellenberg indicator values (Ellenberg et al., 1992, 2001). We refer to these
datasets as Ellenberg-type indicator values. Datasets with scales containing a lower number of degrees,
i.e., with a coarser resolution, were not included. If the scale had a higher number of degrees than nine (or
ten for salinity or twelve for moisture), we accepted it, provided that: (1) the additional degrees
represented an extension of the environmental gradient, while the other degrees retained the same
meaning as in the original Ellenberg dataset (e.g. extending the nine-degree temperature scale originally
defined for Central Europe to twelve degrees to reflect Mediterranean conditions; Pignatti, 2005) or (2)
the additional degrees represented intermediate values on the nine- or twelve-degree scale (e.g. the 17-
degree temperature scale and the 23-degree moisture scale in Didukh, 2011). We considered only datasets
based entirely or largely on expert knowledge, and excluded those based on values re-calculated from
vegetation plots without expert-based assessment of values for individual species (e.g. Lawesson et al.,

2003 for the Faroe Islands).

The thirteen indicator-value datasets that met the above conditions included: Great Britain (Hill et al.,
2000); the Cantabrian Mountains in Spain (Jiménez-Alfaro et al., 2021); France (Julve, 2015);
Switzerland and the Alps (Landolt et al., 2010; temperature values only, as the other values use coarser
scales than Ellenberg); Germany (Ellenberg et al., 2001, taken from Ellenberg & Leuschner, 2010); Czech
Republic (Chytry et al., 2018); Austria (Karrer, 1992); Hungary (Borhidi, 1995); Ukraine (Didukh, 2011;
only the light, temperature and moisture values, as the others cannot be matched to the Ellenberg scales);
Italy (Guarino & La Rosa, 2019, a corrected version prepared by R. Guarino for this study); South
Aegean region of Greece (Bohling et al., 2002); European mires (Hajek et al., 2020); and saline habitats
in Central Europe (Dité et al., 2022). The scales of these thirteen datasets had twelve degrees for moisture

and some of them also for temperature, ten degrees for salinity and nine degrees for the other values.
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Therefore, we integrated the datasets using twelve-degree scales for temperature and moisture, a ten-

degree scale for salinity and nine-degree scales for light, reaction and nutrients.

We did not include the indicator values for continentality because they are based on species geographical
ranges. Continentality values may have an ambiguous meaning at the local scale since they may correlate
with different factors, including seasonal differences in temperature and precipitation, diurnal differences
in temperature, annual minimum temperatures and drought. Moreover, Berg et al. (2017) identified
methodological weaknesses in the original Ellenberg approach to continentality values, proposed an

improved protocol for their compilation, and defined new formally-verified values.

We unified the taxonomy and nomenclature of all vascular plant taxa across the thirteen datasets
according to the Euro+Med PlantBase (http://europlusmed.org). We merged subspecies, varieties and
forms at the species level and removed hybrids and rare alien species (mostly casual neophytes;
Richardson et al., 2000). We also merged as ‘aggregates’ those taxonomically related species that are
difficult to identify and, therefore, are often misidentified or not identified at all, such as species of the
Achillea millefolium group in the Achillea millefolium aggr. The aggregates used were those defined in
the Euro+Med PlantBase (Euro+Med, 2021) and the EUNIS-ESy expert system for EUNIS Habitat
Classification (Chytry et al., 2020). For infraspecific taxa within the same species or species within the
same aggregate, we used their arithmetic mean as the indicator value for the species or aggregate to
equally weight the indicator values of species in all datasets where the species occurs. In addition, we also
calculated the median, minimum, and maximum. Some databases provided indicator values for both
individual species and aggregates of species. Although some of these aggregates are not regularly used in
vegetation science and do not fit the concept of Euro+Med and EUNIS, we kept them on the list to avoid

losing information.

The new system of indicator values was prepared by calculating the arithmetic mean for each
combination of species and environmental variable across all compatible regional datasets in which an

indicator value was defined for the target species. As a first step, we tested whether the indicator values of
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each of the twelve datasets (other than the original Ellenberg dataset) were compatible with the Ellenberg
values. We conducted two comparisons. For the first one, we tested a direct pairwise relationship between
the original Ellenberg values (independent variable) for individual species (Ellenberg & Leuschner, 2010)
and values for the same species in a different dataset (dependent variable; species-based regression). For
the second comparison, we used vegetation plots from the EVA database (Chytry et al., 2016) to calculate
the unweighted means of the original Ellenberg values (independent variable) and indicator values from
the other 12 datasets (dependent variable; plot-based regression). A total of 1,790,582 vegetation plots
covering a wide range of vegetation types from across Europe were available for this approach. The
Russian Federation, Georgia, Armenia, and Azerbaijan were not included due to their peripheral
biogeographical location, lack of indicator-value datasets compatible with Ellenberg scales, and low
density of plots in the EVA database. Species nomenclature was unified in the same way as in the
indicator-value databases (see above). We selected only vegetation plots that contained at least five
species with indicator values, both from the original Ellenberg dataset and from other indicator-value
datasets, resulting in 622,402 plots for light indicator values, 413,832 for temperature, 615,301 for

moisture, 490,617 for reaction, 575,406 for nutrients and 673,141 for salinity.

Based on the regression analyses described above, we selected datasets that showed consistent trends in
both the direct species-based and indirect plot-based regressions against the original Ellenberg indicator
values. In order to compare these trends, we selected two regression characteristics: (a) the coefficient of
determination (R?), which shows the amount of variation in the dependent variable that is explained by
the regression. However, the same R? can be obtained with vastly different slopes. Therefore, we also
adopted (b) the second criterion of the slope, which mainly indicates differences at the ends (extremes) of
the indicator value range. Based on the empirical assessment of the regression results, we selected only
indicator values for which the regression slope was within the range from 0.5 to 1.2 and R? was higher
than 0.5. The only exception was the salinity dataset for Central Europe (Dité et al., 2022), which, in

contrast to Ellenberg salinity values, did not include any non-halophytic species.
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When different indicator values occurred in different datasets for the same species and the same
environmental variable, we calculated the mean of these values. If the difference between the minimum
and maximum values across all original taxa that were merged into the same species or aggregate was
more than three indicator value units across all datasets, and the range crossed the central value (i.e. a
value of 5 for the 9-degree scales and a value of 6.5 for the 12-degree scales), we reported no indicator
value. The condition of crossing the central degree filtered out generalist species occurring under
intermediate conditions, while preserving values for species occurring under more extreme conditions.
All indicator values resulting from either the averaging or median calculation that had more than one

decimal place were rounded to one decimal place.

To assign indicator values to species for which indicator values were not available in any of the datasets
but which occurred in at least 50 EVA vegetation plots, we used the method described by Chytry et al.
(2018). First, for each of these target species, we searched for the set of other species that had the most
similar occurrence pattern across EVA plots. We measured the degree of co-occurrence of species pairs
using the phi coefficient of association (Sokal & Rohlf, 1995). For each species with no indicator value,
we listed all species with an indicator value that had a similar occurrence pattern (interspecific association
of phi > 0.1). If there were at least five such species, we calculated the mean (rounded to one decimal
place) of their indicator values and assigned it as the indicator value for the target species with no
indicator value. If more than 20 species met these conditions, we considered only the 20 species with the

highest phi value. If there were fewer than five such species, no new indicator values were calculated.

Mean indicator values always have a narrower range than the original scale of indicator values (see Hill et
al., 2000), which reduces the compatibility between the newly calculated and original indicator values. To
standardize the range of indicator values for species with newly-calculated values, we first calculated
indicator values for species that occurred in at least one dataset of indicator values and for which we knew
the original indicator values in the regional datasets. For a set of these species, we calculated a linear

regression between the values estimated from species co-occurrence (independent variable) and average
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indicator values from the regional datasets (dependent variable). Then we used the formula of the
regression line to adjust indicator values for species with values estimated only from species co-
occurrence, i.e., those for which indicator values were not previously available.

Any subjective adjustment of indicator values was avoided. However, indicator values for obligatory
epiphytic hemiparasites germinating on trees (Arceuthobium, Loranthus and Viscum) were not included in
the final list in the case of nutrients, reaction and salinity.

We tested the validity of the harmonized indicator values using an example of indicator values for
temperature by regressing them on an independent source of gridded temperature data. We calculated
unweighted community-mean temperature indicator values across species in each EVA plot that
contained at least five species (413,832 plots) and related them to modeled mean summer temperatures
from the Chelsa database (Karger et al., 2017; bio10 — daily mean air temperatures of the warmest quarter
for the period of 1981-2010). Data processing and analyses were performed using the programs JUICE v.

7.1 (Tichy, 2002) and R v. 4.0.3 (R Core Team, 2022).

Results

Of the 12 Ellenberg-type indicator-value datasets (i.e., excluding the original Ellenberg dataset), 11 were
found to be at least partially compatible with the original Ellenberg dataset (Table 1, Appendix S1) after
being tested with species-based regression and plot-based regression (Appendix S2). Outlier datasets that
did not meet our compatibility conditions were excluded from further analyses. Indicator values for the
Cantabrian Mountains were excluded entirely. For the Southern Aegean dataset, we retained the indicator
values for moisture and salinity, but excluded the other values for lack of compatibility. For the Ukrainian
dataset, we retained the indicator values for light and moisture, but excluded temperature (thermal climate

or thermoregime).
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Table 1. Regional datasets of Ellenberg-type indicator values used as a potential source for the European
dataset. Numbers are given where indicator values are present in the source dataset and were considered
for the calculation. The numbers are, in turn, counts of species or aggregates (after nomenclature
standardization) with indicator values. ‘NA’ (not accepted) — the indicator value exists, and the authors
declared that it follows the Ellenberg concept, but it did not meet our compatibility criteria and was
excluded from further analyses. ‘NC’ (not considered) — indicator value exists, but its concept or scale
differs from Ellenberg indicator values. ‘—‘— indicator value does not exist in the source dataset.

Information on the percentage distribution of indicator values across three indicator value ranges within

each dataset is provided in Appendix S1.

Source Light Temperature Moisture Reaction Nutrients Salinity
Ellenberg & Leuschner

Germany 2010) g 2478 2101 2407 3778 2315 2495

Austria Karrer (1992) 1006 724 938 1198 855 1000

Cantabrian Range Jiménez-Alfaro et al. (2021)

Czech Republic Chytry et al. (2018) 2191 2194 2194 2192 2192 2194

European mires Héjek et al. (2020) 1479

France Julve (2015) 3815 3763 3750 3758 3764 3792

Great Britain Hill et al. (2000) 1684 1684 1684 1684 1684

South Aegean Bohling et al. (2002) 1831 1922

Hungary Borhidi (1995) 2028 2028 2028 2026 2028 2028

Italy Guarino & La Rosa (2019) 5136 4985 5092 4869 5049 5121

Saline habitats Dité et al. (2022) 335

Switzerland Landolt et al. (2010) 4380

Ukraine Didukh (2011) 2877 2895

FINAL 8168 7400 8030 7282 7193 7507

The final dataset contained 8,908 European vascular plant species with at least one indicator value
Indicator values defined for all six environmental variables were defined for 5,398 species. At least one
indicator value was newly assigned for 398 species that were not listed in any regional dataset.
Correlation matrix, histograms, and the relative frequency of indicator values for species or mean
indicator values for vegetation plots with the relationship between each combination of the environmental

variables was shown in Fig. 2 and 3.



326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

The set of 1,790,582 vegetation plots from the EVA database contained 11,161 species of vascular plants
after standardizing the nomenclature. Of these, 7,918 (70.9%) had at least one indicator value derived

from at least one of the 12 retained datasets or estimated from species co-occurrences. The new indicator
values were defined mainly for frequent species. Therefore, at least one indicator value was available for

99.7% of all species occurrences in the EVA vegetation plots.

Linear regressions between plot mean values calculated from the new dataset of European values for
temperature and the mean summer temperature from the Chelsa dataset showed a stronger relationship
(R? = 0.49) than regressions calculated from each regional dataset taken individually (Appendix S3).
Community means for temperature values showed negligible differences in slope and coefficient of
determination when calculated with or without the the species for which the value is derived from the

EVA-based estimations.

Discussion

We created an extensive dataset of indicator values for six main environmental variables that affect plant
distribution and community composition under natural conditions. This dataset covers a large part of
Europe and is suitable for European studies of flora and vegetation. Although it does not include all the
European species, it contains most of the widespread and common species, and represents the broadest
harmonized source permitting sound comparisons. Our indicator values were created by mathematically
integrating data from the original Ellenberg values and 11 compatible datasets for other regions in
Europe. In addition, we estimated indicator values for species for which no values had been published,

based on species co-occurrences in vegetation plots from the EVA database.
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Fig. 2: Correlation matrix of community means of Ellenberg-type indicator values for Europe calculated

for EVA vegetation plots. Histograms on the diagonal show the relative frequency of plots for a particular

value along the environmental gradient, boxes below the diagonal show Pearson correlation coefficients

with their significance, and scatter plots above the diagonal how the distribution of vegetation plots in a

pairwise comparison between two corresponding indicators (each black dot represents one vegetation

plot).
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Alternative approaches to calculating Ellenberg-type indicator values from vegetation plots were
proposed by ter Braak & Gremmen (1987) and Hill et al. (2000). They calculated indicator values by
reciprocal averaging of community means of species indicator values from vegetation plots. ter Braak &
Gremmen (1987) also proposed the maximum likelihood method. However, both methods utilized
community means as a source for species’ indicator estimation or correction. Our experience from a
previous study (Chytry et al., 2018) shows that the calculation of indicator values for new species from
community means can be negatively affected by the fact that a few widespread and common generalist
species are found in many plots and represent a relatively high proportion of the total number of species
in individual plots. For example, only 477 out of 11,164 vascular plant species in the selection from the
EVA database used for this study occur in more than 1% of plots. There are many vegetation plots in
which these widespread species are the only species with an indicator value. In the case of temperature,
for instance, this concerns 10.4% of all plots. As a result, some specialized species with missing indicator
values may receive inappropriate values if only the average values for generalist species are used.
Therefore, we suggest using only the values for the most specialized and most similarly distributed
species for calculating new indicator values based on vegetation plots. The advantage of the method used
in this work, as proposed by Chytry et al. (2018), is that it does not average all species in plots, but
assigns missing indicator values based on averaging the values for a limited number of species with the
most similar patterns of co-occurrence. Although this method calculates indicator values only for species
that frequently co-occur with other species that already have indicator values, the calculated values are

more reliable.

Ellenberg (1974) and other authors defined indicator values on ordinal scales, which has sometimes been
criticized (Dierschke, 1994). Ellenberg et al. (2001) argued that at least part of their scales have
equidistant segmentation of the interval scale, which allows calculating community means. ter Braak &
Barendregt (1986) showed that community means calculated from indicator values best estimate

environmental conditions when each indicator value is the centroid of the symmetric (normally
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distributed) species response curve to the given environmental variable. Other authors (Pignatti et al.,
2001; Marceno & Guarino, 2015; Wildi, 2016) have also shown that in large datasets, Ellenberg indicator
values can be evaluated with parametric tests because they tend to be normally distributed. Because many
recent studies have also estimated environmental conditions using community means (e.g. Ahl et al.,
2021; Baumann et al., 2021; Dwyer et al., 2021; Jaroszewicz et al., 2021), we considered all scales of
published indicator values to be interval scales. Differences among published sources were smoothed by
calculating means with decimal precision. The new dataset of indicator values retains the range of the
original Ellenberg scales of nine, ten or twelve degrees, so it is compatible with other datasets defined on

the same scales.

As our indicator-value dataset is prepared for broad-scale analyses, it uses a relatively coarse taxonomic
resolution at the level of species or, in some cases, species aggregates. However, different subspecies of
the same species or different narrowly-defined species within an aggregate may differ substantially in
their ecological requirements for some environmental variables (e.g. Landolt et al., 2010). Therefore, for
some species or aggregates in our dataset, no indicator value was given for some environmental variables.
As a result, only 4,946 (44.3%) of the vascular plant species occurring in the EVA vegetation plots had an
indicator value for all six environmental variables. Another reason for the relatively low number of such
species was that we used only six datasets that contained indicator values for less than six environmental
variables compatible with the Ellenberg scales (Hill et al., 2000; Bohling et al., 2002; Landolt et al., 2010;

Didukh, 2011; Hajek et al., 2020; Dit¢ et al., 2022).

The original Ellenberg values had been estimated primarily by expert knowledge. Cornwell & Grubb
(2003) demonstrated that Ellenberg species values for different environmental conditionsare often not
independent. They found a significant rank correlation for the relationship between nutrients and moisture
(rs=0.362, p = 0.001), which is also found in our harmonized dataset (Fig. 1). Similar trends of the
relationship between environmental factors can be seen in Fig. 2, where we compared unweighted

community means calculated for vegetation plots of the EVA database. The reason of partial
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intercorrelations between indicators for individual species is not so obvious as for community means, in
which the problem is much more evident because the indication of ecological factors is related to exact

site conditions. However, comparing Fig. 1 and Fig. 2, the interpretation of inter-correlations is not trivial.

Independent verification of the validity of our dataset of indicator values in relation to accurately
measured local environmental variables is difficult because there are no standardized measurements of
local conditions at the European scale at the sites where the vegetation was sampled. The only exception
is temperature, which has both local and macroscale components considered in the indicator values.
Therefore, the community mean indicator values can be compared with interpolated data from
temperature measurements at climate stations. Such data represent macroclimate, but Ellenberg (1974)
also derived temperature indicator values from species occurrence in altitudinal belts in Germany and the
Alps. There was a strong relationship between mean summer temperatures from the Chelsa database
(Karger et al., 2017) and community mean temperature indicator values for vegetation plots from the
EVA database. However, we did not account for differences in local conditions, such as slope, aspect and
shading from trees, shrubs and adjacent topographic features, which can affect local temperatures but are
not available for all vegetation plots. Community means calculated from directly assigned indicator
values and those calculated using species co-occurrences showed negligible differences in R? values
(Appendix S3), largely due to the robustness of calculating community means, as also shown in Ewald
(2003). Species with indicator values calculated based on species co-occurrences represented only about

3% of the species in the EVA database, and these were mainly rare species.
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Fig. 3: Europe divided into a grid of 0.6° for latitude and 1° for longitude. Shades of green represent the
density of 413,705 georeferenced vegetation plots from the EVA database that contain at least five
species with indicator value for each environmental variable: light, temperature, moisture, reaction,
nutrients and salinity. The black dotted line defines the approximate area, for which we recommend
using the dataset of indicator values for all environmental variables. The orange dotted line indicates an
additional area where light and moisture values can be safely used, and the blue-dotted line is an

additional area where moisture and salinity values can be safely used.

The 12 regional datasets of species indicator values integrated into our unified dataset cover most of
central and western Europe. However, their reliability decreases with distance from their area of origin
(Herzberger & Karrer, 1992; Englisch & Karrer, 2001; Coudun & Gégout, 2005; Godefroid & Dana,

2007), as some species may change their realized niche or be represented by genotypes adapted to
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different fundamental niches (ecotypic adaptation; Hajkova et al. 2008). For example, the niche width of
some European species increases northward, making Ellenberg indicator values less applicable in
northern Europe (Diekmann, 1995; Hedwall et al., 2019). In contrast, some species shift and narrow their
niche toward the edges of their distribution range (Papuga et al., 2018) relative to their center of
distribution (Englisch & Karrer, 2001). This is consistent with our comparisons of regional datasets,
which showed the largest deviations from the original Ellenberg values for datasets from regions that are
geographically and climatically farthest away from Germany, e.g. the Cantabrian Mountains in Spain
(Jiménez-Alfaro et al., 2021) and the South Aegean region of Greece (Bohling et al., 2002). It is also
likely that local endemics, e.g., in the Cantabrian Mountains and the Aegean region, outcompete species
with broader geographic ranges from a part of the full realized niches of the latter, resulting in a shift of
their environmental requirements and the narrowing of the realized niche. Therefore, we did not (or only
partially) consider these datasets from distant areas. As a result, we consider the new dataset of indicator
values to be mainly representative of Central and Western Europe, and southern and eastern adjacent
biogeographical areas (Fig. 3). For the Mediterranean region, especially for the Iberian Peninsula, Greece,
Turkey and probably also southeastern Ukraine, new systems of ecological indicator values need to be
developed, based on local observations, expert knowledge and careful comparisons with indicator values

already established in other parts of Europe.

Although the primary motivation for our work was to create a dataset of Ellenberg-type indicator values
that can be used for broad-scale international studies of macroecological patterns of the European flora
and vegetation, this dataset can also be used in local studies. Its advantage is that it retains the traditional
Ellenberg scales. Thus, if a local study uses a regional system of Ellenberg-type indicator values from a
nearby region, our harmonized European dataset can be used to add values for species that are missing
from the regional system but occur in the study area. It is likely that most regional systems of indicator
values provide more accurate estimates of site conditions in their region than the European dataset, which

is based on averaging indicator values from different regions. For example, species that behave as



469  generalists on the European scale and thus were not assigned an indicator value in the European dataset
470  may have narrower niches and be good indicators in particular regions. Therefore, it is reasonable to
471  continue to use regional systems of indicator values for local studies in regions where such systems exist.
472  Nevertheless, if local studies from different regions use the European system of indicator values, their
473  results can be directly compared. The next step would be to test the explanatory power of the new

474  indicator values to predict measured climate and soil variables in plots.
475
476  Acknowledgements

477  We thank Cajo ter Braak for helpful comments on the manuscript, Jan Divisek for the first version of the
478  climate data used for testing, and database custodians and all researchers who collected the vegetation-

479  plot data stored in the EVA database.
480
481  Author contributions

482 LT and MC conceived the research idea; IA standardized the nomenclature and prepared the data; RG
483  revised the Italian indicator values; LT proposed analyses and performed all calculations; LT, MC and 1A

484  wrote the text; GM helped visualize the appendices; all authors commented on the manuscript.
485
486  Data availability statement

487  The vegetation-plot data used in this study are stored in the European Vegetation Archive database (EVA;
488  http://euroveg.org/eva-database) under project number 142, product (a). Tables of original indicator
489  values for each region and harmonized indicator values for Europe can be downloaded from the Zenodo

490  repository (https://doi.org/10.5281/zenodo.6984813), where also the future updates will be available.

491


https://doi.org/10.5281/zenodo.6984813

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

Supporting information of the paper

Appendix S1. Percentages of indicator values in regional datasets selected as a potential source for a

harmonized European dataset of indicator values.

Appendix S2. Evaluation of 12 regional systems of ecological indicator values based on their relationship

to Ellenberg indicator values.

Appendix S3. Comparison of mean Ellenberg-type indicator values for temperature calculated for

vegetation plots and mean summer temperature for plot locations obtained from climatic datasets.
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Appendix S1. Percentages of indicator values in regional datasets selected as a potential

source for a harmonized European dataset of indicator values.

Percentages are given where indicator values are present in the source dataset and were included in the
calculation. Three categories (catl, cat2, cat3) express percentages of species (or aggregates, after
nomenclature standardization) in three indicator value ranges — 1.0-3.0; 3.1-6.9; 7.0-9.0 (7.0-12.0 for
temperature and moisture). ‘NA’ (not accepted) — the indicator value exists, and the authors stated that it
follows the Ellenberg concept, but it did not meet our compatibility rules and was excluded from further
analyses. ‘NC’ (not considered) — the indicator value exists, but its concept or scale differs from the

Ellenberg indicator values. ‘—* — the indicator value does not exist in the source dataset.

Source Light Temperature Moisture Reaction Nutrients Salinity
% % % % % %

1-3|3-7|7-9 1-3|3-7|7-12 1-3|3-7|7-12 1-3|3-7|7-9 1-3|3-7|7-9 0-3|3-7|7-9

Germany Ellenberg & Leuschner (2010) 3| 21|76 19| 57 |24 18| 54 |28 7] 57|36 48| 34 |18 98| 1|1

Austria Karrer (1992) 2|24 |74 24| 57 |17 13| 57 |30 6|57 |37 46| 32 |22 97| 2 |1

Cantabrian Range lJiménez-Alfaro et al. (2021)

Czech Republic  Chytry et al. (2018) 3] 27|70 5] 68 |17 19| 55 |36 7] 36 |57 33| 47 |20 98| 1|1

European mires  Hajek et al. (2020) 5] 53 |42

France Julve (2015) 1|17 |82 20| 47 |33 9| 66 |25 9|37 |54 31] 50 |19 90| 6 |4

Great Britain Hill et al. (2000) 1/211|78 10| 58 |32 7] 41 |52 38| 47 |15 97| 3 |0

South Aegean Bohling et al. (2002) 31| 54 |15 96| 3 |1

Hungary Borhidi (1995) 3]124173 2| 58 |40 28| 34 |36 2] 35|63 41| 42 |17 98] 1|1

Italy Guarino & La Rosa (2019) 2|18 |80 14| 38 |48 42| 42 |16 12| 44 |44 52|37 |11 98] 1 |1

Saline habitats Dité et al. (2022) 44|55 |1

Switzerland Landolt et al. (2010) 18] 34 |48

Ukraine Didukh (2011) 1|17 |82 1|77 |22

FINAL 1| 15|84 12| 42 |46 27|59 |14 9] 40 |51 49|43 |8 9%| 3|1
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Appendix S2. Evaluation of 12 regional systems of ecological indicator values based on

their relationship to Ellenberg indicator values
A. Direct comparisons based on species indicator values

Fig. 1A-F: Comparison of regional datasets of indicator values for Austria, Cantabrian Mountains, Czech
Republic, European mires, France, Great Britain, Greece, Hungary, Italy, Saline habitats, Switzerland and
the Alps, and Ukraine with Ellenberg indicator values (Germany; Ellenberg & Leuschner, 2010). Most
values are scaled from 1 to 9, but the range is broader (from 1 to 12) for temperature (Greece and Italy)

and moisture (all datasets).
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B. Indirect comparisons based on mean indicator values for vegetation plots

Fig. 2A-F: The relationships between the unweighted community means for light, temperature, moisture,
reaction, nutrients and salinity calculated for individual vegetation plots using the different regional
systems of indicator values and the original Ellenberg indicator values. The dataset includes 622,402 plots
for light, 413,832 plots for temperature, 615,301 plots for moisture, 490,617 plots for reaction, 575,406
plots for nutrients and 673,141 plots for salinity from the EVA database; calculations were performed

only for plots containing at least five species with the respective indicator value.
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Appendix S3. Comparison of mean Ellenberg-type indicator values for temperature
calculated for vegetation plots and mean summer temperature for plot locations obtained

from climatic datasets.
A. Source datasets.

Fig. 1: Comparisons are based on 364,104 georeferenced plots from the EVA database (subset of the
dataset selected for comparison of unweighted community means for temperature in Appendix S2B) that

contain at least five species with the Temperature indicator value.
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Fig. 2: The dataset included 364,104 georeferenced plots and 8,146 species from the EVA database
similarly as in Appendix S2. (IV) Unweighted community means for temperature were calculated using
5,196 species with temperature indicator value in at least one regional dataset. (I\VV.full) Unweighted

community means for temperature were calculated using 5,553 species with temperature indicator value
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