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Abstract

Aims: Biodiversity is traditionally studied mostly at the species level, but biogeographical and
macroecological studies at higher taxonomic levels can provide valuable insights into the evolutionary
processes at large spatial scales. Our aim was to assess the representation of vascular plant families within

different vegetation formations across Europe.
Location: Europe.

Methods: We used a dataset of 816,005 vegetation plots from the European Vegetation Archive (EVA).
For each plot, we calculated the relative species richness of each plant family as the number of species
belonging to that family divided by the total number of species. We mapped the relative species richness,
averaged across all plots in 50 km x 50 km grid cells, for each family and broad habitat groups: forests,
grasslands, scrub and wetlands. We also calculated the absolute species richness and the Shannon diversity

index for each family.

Results: We produced 522 maps of mean relative species richness for a total of 152 vascular plant families
occurring in forests, grasslands, scrub and wetlands. We found distinct spatial patterns for many
combinations of families and habitat groups. The resulting series of 522 maps has been made freely

available, both as images and GIS layers.

Conclusions: The distinct spatial patterns revealed in the maps suggest that the relative species richness of
plant families at the community level reflects the evolutionary history of individual families. We believe
that the maps and associated data can inspire further biogeographical and macroecological studies and

strengthen the ongoing integration of phylogenetic, functional and taxonomic diversity concepts.

Keywords

biodiversity, Europe, European Vegetation Archive (EVA), family-level taxonomy, macroecology, map,

plant community, relative species richness, vascular plant family, vegetation
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Introduction

The recent accumulation of biodiversity data (e.g. Dornelas et al., 2018; Bruelheide et al., 2019; Konig et
al., 2019) and the development of new analytical techniques (e.g. Webb et al., 2008; Rabosky et al., 2014;
Chytry et al., 2020) has drawn considerable attention from scientists and practitioners to other taxonomic
and phylogenetic levels of biodiversity beyond the traditional species level. For instance, the evolutionary
relationships among species within ecological communities (e.g. Webb et al., 2002; Lososova et al., 2015,
2021) or the historical biogeography of phylogenetic lineages (e.g. Chacon et al., 2017; Jin et al., 2020)
have become prominent topics in current biodiversity research. The recently assembled vegetation-plot
databases with continental or global coverage (Chytry et al., 2016; Dengler et al., 2018; Bruelheide et al.,
2019) provide excellent opportunities to link high-quality community-ecology data with phylogenies and
functional traits (e.g. Bruelheide et al., 2018). Integrating community ecology, phylogenetics, historical
biogeography and global-change research has been suggested as a promising way to (i) increase our
understanding of community assembly rules (Webb et al., 2002; Cavender-Bares et al., 2009); (ii) forecast
changes in diversity and dynamics of communities (e.g. Manning et al., 2015); and (iii) explain broad-scale
biodiversity patterns (Donoghue, 2008; Beck et al., 2012). This knowledge may be of critical importance
also for policy-making and setting conservation priorities, especially in the context of the current global

biodiversity crisis (IPBES, 2019; European Commission, 2019).

Families, more than other taxonomic levels in the tree of life of plants, have been traditionally used by
botanists and ecologists to group taxa based on their common characteristics (e.g. Cronquist, 1968).
Recently, the family level received a considerable interest in ecological and biogeographical research
(Laiolo et al., 2020). First, studies exploring the phylogenetic structure of communities across large areas or
multiple habitat types often rely on family-level phylogenies as a backbone (e.g. Power et al., 2017; Qian et
al., 2017). This is mainly due to the lack of gene sequences for many species, which does not allow
producing genus-level phylogenies for extensive species lists (Qian & Zhang, 2014). Second, various
biogeographical and ecological aspects of individual plant families have been studied comprehensively,
often emphasizing the dispersal and migration pathways resulting in the current distribution patterns (e.g.
Chen et al., 2014; Chacon et al., 2017; Sainge et al., 2017; Jin et al., 2020). Third, higher-level taxonomy
including the family level provides a relevant interpretation framework for the studies of plant functional
traits (e.g. plant height, specific leaf area or seed mass). Such studies often focus on the phylogenetic
community structure, exploring the extent to which these traits are phylogenetically conserved or

convergent (Cavender-Bares et al., 2009).

The aforementioned studies indicate an increasing need to understand the distribution of plant taxa above

the species level. One way to accommodate this is by examining patterns of species richness within plant

This article is protected by copyright. All rights reserved



families in different habitat types across large spatial extents (e.g. Pausas & Lamont, 2018). For Europe, no
distribution maps of vascular plant families have yet been published (except for Malyshev, 1972 covering
only the European part of the former USSR). The maps in Atlas Florae Europaecae (AFE; Jalas &
Suominen, 1972-1994; Jalas et al., 1996, 1999; Kurtto et al., 2004, 2007, 2010, 2013, 2018) currently
cover 4,664 species and subspecies of vascular plants from 79 families, which is only about 25% of the
total European flora. The most complete occurrence data for families can be obtained by the aggregation of
lower-level taxa from the Global Biodiversity Information Facility (GBIF, 2020). However, this database is
highly spatially biased (Meyer et al., 2016). Moreover, neither AFE nor GBIF provides co-occurrence data
at the level of local plant communities that would allow separate analyses for individual habitat or

vegetation types.

The information on the proportion of species of individual plant families in a given community (i.e., the
relative species richness per family) may be essential, for example, for the interpretation of the patterns of
phylogenetic diversity of plant communities explored over large spatial extents (Padullés Cubino et al.,
2021). The patterns of species richness in the geographical space differ among habitat types with different
ecology, land use and biogeographical history (Divisek & Chytry, 2018; Veceta et al., 2019) which may
translate into the patterns of species richness within and across families. Consequently, we expect the
patterns of relative species richness of individual families in the European vegetation to reflect
biogeographical processes. In particular, assuming niche conservatism (Wiens & Donoghue, 2004; Wiens
et al., 2010), a family may be better represented in habitats or geographical regions characterized by

environmental conditions similar to those under which their ancestors evolved and persist.

In this study, we (i) provide the first maps of relative species richness of vascular plant families across
Europe, (ii) identify regions with high or low relative species richness of individual families, and (iii)
compare the family-richness patterns among four major terrestrial vegetation formations: forests,
grasslands, scrub and wetlands (hereafter referred to as ‘habitat groups’). We believe these maps and
supporting statistics can be useful for a variety of purposes, such as identifying family-specific diversity
hotspots, providing information for biodiversity conservation, and inspiring and setting a context for

macroecological, biogeographical and biodiversity studies.

Materials and methods
Data preparation and filtering

We obtained 1,159,856 georeferenced vegetation plots from the European Vegetation Archive (EVA;
Chytry et al., 2016, project number 110 — 2020-09-20, data export from 2020-10-22) covering all the major
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types of European vegetation. The geographic scope of the dataset is Europe, including Georgia but
excluding Svalbard. Some regions, particularly the northern and eastern parts of the continent, have sparser
data coverage, especially in some habitat groups (see Appendix S1, Figure S1.1 in the Supplementary

material).

Using the EUNIS-ESy expert system v.2020-06-08 (Chytry et al., 2020), we classified the plots based on
their species composition and species cover into habitat types of EUNIS (European Nature Information
System, 3rd hierarchical level) and merged them into broad habitat groups of forest, grassland, scrub and
wetland vegetation. We excluded 261,841 plots representing vegetation with non-vascular plants only,
forestry plantations, habitat types not classified into the above-mentioned four habitat groups, and

transitions between habitat types.

We restricted our selection to include only plots ranging in size from 100 to 1000 m? for forest vegetation,
and from 1 to 100 m? for grassland, scrub and wetland vegetation (35,105 plots removed). These ranges
reflect the plot sizes traditionally used by the European phytosociology (Westhoff & van der Maarel, 1978).
However, we kept plots with unknown sampling size (175,887 plots), since an important part of the
geographical coverage (e.g. most of France) would otherwise be lost. These plots came in major part from
phytosociological surveys, thus the size of most of them likely falls within the selected range. The
relationship between species richness and plot size for individual habitat groups was generally weak
(Spearman correlation ~ from -0.12 to 0.15, p < 0.001), though it was slightly stronger in wetlands (0.40, p
<0.001).

Vegetation plots were assigned to the UTM grid cells of 50 km x 50 km that were subsequently used for
mapping. Some vegetation plots in the EVA database are not accurately georeferenced, as indicated by
their “location uncertainty”. We excluded plots with a location uncertainty higher than the distance from
the reported location of the plot to the nearest edge of a 50 km x 50 km grid cell into which the plot
belonged (46,905 plots removed). Thus, we kept only plots unequivocally assigned to a unique grid cell.
The final dataset comprised 816,005 plots: 230,197 forest, 351,107 grassland, 86,370 scrub and 148,331
wetland plots. An overview of the contributing databases and numbers of plots assigned to particular

EUNIS habitat types is available in Appendix S1, Tables S1.1 and S1.2.
Nomenclature

The plant nomenclature was unified according to the Euro+Med PlantBase (2006-2020). For the family
concept, we followed World Plants (Hassler, 2020), which extends the concept of Angiosperm Phylogeny
Group (APG 1V; see Angiosperm Phylogeny Website, 2001-2017). The only nomenclatural difference for
European flora is the name of the Adoxaceae family, which can be found under the conserved name

Viburnaceae in the APG system, but the same species are included. While the last updates of APG were
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published in 2017, the World Plants database is continuously updated and includes more, especially later

described species.

All infraspecific taxa were merged at the species level. The taxa determined at the genus or family level
were retained, while higher ranks were excluded. We assigned the native or alien status to each species
based on their origin within or outside Europe (Euro+Med PlantBase, 2006-2020; POWO, 2017-2020).
We identified 293 alien species of extra-European origin, which were excluded from our analyses as we
focused on the native European flora. Although several species of European origin might also be
considered alien (archacophytes or neophytes) in some countries outside their native range, these were
retained. The list of all taxa recorded in the final dataset with their frequencies in habitat groups is in

Appendix S1, Table S1.3.
Data analyses

For each plot, we calculated the relative species richness of each plant family as the number of species
belonging to that family divided by the total number of species recorded in the plot. We used the relative
species richness, not the absolute species number, to minimize the effect of changes in species richness
related to varying plot sizes across the dataset. For mapping, we considered only families recorded in at
least ten plots within at least one of the four habitat groups. For each habitat group, we calculated the mean
relative species richness of a particular family in a 50 km % 50 km grid as the average relative species
richness of that family from all individual plots found in the focal grid cell. Subsequently, we mapped the
mean relative species richness of families separately for each habitat group, but only for grid cells
containing at least five plots of a particular habitat group. For each map, we derived the colour scale of the
mean relative species richness of a family from the data using the k-means algorithm. Thus, the scale
differs among maps, allowing to explore the relative importance of each family in local communities

regardless of its number of species.

The patterns of relative species richness of plant families may depend on the number of species and the
distribution of relative frequencies of individual species within the family. For example, the geographic
patterns for the families with few species or one or few species much more frequent than the others may
reflect idiosyncratic patterns of such species. Therefore, we suggest the geographic patterns for families to
be interpreted in conjunction with the Shannon diversity index (Shannon, 1948) which was calculated for

each combination of family and habitat group as:

This article is protected by copyright. All rights reserved



H=-Xp;*Inp;

where p; is the relative frequency of species i within a family, i.e. the number of occurrences of species i in a set of
vegetation plots (within a habitat group) divided by the number of occurrences of all species belonging to the family

in this set of vegetation plots.

Higher values of the index indicate that a given family contains a high number of species that are relatively
evenly frequent in the plots of a given habitat group, while lower values indicate that the family contains a
small number of species and/or the frequency of species of the family is highly uneven within the habitat
group. Consequently, the red areas in the maps of mean relative species richness of families do not always
represent plant communities containing more species of the given family than those in blue areas. Instead,
they may represent species-poor communities in which the family is represented by very few species. As
additional information facilitating the interpretation of mean relative species richness of families, we
prepared maps of the mean (absolute) number of families and the mean species:family ratio per grid cell for

each habitat group (both averaged from vegetation plots).

To further explore the distribution and biogeographical affinity of plant families in European vegetation,
we assigned vegetation plots to biogeographical regions, roughly corresponding to different biomes or
latitudinal zones, and compared relative species richness of selected families among them. Based on the
map by European Environment Agency (2016), we delimited five biogeographical regions:
(1) Mediterranean region (roughly corresponding to Mediterranean biome); (ii) Steppic region (temperate
steppe); (iii) Temperate region (temperate broadleaf forest); (iv) Boreal region (taiga); and (v) Arcto-alpine
region (tundra). For details on the delimitation of biogeographical regions, see Appendix S4, Figure S4.1.
For each habitat group and 11 selected families, which are among the top ten most species-rich families or
top ten most frequent families in Europe, we plotted relative species richness for the biogeographical
regions using boxplots, and summarized the Shannon diversity index, the number of plots and the number

of species.

To consider the uncertainty of the patterns of mean relative species richness of families across Europe, we
prepared two additional sets of maps. First, the mean relative species richness of a family in a grid cell may
be the result of highly variable numbers of species of the communities therein. For example, this can
happen if an extremely species-poor community is found in the same grid cell with an extremely species-
rich community. To show areas in which the patterns might be affected more likely by such contrasts, we
mapped the standard error of the mean (SEM) of the relative species richness. Second, the patterns of mean
relative species richness of families might be affected by varying sampling intensity. To show this, we

mapped the number of plots in a grid cell for each habitat group.
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The data were processed in R v.3.6.0 (R Core Team, 2019). We used functions from the R packages
‘magrittr’ (Bache et al., 2020), ‘stringr’ (Wickham, 2019) and ‘tidyr’ (Wickham, 2020) to process the
vegetation data; ‘berryFunctions’ (Boessenkool, 2020), ‘classInt’ (Bivand et al., 2020a), ‘raster’ (Hijmans
et al., 2020), ‘rgdal’ (Bivand et al., 2020b) and ‘spatialEco’ (Evans et al., 2020) for the geoprocessing of

the data and creating maps; and ‘vegan’ (Oksanen et al., 2019) to calculate the Shannon diversity index.

Results

The final dataset contained 10,758 species from 158 vascular plant families, with the number of genera per
family ranging from 1 to 158 (mean = 8.2, median = 2), and the number of species ranging from 1 to 1,596
(mean = 68.1, median = 7). Appendix S3, Table S3.1 provides the basic statistics for all 158 families (of
which 152 were mapped subsequently), summarizing, for example, the number of vegetation plots with an
occurrence of a particular family, or the number of genera or species for each combination of family and

habitat group.

We found 19 families recorded in more than 20% of the plots (i.e. >180,000 plots). The five most frequent
families were Poaceae (occurring in 89.6% of the plots), Asteraceae (64.7%), Rosaceae (63.2%),
Cyperaceae (56.1%) and Fabaceae (47.9%) for which the maps of the mean relative species richness are
shown in Figure 1. For the basic statistics for these and the further 15 most frequent families, see Table 1.
Among the most frequent families, Fabaceae had the highest Shannon diversity index in forests (H’ = 4.20),
Asteraceae in both grasslands and scrub vegetation (H’ = 4.68 and 5.28, respectively) and Cyperaceae in
wetlands (H’ = 3.69). The five families with the highest number of species were Asteraceae (1,596),
Poaceae (815), Fabaceae (767), Caryophyllaceae (619) and Rosaceae (560) (see Appendix S3, Table S3.1
for the number of species within other families). The numbers of species for these and the further 15 most

species-rich families for each habitat group are shown in Figure 2.

However, most families were represented by a few genera and species. These families were often rare and

with a restricted geographic range within Europe. There were 34 families represented by a single species.

The mean number of families in the 50 km % 50 km UTM grid cells ranged from 1 to 23 in wetlands and
from 4 up to 34 in forests. For forests, grasslands and scrub, we found that, on average, more families
occurred in Central, Southeastern and partly Eastern Europe, as opposed to Northwestern Europe and
coastal areas of Southern Europe (Figure 3a). For wetlands, the mean number of families was distributed
more randomly across Europe (Figure 3a). The mean species:family ratio exhibited a more patchy
distribution with specific patterns for individual habitat groups. The highest species:family ratios were

found (i) within forests in some areas of Southeastern and Northern Europe; (ii) within grasslands in
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Southeastern, Eastern and partly Central Europe; (iii) within scrub scattered throughout the continent; and
(iv) within wetlands in mountain areas of Central Europe, the British Isles, and in Northern Europe (Figure

3b).

The 522 maps showing the mean relative species richness for each of the four habitat groups were prepared
for 152 families that were sufficiently represented in the data (recorded in at least ten plots within at least
one of the four habitat groups) (Appendix S2, Figure S2.1). The maps have been made freely available
online, both as images and GIS layers (https://doi.org/10.5281/zen0d0.4688660).

Spatial patterns of the mean relative species richness of families across Europe highly varied among
families and also among habitat groups for a given family. The distribution of Poaceae (high mean relative
richness in Northwestern Europe) and Fabaceae (high mean relative richness in Southern/Southeastern
Europe) are examples of families that showed a consistent pattern in different habitat groups, except for
wetlands, where the distribution was more scattered. In contrast, Asteraceae and Rosaceae are examples of
inconsistent distribution patterns of mean relative species richness between habitat groups. In forests and
scrub, relative species richness of Asteraceae was spatially structured with higher values in mountain areas
of Central and Southeastern Europe, while in grasslands, they were much more evenly distributed, with
high values occurring especially in Eastern Europe. Similarly, the high relative richness of Rosaceae in
forests was concentrated especially in Western Europe, in wetlands in Northern Europe, while in grasslands
and scrub, the areas with high values were scattered throughout the continent. The families represented by
few species (e.g. Capparaceae, Coriariaceae, Cytinaceae, Moraceae, Myrtaceae and Styracaceae) usually
reached their highest values of mean relative species richness in Southern and Southeastern Europe. Other
small families were concentrated elsewhere, for instance, Diapensiaceae in northern Scandinavia,
Eriocaulaceae in western Ireland and Scotland, or Mazaceae and Nitrariaceae in the eastern part of

European Russia.

There were also medium-size families with high relative species richness largely limited to certain regions
or habitat groups, for instance, Ericaceac in Northern and Northwestern Europe, Saxifragaceae in
mountains of southern Central Europe and forests of Western Europe or Betulaceae in Northern and partly

Northwestern Europe.

The geographic patterns of the relative richness of families across Europe partly reflected contrasts between
different biomes. Our boxplots show that some families, most notably Fabaceae and Lamiaceae, were
associated primarily with the Mediterranean region and secondarily with the Steppic region (Appendix S4,
Figure S4.2). In some but not all habitat groups, the same association was also observed for Apiaceae,
Brassicaceae and Caryophyllaceae. Other families, especially Poaceae and Rosaceae, tended to be better

represented in the Temperate, Steppic and partly also in the Boreal region. Cyperaceae were also well-
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represented in these regions. However, of the two species-rich graminoid families, Poaceae were clearly
better represented in the Temperate region, while Cyperaceae were better represented in the Boreal region.
The spatial distribution of plant families across biogeographical regions showed consistent patterns
between forests, shrublands and grasslands, but not so much for wetlands. For comparison of the Shannon
diversity index, the number of plots and the number of species for the selected families among

biogeographical regions, see Appendix S4, Table S4.1.

The SEM of relative species richness was low in most families throughout the study area, with median
values ranging from 0.01% to 0.81% (Appendix S5, Figure S5.1). This result suggests low uncertainty in
the variability of the relative species richness of plots within a grid cell. We also used the number of plots
per grid cell as an uncertainty measure. Here, we found that the best-surveyed areas with the highest
number of plots and the lowest uncertainty were Denmark, parts of Central Europe and the Netherlands.
The median number of plots per grid cell ranged from 21 in scrub to 49 in grasslands (Appendix S5, Figure

S5.2).

Discussion

This study is the first to explore the diversity of vascular plant families at the community level across
Europe. Previous studies showed either differences in the phylogenetic structure across habitat types
(Gerhold et al., 2015; Lososova et al., 2015; 2021) or the distribution maps of a few selected families
across all habitat types merged (Malyshev, 1972; Kurtto et al., 2018). Our maps revealed considerable
variation in the relative species richness of families across the continent and within the four major habitat
groups. These patterns suggest that diversification of individual plant families was influenced by different

biogeographical processes and resulted in different numbers of species colonizing European habitats.
Patterns of relative species richness of selected families

Our results indicate that many families show distinct spatial patterns in their mean relative species richness
across the continent. There are also clear patterns when the relative species richness of families is combined
across broad geographical areas belonging to the same biome, indicating that the macroevolution of the
European and Holarctic flora was probably related to major biogeographical processes. This suggests that
niche conservatism (Wiens & Donoghue, 2004; Wiens et al., 2010) likely drives the current distribution of

plant families in Europe.
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We found that the most frequent families in European vegetation are Poaceae, Asteraceae, Rosaceae,
Cyperaceae and Fabaceae. These families have broad distributions (GBIF, 2020) and occur in a wide range

of habitats.

Poaceae are supposed to have originated in tropical forest edges and diversified owing to their acquired
ability to tolerate drought, fire and grazing (Bouchenak-Khelladi et al., 2010; Clayton, 1981). Our maps
show that Poaceae exhibit high mean relative species richness (i) in forests, scrub, and grasslands of
Northwestern Europe, and (ii) in forests and grasslands of some Mediterranean areas. The first pattern may
result from long-term anthropogenic pressure on communities or biogeographic history (Pleistocene
glaciations and subsequent recolonization) of this area, both potentially resulting in communities dominated
by grasses and containing fewer families compared with, for example, mountain areas of Central Europe
(Figure 1 and Figure 3). The second pattern is likely related to the occurrence of annual Poaceae species

that are more frequent in the Mediterranean than in temperate areas (Linder & Rudall, 2005).

Species of Asteraceae are dominant and highly represented in many European habitats. While Poaceae are
more frequent in vegetation plots than Asteraceae, the latter are more species-rich, which is in agreement
with the globally known numbers (12,244 species in 828 genera of Poaceae vs 34,989 species in 1,730
genera of Asteraceae; Hassler, 2020). Similarly to Poaceae and Cyperaceae, Asteraceae also experienced a
dramatic diversification and range expansion in the Oligocene to newly arisen open habitats (Ford et al.,
2006; Panero & Crozier, 2016), which was further supported by their effective wind dispersal. They tend to
prevail in open treeless vegetation, especially in the Steppic region, or in the open-canopy montane forests

of the Arcto-alpine region. Asteraceae are highly represented in the native flora, even among endemics.

In contrast to Asteraceae, Rosaceae (5,581 species in 123 genera worldwide; Hassler, 2020) include many
species of trees and shrubs in Europe. While this family is widely distributed across Europe, our maps
suggest a strong affinity to forest and scrub vegetation, where Rosaceae species have the highest relative
species richness. This pattern is in accordance with the assumption that the diversification burst of
Rosaceae corresponds with the rise of deciduous forests (Wang et al., 2009) and supports the niche

conservatism hypothesis (Wiens et al., 2010).

Cyperaceae can be found in various habitats from dry steppes to wetlands. They often dominate in the
latter, having the highest relative species richness and likely an evolutionary centre in biomes rich in
wetlands, such as the current boreal taiga biome. Although Cyperaceae is one of the most frequent families
in Europe, it has a small number of species, corresponding to the global pattern (5,680 species in 92 genera,
but 1,997 species belong to the genus Carex; Hassler, 2020). On the other hand, species from Cyperaceae
often have large distribution ranges (GBIF, 2020).
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Fabaceae, ranked fifth in overall frequency, are globally the third most species-rich family (Christenhusz &
Byng, 2016; 22,249 species in 772 genera; Hassler, 2020). This family likely evolved in (semi-)arid regions
of the tropics and subtropics. Currently, its species often dominate deciduous (semi-)arid woody vegetation
(Lewis et al., 2005; Schrire et al., 2005). Fabaceae are characterized by strong niche conservatism and
experienced many intercontinental dispersal events while tracking favourable environmental conditions
(Schrire et al., 2005). Their infrequent spread between biomes has been associated with changes in their
growth form (Gagnon et al., 2019). These characteristics are well reflected in our results. The mean relative
species richness of Fabaceae in Europe is particularly high in forests and scrub of the Mediterranean region
(with a higher representation of drought-tolerant shrubby legumes) and low in temperate areas (with

predominantly herbaceous species).

Families with the lowest species numbers comprised (i) globally small families containing just few genera
(e.g. Diapensiaceae, Staphyleaceae, Taxaceae) or only one genus (e.g. Coriariaceae, Platanaceae,
Scheuchzeriaceae), and (ii) medium-size families with the distribution centre outside Europe, usually in the
tropics and subtropics, represented in Europe marginally by a small number of genera and species (e.g.
Lauraceae, Loranthaceae, Myrtaceae). In this regard, Orchidaceae, the second most diversified family
worldwide (30,113 species in 803 genera; Hassler, 2020) with the highest representation in the tropics (cf.
POWO, 2017-2020), were represented by only 140 species in our dataset. Most small families had high
relative species richness or restricted overall range in Southern and especially Southeastern Europe, with a
strong affinity to forest and scrub vegetation. These are, for instance, families with well-known relict
species, such as Gesneriaceae (Haberlea rhodopensis, Jancaea heldreichii and Ramonda spp.), Lauraceae
(Laurus nobilis), Platanaceae (Platanus orientalis), Staphyleaceae (Staphylea pinnata) or Styracaceae
(Styrax officinalis). This pattern reflects the shift of thermophilous taxa to refugial areas during the
Quaternary climate cooling events and supports the idea that the related extinction was phylogenetically

biased (Svenning, 2003; Eiserhardt et al., 2015).

Examples of families with markedly different geographical patterns are Betulaceae, Diapensiaceae and
Ericaceae. These families are prevalent in Northwestern and Northern Europe because they are ones of the
few families tolerating cold conditions combined with nutrient-poor soils in arctic, boreal and alpine
regions (Schwery et al., 2015). Similarly, Saxifragaceae exhibited higher mean relative species richness in
the European mountain areas, where this family could have experienced high speciation rates that resulted

in a high number of endemics (Loidi et al., 2015).

Interpretation issues and limitations of the data used
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Our maps of the mean relative species richness of families were designed to visualize spatial patterns
individually for each family. However, these patterns must be interpreted with caution and in combination

with the Shannon diversity index and the species:family ratio.

The most intuitive way of reading the maps of the mean relative species richness of families is that (A) the
grid cells coloured in red host plant communities containing more species of a particular family than those
coloured in blue. This is the prevailing case for the combinations of family and habitat group characterized
by relatively high values of the Shannon diversity index, i.e. harbouring many species that are relatively
evenly distributed across vegetation plots. This also applies to the interpretation of the mean relative
species richness within a family in areas with a high number of families and, at the same time, a high

species:family ratio (Figure 3).

Another case might be that (B) the number of species within a family is rather constant across regions but
the total species richness across all families varies substantially. This may cause that the highest values
(visualized in red in the maps) are based on many species-poor plots in which the family is represented by a
few or even one species. Such species are/is, however, of higher importance in these species-poor than in
species-rich communities. This may be the prevailing case for the combinations of family and habitat group
characterized by lower values of the Shannon diversity index. This also applies to the interpretation of the
mean relative species richness within a family in areas containing a small number of families and families

that are species-poor (Figure 3).

Both the above-mentioned cases (A and B) may appear within a single map. For instance, a high mean
relative species richness of Poaceae in European grasslands can be found in two different contexts. In the
Mediterranean, Poaceae are represented by many annual species (case A), while in Northwestern Europe,
Poaceae do not have very high absolute species richness, but occur in relatively species-poor communities

with low representation of species from other families (especially forbs).

Vegetation data stored in the EVA database were originally collected for various purposes, but mainly for
phytosociological surveys. This implies some limitations that may have affected the spatial patterns of
mean relative species richness of vascular plant families. The sampling density and representativeness of
the regional vegetation diversity vary across regions. While in some regions of Central, Western and
Southern Europe, the available data are more representative, datasets from other regions have considerable
gaps. In some regions, especially in extensive parts of European Russia, there are no vegetation plots
available at all. In other regions (e.g. Norway and Sweden), there are data for some habitat types but not for
others. To alleviate this variation in data quality, we considered the patterns at the level of broadly defined

habitat groups and averaged them in 50 km x 50 km grid cells. Thus, the observed patterns are less prone to
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fine-scale differences in sampling density among local communities. Further, we mapped the number of

plots in grid cells (Appendix S5, Figure S5.2) to show the areas with higher or lower sampling density.

Although we focused on (semi-)natural vegetation and excluded species of extra-European origin from the
dataset, the alien species of European origin (i.e. species native to some parts of Europe and considered
aliens in other parts) may confound the patterns of relative species richness of species-poor families.
Examples include Juglandaceae (represented in the dataset by a single species, Juglans regia),
Hydrangeaceae (Philadelphus coronarius) and Moraceae (Ficus carica). These species are native to
Southeastern Europe, but the overall patterns in our maps are affected by human-assisted introductions,

especially escapes from cultivation.
Future outlook and potential applications

Our maps of the mean relative species richness of vascular plant families across Europe can inspire
macroecological and biodiversity studies and strengthen the integration of taxonomic, phylogenetic and
functional approaches in biodiversity research. They can also help develop new hypotheses about the
mechanisms behind biodiversity patterns at different spatial scales and inform biodiversity conservation
planning. For example, although several studies assessed the ecological and evolutionary drivers of species
richness in different habitats across Europe (e.g., Aragjo et al., 2005; Divisek & Chytry, 2018; Jiménez-
Alfaro et al., 2018; Veceta et al., 2019), it is unclear whether the effect of these drivers holds across higher
taxa (i.e. those located deeper in the phylogeny). Because the species within each family share a large
fraction of their evolutionary history, they are also more likely to have inherited similar traits and occupy
similar distribution ranges as their ancestor taxa. Examining the variation in the effect of diversity drivers
across different levels of taxonomy could provide new insights into the mechanisms determining the
assembly of natural communities (Laiolo et al., 2020). Furthermore, it could also point out the processes

that lead to phylogenetic niche conservatism or niche differentiation in different regions in Europe.

Further analyses could clarify whether the number of species in each family is lower or higher in specific
habitat types or regions than under random expectation. These results would allow the identification of
regions where particular families are over- or under-represented and inform conservation strategies at the
continental scale. This goal is important because entire families are sometimes considered as relevant units
for biological conservation (e.g. Orchidaceae; CITES, 2019). Defining regional conservation targets for
specific families (e.g. rare ones, those with a distribution limit in Europe or endangered by land-use
changes) may be also useful to preserve certain lineages and their evolutionary contexts that may be
otherwise neglected by a conservation perspective focused solely on maintaining species richness or

preserving particular endemic species.
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Conclusions

Our maps of the relative species richness of vascular plant families in four vegetation formations provide
novel information on the structure of European plant diversity. They demonstrate that the spatial structure
of European plant diversity includes an important phylogenetic component, which could reflect the
evolutionary and biogeographical history of the continent. However, it can also reflect recent trends
associated with land-use changes and other processes of global change. Further, our study shows that the
relative species richness of individual families within communities varies among habitat groups across
Europe, indicating their specific evolutionary history. We believe these maps can support macroecological

and biogeographical research, which, in turn, would contribute to a deeper understanding of these patterns.
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Table 1 Summary statistics for the twenty most frequent plant families. Families are sorted by their relative
frequency in the whole dataset (N = 816,005). Shannon diversity index describes the taxonomic diversity of
the family and its representation in European vegetation (see Materials and methods for details). Relative
mean species number was calculated across plots and multiplied by 100; the values were weighted relative
to all taxa recorded in a plot. See Appendix S3, Table S3.1 for more details and information for all families.

For. —forests, Grass. — grasslands, Wet. — wetlands.

Relative

All plots  frequency
Relative mean species number per

Family where (%) in the Shannon index
plot *100
recorded whole
dataset

For. Grass. Scrub Wet. For. Grass. Scrub Wet.

Poaceae 731010 89.6 3.84 423 438 3.31 997.96 2445.21 1630.30 1500.78
Asteraceae 527859 64.7 416 4.68 528 3.03 465.39 1275.81 659.50 333.45
Rosaceae 515732 63.2 3,55 3.69 3.86 2.28 908.09 49247 688.42 391.06
Cyperaceae 457814 56.1 338 3.80 3.49 3.69 33946 429.77 641.81 1924.23
Fabaceae 390574 47.9 420 3.79 481 212 21213 763.13 461.08 12241
Rubiaceae 372914 45.7 274 287 3.04 135 23956 270.94 264.38 255.79
Lamiaceae 371513 45.5 350 3.86 4.36 2.06 36531 351.42 302.21 322.43

Ranunculaceae 350264 42.9 3.27 271 3.87 2.09 258.75 354,50 112.50 258.17
Apiaceae 319006 39.1 3.57 3.72 440 245 152,50 332.21 160.20 270.91
Caryophyllaceae 314997 38.6 2.87 3.74 455 2.04 156.50 409.90 162.35 99.27
Plantaginaceae 286853 35.2 2.63 264 358 262 9569 37133 111.32 91.72

Juncaceae 278906 34.2 206 251 288 221 199.54 25266 187.20 363.04
Polygonaceae 248725 30.5 268 220 237 233 37.84 31289 122.71 283.37
Fagaceae 212393 26.0 1.82 1.04 192 0.67 658.57 23.49 152.42 20.81
Caprifoliaceae 211014 25.9 271 271 332 147 171.66 115.22 109.23 68.71
Betulaceae 188647 23.1 1.88 1.77 1.84 1.27 432.88 19.95 174.27 166.98
Ericaceae 184823 22.6 248 220 2.61 2.18 434.19 72.00 1430.91 585.12
Brassicaceae 183395 22,5 324 401 485 1.94 102.05 17293 72.99 129.73
Primulaceae 180137 22.1 254 267 310 156 122.08 100.40 100.27 190.81
Violaceae 143907 17.6 1.88 2,53 2.77 0.35 132.01 51.12 58.14 50.35
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