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Introduction

Abstract

Question: Patterns of phylogenetic relatedness of species within community
types (phylogenetic structure; PS) are often used to infer processes of commu-
nity assembly, yet the causes of these patterns remain poorly understood. Here
we ask whether PS of extant plant species pools is related to availability of corre-
spoding habitats in the geological history.

Location: Czech Republic.

Methods: We characterized PS of recent species pools of 88 major vascular plant
community types occurring in the country, comprising a total of 2306 species,
using the mean phylogenetic distance (MPD) between all pairs of species found
in each species pool, and compared the PS of these species pools with the relative
ages of their habitats.

Results: Clustered PS was observed consistently in species pools of historically
younger community types of grasslands and other open habitats, which were
formed mainly during the late Tertiary as a consequence of climate aridization
and cooling, and to which only a limited number of lineages had enough time to
adapt. Clustered PS was also typical of species pools of the recent human-made
habitats, in which it probably resulted from environmental filtering of pre-
adapted lineages. In contrast, overdispersed PS was observed in forests and other
plant community types occurring in habitats that are assumed to have existed
continuously since the Mesozoic.

Conclusions: Our analyses suggest that habitat age has a strong effect on PS of
species pools of extant plant community types. Based on these results, we argue
that history of the analysed species pools at a geological time scale should be
considered whenever ditferences in PS are discussed and interpreted.

et al. 2009). Namely, the information on shared ancestry
(phylogenetic relationship of taxa) is sometimes used as a

Patterns of phylogenetic relatedness of species within and
across communities, known as phylogenetic structure
(PS), have recently become an important research focus
because of their potential to improve our understanding of
community assembly (Webb et al. 2002; Cavender-Bares

proxy for the extent to that species share common traits,
which can be useful for identification of trait-based ecolog-
ical processes, abiotic filters or species interactions when
traits are difficult to identity (Leibold et al. 2010; Mayfield
& Levine 2010; Peres-Neto et al. 2012; Butterfield et al.
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2013; Gerhold et al. 2015). There are two types of deter-
ministic processes which drive species composition of plant
communities: (i) abiotic processes, usually understood as
environmental filters, which select those species of the
regional flora that match the specific habitat requirements
(Silvertown et al. 2006); and (ii) biotic processes, which
operate on finer scales and lead to competitive exclusion of
species that are too similar in resource use and growth pat-
terns (Silvertown et al. 2006; Emerson & Gillespie 2008).
Both types of processes may generate the same general
patterns of phylogenetic structure of plant communities.
For example, clustered PS is usually assumed to result from
environmental filtering of phylogenetically related species
sharing the same traits (Webb et al. 2002), but it may also
result, somehow paradoxically, from interspecific competi-
tion (Mayfield & Levine 2010). In contrast, overdispersed
PS is usually believed to result from competitive exclusion
between closely related species with similar resource use
strategy (Webb 2000; Webb et al. 2002; Kembel & Hubbell
2006). However, the studies that assessed effect of compe-
tition on exclusion of related species did not detect any
relationship between competition and phylogenetic over-
dispersion (Brunbjerg et al. 2012; Bennet et al. 2013; see
also Gerhold et al. 2015). Other possible explanations of
overdispersed PS are facilitation between distantly related
species (Valiente-Banuet & Verdu 2007) or environmental
filtering of convergent life strategies evolved in divergent
phylogenetic lineages (Webb et al. 2002; Prinzing et al.
2008).

Current knowledge of the processes that atfect phyloge-
netic structure of plant communities remains limited either
to the fine scale of vegetation plots (e.g. Letcher 2010;
Brunbjerg et al. 2012; Letcher et al. 2012) or to regional
floras (Bartish et al. 2010; Yan et al. 2013). Recent studies
on these scales suggested that habitat age is an important
factor affecting PS (Gerhold et al. 2015). There are some
indications that phylogenetic diversity of plant species
pools tends to increase with the age of their respective hab-
itats (see Zobel et al. 2011 for an example from the Canary
Islands), but reliable studies comparing species pools of
multiple community types on the regional scale are still
missing.

Here we aim to contribute to the understanding of PS
patterns by analysing species pools of vascular plant com-
munity types on a regional scale. Species pool is a set of
species that are potentially capable of co-existing in a par-
ticular community (Zobel 1997). Different habitats and
plant communities occurring in these habitats have their
specific species pools. The species pool concept is conve-
nient for studying effects of environmental filters on
plant community assembly because species assignment to
a particular species pool reflects the ability of this species
to establish in a specific habitat. In contrast to data from
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vegetation plots in which species co-occur and directly
compete, species included in the same species pool do
not need to co-occur at the same site, although they
occur in the same habitat in a larger region. The species
pool-based approach thus makes it possible to focus on
effects of abiotic environmental filters on PS (Lessard
et al. 2012) while disregarding effects of interspecific
interactions.

Making an intuitive prediction that the number of spe-
cies and of lineages adapted to a given, continuously exist-
ing habitat will increase over evolutionary time, we may
expect specific relationships between PS and habitat age.
Habitats that are relatively young on the geological time
scale should host community types with clustered PS
because (i) only a few lineages from the existing species
pool are preadapted to these habitats, and (ii) the time was
too short to allow for successful adaptation of a broader
spectrum of distantly related lineages (Fig. l1a). Presum-
ably these habitats would be cold- and drought-stressed
because such habitats were absent or rare during the past
geological periods characterized by a globally warm and
humid climate (Wiens et al. 2010). With many different
lineages becoming adapted to the habitat, the PS may be
driven mainly by stochastic dispersal processes (Ozinga
et al. 2005; Fig. 1b) and, consequently, become random.
Co-existence of species in old habitas may lead to the com-
petitive exclusion of closely related species resulting from
their similarity in the resource use strategy (Fig. 1c: i).
Alternatively, the contraction or disappearance of ancient
habitats in a given region may cause decline (Fig. 1c: ii) or
extinction (Fig. 1c: iii) of early diverging phylogenetic lin-
eages unless they are able to re-adapt to modern habitat
types. These processes may cause deletion of species on dif-
ferent branches of the phylogenetic tree, thus increasing
phylogenetic distances between species, resulting in phylo-
genetic overdispersion. It is obvious that the age of habitats
drives recent species composition because species pools of
older habitats can be built from a wider range of major
lineages, whereas species pools of younger habitats are
limited to a few lineages which have undergone diversifi-
cation (Gerhold et al. 2008, 2015).

To test the hypothesis of the relationship between PS
and habitat age we first assess PS across species pools of a
wide range of Central European plant community types.
To our knowledge, the data set used in our study is the
most comprehensive source of information on regional
species pools across an entire range of plant community
types at a national scale. As a next step, we estimate the
age of the respective habitats. By comparing the observed
PS of species pools with the estimated ages of their respec-
tive habitats we explore the hypothesized relationship
between PS and habitat age. Finally, by comparing the pat-
tern of PS between all vascular plants and angiosperms
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Fig. 1. Conceptual representation of the factors that might determine phylogenetic structure of extant species pools. Each hypothetical phylogenetic tree
contains three subtrees showing different causes of the given phylogenetic structure. Species belonging to the species pool of the same habitat type have
the same colour; for red and green species pools (middle and right subtrees, respectively) a possible evolution from clustered to overdispersed

phylogenetic structure may be seen with increasing age of their habitats.

only, we aim to gain insight into the factors underlying PS
of particular species pools.

Methods

Plant community data

A database of regional species pools for 88 broadly defined
habitat types (and corresponding plant community types)
of the Czech Republic (78 000 km?) was used as the data

1082

source (Sadlo et al. 2007). This database comprises all the
major plant community types of the country, thus repre-
senting vegetation diversity of inland temperate Europe in
a transitional zone between suboceanic and subcontinen-
tal climate except for some alpine plant community types
(Ellenberg 1988; Chytry 2012). Species pools were defined
based on the species composition data from 24 283 geo-
graphically stratified vegetation plots assigned to different
habitat types (for further details see Sadlo et al. 2007). The
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database contained 2347 vascular plant species or subspe-
cies, but for the analysis all subspecies were aggregated to
the species level, resulting in a total of 2306 species. Spe-
cies were assigned to four frequency classes: (1) rare; (2)
common; (3) dominant; and (4) highly characteristic dom-
inant species (e.g. species which determine the general
appearance of the community type, such as Calluna vulgaris
in heathlands; see Sadlo et al. 2007). As PS strongly
depends on whether the very old lineages (e.g. gymno-
sperms) are included or excluded (Kembel & Hubbell
2006; Letcher 2010), the PS analyses were carried out sep-
arately for all vascular plants (including lycopodiophytes,
ferns, horsetails, gymnosperms and angiosperms) and for
angiosperms only.

Phylogenetic data

A dated, ultrametric phylogeny was prepared for the 2306
studied vascular plant species by pruning the DaPhnE 1.0
supertree of the Northwest and Central European vascular
plant species (Durka & Michalski 2012). Taxa that were
not included in the supertree (z = 220, mainly species, but
also a few genera; e.g. Crypsis, Ligularia) were supple-
mented manually to the existing nodes of the DaPhnE tree.
The supplemented nodes always represented the latest
known common ancestor of the added taxon, and the
added taxon always created a polytomy at this node. The
decision on the common ancestry was based on the taxo-
nomic information published in the Flora of the Czech
Republic (Hejny et al. 1988; et seq.) and the Checklist of
vascular plants of the Czech Republic (Danihelka et al.
2012). The species concepts and the nomenclature follow
those used in the original DaPhnE 1.0 supertree (Durka &
Michalski 2012).

Phylogenetic structure of species pools

For each of the 88 species pools, we calculated the mean
phylogenetic distance (MPD; Webb et al. 2002) between
all species pairs. As the analyses are based on presences/
absences, our MPDs correspond to phylogenetic distinct-
ness (Hardy & Senterre 2007; Hardy et al. 2012).

To assess whether species pools were composed of spe-
cies more closely (or distantly) related to each other than
expected from a random draw of species from the regional
flora (n = 2306 species), we compared the observed MPD
values with the MPD values from 999 random species
pools. Random species pools were generated using the null
model ‘1a’ of Hardy (2008) by shuffling the species names
across the branch tips of the full tree with 2306 species.
Permutations were restricted within groups of species that
had similar overall occurrence frequencies across the 88
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species pools; whereby the maximum/minimum occur-
rence frequency ratio within each frequency class was
equal to 4 (see Hardy 2008; Purschke et al. 2013). This
type of null model maintains (i) the number of species
within each species pool, (ii) the frequency of occurrence
of the species across all species pools, and (iii) the phyloge-
netic signal in overall species frequencies across the phy-
logeny.

The standardized effect size (MPD SES) was calculated
according to Gotelli & Rohde (2002):

MPD SES = (MPDgps — meanMPD.q)/SAMPD 14,

where MPD,,,s is the observed MPD for a given species
pool, meanMPD,,,4 the mean of the MPD values obtained
for the random species pool, and sdMPD,,q is the SD of
the MPD values of the random plant species pools. Higher
than expected values of MPD (MPD SES > 1.96) indicate
that species within a particular species pool are more dis-
tantly related than expected by chance, indicating phylo-
genetic overdispersion. Lower than expected values (MPD
SES < 1.96) indicate that species within a pool are more
closely related than expected by chance, indicating phylo-
genetic clustering. Analysis of PS was carried out in the R
statistical package (R Foundation for Statistical Computing,
Vienna, AT), using the libraries ‘picante’ (Kembel et al.
2010) and ‘spacodiR’ (Eastman et al. 2011). The PS analyses
were calculated separately for all vascular plant species and for
angiosperms only.

We identified nodes that had a significant effect on
PS of species pools. To identity clades with significant
affinities to particular species pools, we used the nodesig
procedure in Phylocom (Webb et al. 2008). This proce-
dure tests whether a particular node in the phylogeny
has significantly more or less daughter taxa, i.e. is
over- or underrepresented in a species pool compared
to the null model prediction (Webb et al. 2008; Letcher
2010).

Theoretically, PS of species pools might reflect the inher-
ent ecological variability among plots representing a partic-
ular community type. To account for this, we measured
inherent variability in species composition among all plots
representing a particular community type by taking the
mean of pair-wise Jaccard dissimilarity indices (Whittaker
1975). The Jaccard dissimilarity index between two plots is
defined as:

J=1—a/(a+b+c)

where a is the number of species shared, 4 is the number of
species unique to the first plot, and ¢ is the number of spe-
cies unique to the second plot. J ranges between 0 and 1,
where 0 indicates identical species composition of the two
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plots, and 1 indicates that the two plots have no species in
common. The calculations were done using JUICE 7.0
(Tichy 2002). We related MPD to the inherent variability
within community types (mean of Jaccard dissimilarity
indices) using linear regression. The regression was calcu-
lated separately for all vascular plants and for angiosperms
only using /m function, in R package ‘base’.

Estimation of habitat age

Estimating habitat age and its continuity over large time
scales that enable speciation and evolution of phylogenetic
lineages is a difficult issue. Therefore, we considered it only
in relative terms based on the approximate duration of par-
ticular habitats as inferred from the fossil record (Table 1).
A very young age is assumed for vegetation of open
human-made habitats that have not existed longer than a
few thousand years (Zohary 1996). Fossil records and phy-
logenetic evidence also indicate that open grasslands are
not older than mid-Tertiary, when they were formed due
to opening of the closed Palaeogene forests (Linder & Ru-
dall 2005; Stromberg 2011) as a response to global cooling
and drying (Zachos et al. 2001). Forests are assumed to be
older than grasslands. They were the dominant vegetation
in Europe until the late Cretaceous and lower Tertiary, and
only later were replaced with grasslands in many areas
(Mai 1995; Stromberg 2011). A long continuity and corre-
sponding high age can also be assumed for some types of
azonal habitats such as wetlands and water bodies that
may have persisted in a landscape, although at changing
sites, for ages (Table 1).

We compared PS of species pools among groups of habi-
tats of different age using the Kruskal-Wallis ANOVA with
the Nemenyi post-hoc tests using the R library PMCMR
(http://cran.r-project.org/web/packages/PMCMR/index.html.

Z.Lososova et al.

Results

Of the 88 vascular plant species pools analysed, 31 (35%)
were phylogenetically clustered, 36 (41%) random and 21
(24%) overdispersed (Table 2). The analysis of angiosperms
only yielded similar results: 37 (42%) clustered, 37 (42%)
random and 14 (16%) overdispersed (Table 2).

Consistently in both data sets, phylogenetic structure of
species pools was related to the estimated habitat age
(Fig. 2). Clustered PS was observed in species pools of
plant communities occurring in very young, human-made
habitats, such as arable fields, ruderal and trampled sites,
and also in older but still relatively young habitats such as
grasslands (including wet, mesic, dry, sand and saline
types), herbaceous fringes of lowland rivers, xeric scrub
and thermophilous oak forests (Fig. 2, Appendix S1). In
contrast, random or overdispersed PS was consistently
found in species pools of ancient habitats. For the data set
of all vascular plants, overdispersed PS was detected for
most forest, spring and mire species pools. The additional
analyses showed that this was due to the frequent presence
of relatively old phylogenetic lineages such as lycopodio-
phytes, ferns and gymnosperms. In the analyses of angio-
sperms only the overdispersed PS disappeared for most of
these species pools. Analogously to the data set of all vascu-
lar plants, the overdispersed PS detected for angiosperm
species pools of some aquatic, wetland, riverine and
springs habitats, willow carrs and some forests (Appendix
S1) was mainly caused by the presence of taxa from
ancient angiosperm lineages (e.g. Alismatales, Nymphaea-
ceae and Myriophyllaceae for aquatic habitats). Taxa contrib-
uting significantly to the phylogenetic structure of the
studied species pools are listed in Appendix S2.

We found no relationship between inherent variability
of community types and phylogenetic structure of their

Table 1. Age estimations of habitats of particular aggregated plant community types and major events that influenced the habitat development.

Aggregated Community Type

Habitat Age of Aggregated Community Type

Major Events References

Cliffs, Screes and Walls Uncertain (Cliffs, Screes);
Neolithic or younger (Walls)

Mid-Tertiary

Cretaceous or older

Cretaceous or older

Alpine and Sub-alpine Vegetation
Aquatic Vegetation
Wetland and Riverine Vegetation

Spring and Mire Vegetation Late-Tertiary

Mesic and Wet, Nutrient-rich Grasslands  Late-Tertiary

Mesic, Nutrient-poor Grasslands Late-Tertiary

Dry Grasslands and Steppes Late-Tertiary

Sand Grasslands Late-Tertiary
Vegetation of Saline Soils Tertiary

Heathlands and Scrub Uncertain

Forests Cretaceous or older

Ruderal and Weed Vegetation Neolithic or younger

Global cooling and drying; Alpine orogeny  Mai (1995)

Coiffard et al. (2012)
Coiffard et al. (2012)
Shaw et al. (2010)
Stromberg (2011)
Stromberg (2011)
Stromberg (2011)
Stromberg (2011)
Ellenberg (1988)

Northern hemisphere climate cooling
Global cooling and drying

Global cooling and drying

Global cooling and drying

Global cooling and drying

Existence of salt-rich sediments

Mai (1995), Wang
et al. (2009)

Frequent and regular disturbance Zohary (1996)
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Table 2. Numbers and percentages of species pools of individual plant community types with clustered, random or overdispersed phylogenetic structure,
summarized over the aggregated community types. See Appendix S1 for details on individual species pools.

Aggregated Community Type Vascular Plants (%)

Angiosperms (%)

Clustered Random Overdispersed Clustered Random Overdispersed
Cliffs, Screes and Walls 0 1(25) 3(75) 4 (100) 0 0
Alpine and Sub-alpine Vegetation 0 2(100) 0 2(100) 0 0
Aquatic Vegetation 0 3(100) 0 0 1(33) 2(67)
Wetland and Riverine Vegetation 2(17) 10 (83) 0 2(17) 4 (33) 6 (50)
Spring and Mire Vegetation 0 5 (63) 3(37) 0 7 (88) 1(12)
Mesic and Wet, Nutrient-rich Grasslands 6 (86) 1(14) 0 3(43) 4 (57) 0
Mesic, Nutrient-poor Grasslands 1(50) 1 (50) 0 2 (100) 0 0
Dry Grasslands and Steppes 4 (67) 2(33) 0 6 (100) 0 0
Sand Grasslands 5(100) 0 0 5(100) 0 0
Vegetation of Saline Soils 1(25) 3(75) 0 0 4(100) 0
Heathlands and Scrub 3(38) 3(38) 2 (24) 5(63) 2 (24) 1(13)
Forests 4 (20) 4(20) 13 (60) 1(5) 15 (75) 4 (20)
Ruderal and Weed Vegetation 5(83) 1(17) 0 6 (100) 0 0
(a) VASCULAR PLANTS (b) ANGIOSPERMS
3 21 P=0.0006 _—B 4 P=0.0001 —_B
g A : B ]
4 g A 7 ° A ‘
2 o '1—‘ T
Fy nES
2l w4 . i — . .
S L T of i
Neolithic Tertiary Cretaceous ! Neolithic Tertiary Cretaceous
or younger or older or younger or older
Habitat age Habitat age

Fig. 2. Standardized effect size of mean phylogenetic distance (MPD SES) for species pools, divided into three categories according to the habitat age.
Habitats with uncertain age are not included. The same letters indicate homogeneous groups according to the Kruskal-Wallis ANOVA followed by Nemenyi
post-hoc tests at P < 0.05. The central line of each box refers to the median, box height to the interquartile range, whiskers to the non-outlier range (1.5

times the interquartile range at each side), and small circles to outliers.

species pools (R? = 0.0408, P = 0.059 for all vascular
plants; R* = 0.0002, P = 0.89 for angiosperms only). This
indicates that PS of ecologically more heterogeneous
species pools defined for broader ranges of environmental
different from PS of more
homogeneous species pools related to environmentally
homogeneous habitats.

conditions was not

Discussion

Our analysis suggests that a substantial part of the variation
in phylogenetic structure across species pools of different
plant community types is associated with the age of the
respective habitats (Fig. 2). Therefore, habitat age at a geo-
logical time scale should be considered whenever differ-
ences in PS among plant communities are discussed and
interpreted.

Journal of Vegetation Science

Phylogenetically clustered species pools are typical of
young habitats

The clustered PS is typical of species pools of relatively
young habitats. This clustering likely reflects that during
limited evolutionary time, only a few lineages, now repre-
sented by large proportions of species in these pools, were
able to effectively adapt to these habitats. Although several
previous studies reported the correspondence of young
habitat age and clustered community structure, these find-
ings were based on small sets of species and limited spatial
or temporal scales, mainly on comparisons of early and late
stages of ecological succession. For example, overdispersed
vs clustered PS was documented in older vs younger suc-
cessional stages of tropical forests, respectively (Letcher
2010; Letcher et al. 2012; but see Zobel et al. 2011). Shifts
from clustered to overdispersed PS were reported for

Doi: 10.1111/jvs.12308 © 2015 International Association for Vegetation Science 1085



Phylogenetic structure of species pools

vegetation succession on dunes (Brunbjerg et al. 2012), as
well as for transitions from arable land to grassland (Purs-
chke et al. 2013). On broader spatial scales, alpine grass-
land plant communities of cold and dry areas of the
Qinghai-Tibetan Plateau were shown to be phylogeneti-
cally clustered, whereas moist and warm areas in this
region were covered with phylogenetically overdispersed
forest communities (Yan et al. 2013). The above examples,
together with our results, indicate that clustered phyloge-
netic structure is related to young habitat age. However,
we suggest that the main cause is not successional age of
the habitat. Instead it is the habitat’s age on the geological
time scale that provided either more or less time for evolu-
tion and diversification of adapted lineages that currently
comprise the species pool (and ‘lineage pool’) of the mod-
ern habitat types. Patterns observed in successional series
result from the fact that early successional stages usually
correspond to evolutionarily young habitats and late stages
to ancient habitats.

Ruderal and weed community types occupy the youn-
gest habitats of Central Europe. Their existence depends
on human activities and they experienced dramatic expan-
sion, especially after the introduction of Neolithic agricul-
ture, which started in Central Europe about 7000—
8000 yrs before present (Zohary 1996). Their species pools
are especially rich in species from certain lineages, e.g. Ama-
ranthaceae, Brassicaceae, Fabaceae, Asteraceae or Polygonaceae
(for details see Appendix S2). Some recent phylogenetic
studies (e.g. Schuster et al. 2013) suggest that the high spe-
cies richness of these groups is not a result of massive Qua-
ternary radiation in these young habitats. The species pools
of these habitats must have been assembled through envi-
ronmental filtering from already existing pools of pre-
adapted species. Original habitats of these species may have
been locally disturbed places in the open Pleistocene land-
scapes, such as sediment accumulations along rivers, water-
ing places and other sites of large herbivore gatherings, or
campsites of Palaeolithic hunter-gatherers.

Clustered PS was also found in species pools of most
types of Czech treeless habitats, including wet, mesic, dry,
sand and saline grasslands. Such results accord with find-
ings of Bartish et al. (2010) and are in full agreement with
theoretical predictions of phylogenetic clustering of cold-
and drought-tolerant species (mostly confined to grass-
lands) of Wiens et al. (2010). This is because most clades of
current species originated during the time when tropical
environments predominated on the planet. Because eco-
logical traits (e.g. cold tolerance) are often phylogenetically
conserved, few clades have crossed ecophysiological barri-
ers to colder environments during the subsequent global
cooling, resulting in phylogenetic clustering in young habi-
tats. The divergence of the modern cool climate grasses
(subfamily Pooideae) dates back to the Oligocene (Bouch-
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enak-Khelladi et al. 2010) and relates perhaps to the Oli-
gocene climate minimum. Since that time, cool climate
grasses experienced a dramatic diversification and range
expansion (currently over 3000 species are recognized
worldwide; Linder & Rudall 2005), now being dominant in
almost all types of open temperate vegetation. Similar radi-
ation to the newly arising open and drought-stressed habi-
tats following the Oligocene climatic minimum occurred
in some other groups of advanced angiosperms (e.g. Astera-
ceae, Brassicaceae, Fabaceae, Cyperaceae; Ford et al. 2006;
Franzke et al. 2011), which are now frequent components
of modern temperate grasslands. In contrast to the human-
made habitats that appeared perhaps too quickly for plant
lineages to evolve appropriate adaptations, the clustered
structure of grasslands seems to result from an assembly of
lineages that have been continuously adapting to this habi-
tat since the Oligocene (i.e. during the last =30 Myr).

Besides species pools of human-made habitats and
grasslands, clustered PS was also found for species pools of
thermophilous oak forests (in contrast to the other forest
types, which had random or overdispersed PS) and xeric
scrub. It seems that the clustered PS of these dry and rather
open woody plant community types results from the fact
that a considerable part of their species pools is shared with
species pools of spatially adjacent dry grasslands (Sadlo
et al. 2007).

Phylogenetically overdispersed species pools of all
vascular plants: co-existence of plant strategies over an
evolutionary time scale

Overdispersed PS within the data set of all vascular plants
was associated with presence of species from very old lin-
eages, such as lycopodiophytes, ferns or gymnosperms.
The distinctiveness of these ancient taxa and the corre-
sponding large phylogenetic distances to the majority of
other taxa, represented by modern angiosperms, always
resulted in a substantial increase in MPD and often also in
the significantly overdispersed PS of the species pool if
more ancient taxa were present. One group of such species
pools was that of forests containing gymnosperm trees and
several species of ferns; another group was species pools of
cliffs, walls, sub-alpine habitats and mires, all relatively
rich in ferns. The dramatic effect of presence of ancient
taxa on the overall PS can be best documented by remov-
ing them from the analysis. After their removal, the over-
dispersed PS changes to random in species pools of most
forest and mire types, or even to clustered in the case of
some non-forest habitat types of supposedly young age,
such as walls or sub-alpine vegetation (walls appeared
with humans and sub-alpine vegetation was formed in
Eurasia as a consequence of orogenic processes in the mid-
Tertiary). These results clearly point to the sensitivity of
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the phylogenetic analyses such as those based on MPD to
the inclusion of old phylogenetic lineages. They also indi-
cate that overdispersion is not a necessary outcome of
competition between close relatives, as suggested also by
Bennet et al. (2013). The association between the pres-
ence of ancient lineages in a species pool and the overdi-
spersed PS may result from two evolutionary historical
processes. First, these species pools occur in refugial habitat
types to which ancient lineages are well adapted and
where they are still not outcompeted by omnipresent
angiosperms. Second, some ancient lineages successfully re-
adapted to modern kinds of habitat, such as leptosporan-
giate ferns that adaptively radiated into new niches in the
angiosperm-dominated forests (Schneider et al. 2004) or
poikilohydric ferns (e.g. Asplenium, Polypodium, Notholaena)
whose extreme dessication tolerance enables them to persist
in drought-stressed and low-productive habitats such as
clitfs and walls.

Phylogenetically overdispersed species pools of
angiosperms: refuges of early diverging lineages

In the angiosperm data set the contributions of individ-
ual species to the overdispersed PS were much more
homogeneous than in the data set of all vascular plants.
Still, the species pools with overdispersed PS (those of
aquatic and wetland habitats, alder carrs, alluvial and
beech forests) were generally those rich in species of
early diverging (old) angiosperm lineages. This was
mainly the case of the aquatic environment harbouring
early diverging lineages of angiosperms (Nymphaeaceae)
and early diverging lineages of monocots and dicots (Acor-
aceae, Alismataceae, Araceae, Butomaceae, Ceratophyllaceae,
Potamogetonaceae and Ranunculaceae). In the late Creta-
ceous, aquatic environments and wetlands were the first
habitats to become dominated by angiosperms (Coiffard
et al. 2012). These environments perhaps persisted con-
tinuously and remained generally unchanged until the
present, hence they may have served as a refuge of
ancient angiosperm groups, which show limited capacity
to adapt to other types of modern terrestrial, drought-
stressed habitats.

The origin of angiosperm-dominated forests dates back
to the late Cretaceous and coincides with the radiation of
the rosid clade (108-83 Myr ago;, Wang et al. 2009),
which includes the majority of modern lineages of angio-
sperm woody plants (e.g. Betulaceae, Fabaceae, Fagaceae,
Rosaceae and Ulmaceae). Angiosperm-dominated forests
became the worldwide dominant vegetation in the
favourable climate of the early Tertiary, with tropical or
subtropical evergreen forests dominating the vegetation of
Central Europe till the mid-Miocene (Mai 1995). The
long-term existence of these forests provided enough time
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for successful adaptation of most of the modern angio-
sperm lineages. This can be assumed as the major reason
for the random PS observed in species pools of most forest
types, with the exceptions of alder carrs, alluvial forests
and species-rich beech forests, all with overdispersed PS.
In the case of carrs and alluvial forests this overdispersion
is mostly due to the presence of ancient lineages of wet-
land monocots (Acoraceae, Araceae and Alismataceae). In the
case of species-rich beech forests and alluvial forests this is
mainly due to relatively high species richness of lilioid
plants (Liliaceae and Orchidaceae), representing an early
diverging lineage of monocots, and of angiosperms as a
whole. Hence the overdispersed PS of forests seems to
result mainly from niche conservatism in the ancient
angiosperm lineages and their persistent affinity to ancient
types of shady, wet habitats. This type of PS reflects
mainly a long-term and continuous persistence of habitat
conditions that allow survival of ancient lineages of angio-
sperms, which otherwise have a limited ability to adapt to
modern types of open and drought-stressed habitats.
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