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Abstract

Zhukov O., Kunah O., Dubinina Y., Ganga D., Zadorozhnaya G.: Phylogenetic diversity of plant 
metacommunity of the Dnieper river arena terrace within the ‘Dnieper-Orilskiy’ Nature Reserve. 
Ekológia (Bratislava), Vol. 36, No. 4, p. 352–365 , 2017.

This article presents the features of the phylogenetic organization of the plant communities 
of the Dnieper River terrace within the ‘Dnieper-Orilskiy’ Nature Reserve and the patterns 
of its spatial variation involving remote sensing data of the Earth’s surface. The research ma-
terials were collected in the period 2012−2016 from within the nature reserve. The research 
polygon is within the first terrace (arena) of the Dnieper valley. Sandy steppe, meadow, for-
est and marsh communities within the Protoch river floodplain and the Orlova ravine, as 
well as artificial pine plantations were the habitats present within the research polygon. The 
vegetation description was carried out on 10×10 m (100 m2) plots. A total of 94 geobotanical 
descriptions were made. Data on plant phylogeny was obtained by the Phylomatic service. 
Phylogenetic diversity of the communities was assessed by the Faith, Simpson and Shan-
non indices. Phylogenetic analysis was performed by means of a double principal coordinate 
analysis (DPCoA). The vegetation cover within the investigated polygon was represented by 
189 species. Abundance Phylogenetic Deviation (APD) for the investigated metacommunity 
was evaluated to  −0.53, which is statistically significantly different from random alternatives 
(p = 0.001). The APD negative value indicates that phylogenetic organization of the investi-
gated metacommunity is overdispersed. The permutation procedure allowed us to establish 
that the eigenvalues of the DPCoA-axes obtained as a result of the real phylogenetic tree were 
significantly higher than their own number for the random phylogenetic trees for the first 
seven axes. This indicates that the first seven axes are useful for additional information on the 
ordination structure of the metacommunity.
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Introduction

The study of the species composition of communities is a central problem of ecology 
(Pavoine et al., 2004). A community is defined as a set of species found in the same habi-
tat (Pavoine et al., 2009). The species composition of a biotic community is the result of 
mutual action of evolutionary and ecological mechanisms (Ricklefs, 1987) and is subject 
to niche-dependent (Diamond, 1975; Tilman, 1982; Weiher, Keddy, 1999), neutral (Bell, 
2001; Hubbell, 2001) and historical (Ricklefs, 1987; Ricklefs, Schluter, 1993) processes. 
It is believed that information about the phylogeny can help answer questions about the 
relative role of ecological niche, neutral and historical processes of a community and 
certain mechanisms of formation of community structures (Cavender-Bares et al., 2009).

Many different ordination techniques are available for the analysis of the community 
structure (Hill, 1973; Doledec et al., 1996; Legendre, Gallaghe, 2001; Zhukov, 2015a, b; 
Sokolov, Zhukov, 2016). An important task is to include the information on the eco-
logical properties of species in the ordination procedure. An effective tool for analysing 
the properties of plant communities is ecomorphic analysis according to O. L. Belgard 
(Belgard, 1950, 1971; Potapenko et al., 2016; Zhukov, Potapenko, 2017; Zhukov et al., 
2016). This approach can be used to assess the relationship of similarity and differences 
between members of a community. Phytoindication assessment is also effective for the 
detection of differences both between species and between communities (Zhukov et al., 
2016). But a significant amount of environmentally relevant information is contained in 
the data on the phylogeny of the species that make up the community. Pairwise species’ 
phylogenetic distances measure the divergence times during the evolutionary history 
and are often argued to be a good synthetic measure of species’ ecological differentiation 
(Faith, 1992; Webb, 2000; Mouquet et al., 2012; Chalmandrier et al., 2013). Phylogeny is 
the bearer of indirect information about the common origin, common adaptation and 
potential competition between species (Webb et al., 2002). Phylogenetically related spe-
cies tend to be adapted to similar habitats as they are characterized by similar biological 
properties. This pattern is called ‘ecological niche conservatism’ (Lord et al., 1995). In 
this case, the local communities that are distributed along an environmental gradient 
may show a surplus of related species that coexist locally, which is an example of ‘spatial 
phylogenetic clustering’ (Hardy, 2008). Instead, the pattern of ‘spatial phylogenetic over-
dispersion’ (when sister species occur together less often than can be expected based on 
random conditions) may be the result of: 1) the exclusion by competition between two 
closely related species with similar ecological requirements; 2) mortality, which depends 
on the density of related species (Gilbert, Webb, 2007); 3) ecological speciation, which 
is caused by habitat differentiation between sister species (Cavender-Bares et al., 2004, 
2006). Information about these processes can be obtained as a result of investigation of 
correlation between common occurrence and phylogenetic distance of pairs of species 
in natural communities. Such spatial phylogenetic structure can be biogeographical in 
origin, when the rate of speciation is faster than the rate of settlement of species across 
biogeographical barriers (Webb et al., 2002; Hardy, Senterre, 2007). An important is-
sue is to establish whether there are numerous species randomly distributed within the 
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phylogenetic structure? This pattern can be quantitatively measured by the index of phy-
logenetic deviation in abundance (Abundance Phylogenetic Deviation – APD) (Hardy, 
2008). On the phylogenetic clustering of species abundance, the index APD > 0  when 
numerous species are only typical for certain phylogenetic clades. If APD < 0, this desig-
nates phylogenetic overdispersion, that is, a situation where the most numerous species 
are distributed in phylogenetically different clades (Hardy, 2008).

Information about community can be represented by two matrices: the first matrix 
contains distances or differences between species, and the second contains information 
about abundance (or presence/absence) of species (rows) in the community (columns). 
Differences between species can be assessed by their taxonomy (Izsáki, Papp, 1995; 
Warwick, Clarke, 1995), morphology (Blondel et al., 1984; Cody, Mooney, 1978; Losos, 
1992), or traits (Lamouroux et al., 2002). Indices of species diversity are usually calcu-
lated on the basis of relationships between the number of species and the number of in-
dividuals of any selected species in the community. The most common diversity indices 
are the Gini-Simpson (Simpson, 1949) and Shannon (Shannon, 1948) indices. However, 
these indices do not account for differences between species. ‘The indices based on the 
features’ indicate a number of indices that include differences among species based on 
one or more biological properties (Pavoine et al., 2004). The main objective of the double 
principal coordinate analysis (DPCoA) is to assess the community typology based on 
specific information about the heterogeneity of identities and differences between the 
species and relative abundance of species (Pavoine et al., 2004).

The phylogeny of the plants at the species level was generated using the data on gene 
sequence from species included in the GenBank (http://www.ncbi.nlm.nih.gov/gen-
bank) for terrestrial plants (Zanne et al., 2014). This phylogeny contains data on 31,749 
species of plants and is based on seven gene regions (18S rDNA, 26S rDNA, ITS, matK, 
rbcL, atpB and trnL-F), which include both gradually evolving regions and more rapidly 
evolving regions (Qian, Jin, 2016). The maximum-likelihood estimates in the phylogeny 
were time-scaled based on 39 fossil calibrations. The phylogeny includes 98.6% of fami-
lies of extant seed plants represented in the world flora, about 11% of species (Qian et al., 
2014) and 51.6% of genera (Zanne et al., 2014). The nomenclature of orders and families 
is in accordance with the APG III (2009). Thus, the data presented in this phylogeny can 
be used for the reconstruction of the phylogeny in ecological and biogeographic stud-
ies of seed plants (Qian, Jin, 2016). Phylogenetic structure is particularly informative in 
addressing the role of neutral processes in organization of groupings. In a neutral com-
munity, no ecological process regarding species-species or species-environment interac-
tions can generate a phylogenetic structure in the spatial distribution of species (Hardy, 
2008). However, purely neutral processes can create complex structures in the spatial 
distribution of species (Ulrich, 2004), so that testing for a spatial phylogenetic structure 
by randomizing a data set, for example, permuting species abundances among locations 
may not be adequate (Gotelli, 2000).

The aim of this paper is to determine the importance of the phylogenetic components 
in the organization of plant metacommunity of the Dnieper arena within the ‘Dnieper-
Orilskiy’ Nature Reserve.

http://www.ncbi.nlm.nih.gov/genbank
http://www.ncbi.nlm.nih.gov/genbank
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Material and methods

The materials were collected in the period 2012−2016 within the ‘Dnieper-Orilskiy’ Nature Reserve. The inves-
tigated polygon is within the first above-floodplain terrace (arena) of the Dnieper. Habitats within this area are 
represented by sandy steppe, grassland, forest and wetland communities in the floodplain of the r. Protoch and 
the Orlova ravine, and pine plantations’ descriptions of vegetation were carried out using standard geobotanical 
techniques (Voronon, 1973) for 10×10 m (100 m2) plots. 94 geobotanical sample descriptions were made. Projective 
plant cover was assessed visually. Plants were identified using ‘The Identification Key to Higher Plants in Ukraine’ 
(Dobrochaeva, Kotov, 1987). Plant names were given according to the data base The Plant List (2013); the taxonomy 
was given according to the database Euro + Med (2016). Information about the plants’ phylogeny was obtained us-
ing the service Phylomatic (Webb, Donoghue, 2005). The phylogeny was based on the information about the gene 
sequences contained in GenBank (http://www.ncbi.nlm.nih.gov/genbank) for terrestrial plants (Zanne et al., 2014). 
Information about the phylogeny was applied to assess the phylogenic aspect of the diversity of plant communities. 
One of the indices proposed to measure the diversity within a community by regrouping individuals into categories 
(usually species) and considering their abundances and number was the Havrda & Charvat index (Havrda, Charvat, 
1967):

                                                  ,

where p = (p1,... pi,... pn), pi is the relative abundance of the ith category in a community of n categories, and a is a 
scaling constant (a≥0) that weights the importance of rarity (Pavoine et al., 2009). If a is equal to zero, Ha reduces to 
the number of categories minus 1 (hereafter referred to as richness). Hence, with this diversity index, the categories 
that had low abundances in the community are given weights equal to the categories with high abundances. As a 
increases, the weights of the rarest categories in the community decrease. When a tends to 1, then Ha tends to the 
Shannon (1948) index. When a = 2, then Ha is equal to the Simpson (1949) index (Pavoine et al., 2009; Sokolov, 
Zhukov, 2016).

The phylogeny must be ultrametric in order to partition a phylogeny along a hierarchy such that all tips are at 
equal distance from the root node and we must divide the phylogeny into periods of evolutionary time from the root 
node to the tips of the tree. The periods are numbered from the tips to the root. Let (t1, t2, ..., tN) (0 ≤ t1 ≤ t2 ≤ ... ≤ tN) 
be the end time of the evolutionary periods (t0 = 0). Pavoine et al. (2009) proposed an index of phylogeny diversity 
(PD) that can be adjusted for rarity (Ia) as:

where Ha,K is the diversity index Ha applied to the Kth period. With a = 0, H0 is the richness and I0 is Faith’s (1992) 
PD index minus the height of the tree. When a tends to 1, Ia is thus a generalization of the Shannon index (H1) to 
account for evolutionary history. With a = 2, H2 is the Simpson index and I2 is Rao’s quadratic entropy (QE) applied 
to phylogenetic distances between species (Rao, 1982; Pavoine et al., 2009).

To the analysis of Ia within a community, the analysis of Ia within and between subcommunities can be added. 
Subcommunities can be defined in space (e.g., local subcommunities in a region) or through time (e.g., a sub-
community corresponds to the state of a focal community at a given time period) and the mixing of proportions 
allow one to choose how to weight subcommunities. In our study, we considered the plants subcommunities in 
geographical space. The partitioning of Ia over evolutionary periods could then be applied to the averaged commu-
nity (γ-component of the diversity), to the subcommunities (α-component of the diversity), and to the phylogenic 
diversity between the subcommunities (β = γ–α) (Pavoine et al., 2009).

A permutation test was applied to determine which periods of the phylogeny were affected by differences be-
tween subcommunities. The tips of the whole phylogenetic tree were randomized so that the connection between 
species abundance and the phylogenetic tree was permuted (Hardy, 2008). For each permutation at each evolu-
tionary period K, (β/γ)K was calculated as a statistic of phylogenetic differentiations among the subcommunities 
(Hardy, Senterre 2007; Pavoine et al., 2009). A higher value of (β/γ)K than expected from the species pool indicated 
phylogenetic clustering (high β, low α) at period K, which meant that the subcommunities had fewer lineages that 
originated in period K than expected and/or only one or a few of these lineages dominate in abundance. On the 
contrary, a lower value of (β/γ)K indicated phylogenetic overdispersion (low β, high β) at period K, which meant that 
the subcommunities had more lineages that originated in period K than expected and/or the abundance of these 
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lineages is even. Accordingly, a p-value was associated to any period K as the number of permutations of the tips 
where (β/γ)K was higher (for phylogenetic clustering) or alternatively lower (if phylogenetic overdispersion is tested) 
than the observed (β/γ)K value (Pavoine et al., 2009).

Phylogenetic analysis by means of Double Principal Coordinate Analysis (DPCoA) (Pavoine et al., 2004) was 
conducted using library ade4 (Dray et al, 2007) in the environment R (R Core Team, 2016). The procedure of analy-
sis and additional scripts are described in the work of Pavoine et al., 2009. For each random permutation of the 
phylogenetic tree, as mentioned above, we calculated the eigenvalues of the DPCoA-axes and with the function rand 
test from the library ade4, the Monte-Carlo test was performed. Statistical difference from the random alternative 
for each DPCoA-axis was assessed. This approach let us understand the degree in which phylogenetic information 
increases the quality of the ordination in comparison with the phylogenetic random alternative. Statistical analysis 
was conducted in Statistica 10.0.

Results

The vegetation was found to be represented by 189 species within the research polygon. The 
division Bryophyta was represented by Syntrichia ruralis, and the division Pinophyta was 
represented by Pinus sylvestris. Moss species’ diversity in the Dnieper terrace within the 
‘Dnieper-Orilskiy’ Nature Reserve is much higher, but requires a separate study. Mosses with 

lichens Cladonia foliacea 
(Huds.) Willd. and Cor-
nicularia steppae Savicz 
form cushions (Kosets, 
Tkachenko, 1973). Pine 
plantations within the 
study area form artifi-
cial forest stands, though 
pines are also present at 
sites of past fires, where 
in some cases of natu-
ral recovery of this tree 
has occurred. Overall, 
the angiosperms in the 
study area are represent-
ed by187 species.

The phylogeny of the 
plants that make up the 
vegetation of the study 
area is shown in Figure 
1. The orders Poales and 
Asparagales diverged 
on the phylogenetic 
trees about 180 million 
years ago. According to 
others, Asparagales ap-
peared 120 million, and 

Fig. 1. Phylogeny of the vegetation of the Dnieper arena. The horizontal axis 
presents time of divergence in million years.
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Axes Eigenvalues
Eigenvalues for randomized phylogenetic matrices

р-level
Mean ± st. error Minimum Maximum

1 12.90 4.07 ± 0.150 2.44 11.32 0.01
2 2.90 1.86 ± 0.050 1.09 3.17 0.05
3 1.90 1.18 ± 0.023 0.80 2.09 0.02
4 1.43 0.87 ± 0.015 0.54 1.30 0.01
5 0.99 0.63 ± 0.011 0.41 0.94 0.01
6 0.69 0.49 ± 0.010 0.23 0.78 0.02
7 0.62 0.36 ± 0.008 0.18 0.58 0.01
8 0.17 0.28 ± 0.006 0.16 0.46 0.98
9 0.12 0.21 ± 0.005 0.11 0.37 0.97
10 0.08 0.16 ± 0.004 0.08 0.28 1.00

T a b l e  1. The eigenvalues of DPCoA-axes for observed data and phylogenetic matrix, as well as eigenvalues for 
randomized phylogenetic matrices (99 permutations) and evaluation of the significance p-level.

Poales – 118 million years ago (Hertweck et al., 2015). Within the study area, Asparagales is 
represented by 2 families, 4 genera and 5 species, and Poales is represented by 3 families, 18 
genera and 27 species.

Within the studied polygon, the order Piperales includes only one species Aristolochia 
clematitis. Phylogenetically related to this order are the orders Sapindales, Malvales, Bras-
sicales, Myrtales and Geraniales, which form the Eurosids II group. This group appeared on 
the phylogenetic tree 110 million years ago. The order Sapindales is represented by one fam-
ily and one genus with 4 species. The order Malvales is represented by one family with two 
genera and two species. The order Brassicales is represented by one family, 6 genera and 7 
species. The order Myrtales is represented by the families Lythraceae (1 genus, 1 species) and 
Onagraceae (2 genera, 2 species). The order Geraniales is represented by 1 family, 1 genus 
and one species. The age of the orders Malpighiales and Celastrales is 100—110 million years. 
Within the research polygon the order Malpighiales is represented by the families Salicaceae, 
Hypericaceae, Violaceae, Euphorbiaceae, which comprise 5 genera and 10 species. The order 
Celastrales is represented by one species Euonymus europaeus.

The group Eurosids I is represented by the orders Fagales, Fabales and Rosales. Their age 
is estimated at 117—108 million years (Wikström et al., 2001). The order Fagales is repre-
sented by one species, Quercus robur. The order Rosales is represented by the families Rham-
naceae, Urticales, Rosaceae, Ulmaceae, Moraceae, and Cannabaceae, which within the re-
search polygon include 16 species in 13 genera. The order Fabales is represented by only the 
family, Fabaceae, with 13 species and 13 genera.

The group Core Eudicots includes the order Caryophyllales. Its age is 90—83 million 
years (Wikström et al., 2001). The order Caryophyllales is represented by the families Plum-
baginaceae, Polygonaceae, Portulacaceae, Amaranthaceae and Caryophyllaceae, which con-
sists of 12 genera represented by 17 species.

The group Asterids II is represented by the orders Dipsacales, Apiales and Asterales. The 
age of this group is about 95 million years. Within the research polygon, the order Dipsacales 
is represented by the families Adoxaceae (only one species Sambucus nigra) and Caprifoli-
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aceae (two genera and two species). The order Apiales is represented by the family Apiaceae 
(6 genera, 6 species). The order Asterales is represented by the families Campanulaceae (only 
one species Campanula patula) and Asteraceae (24 genera, 37 species).

The group Asterids I is represented by the orders Boraginales, Gentianales, Lamiales, and 
Solanales. The age of this group is about 75 million years. The order Boraginales is represent-
ed by the family Boraginaceae (2 genera, 2 species). The order Gentianales is represented by 
the families Apocynaceae (2 genera, 2 species) and Rubiaceae (1 genera, 3 species). The order 
Solanales is represented by the family Convolvulaceae (2 genera, 2 species). The order Lami-
ales is represented by the families Oleaceae (one species Fraxinus excelsior), Scrophulariaceae 
(2 genera, 3 species), Lamiaceae (7 genera, 7 species) and Plantaginaceae (2 genus, 4 species).

The Abundance Phylogenetic Deviation index (APD) for the investigated metacommu-
nity takes the value 0.53, which statistically significantly differs from the random alternatives 
(p = 0.001). An APD negative value indicates overdispersion in the phylogenetic organiza-
tion of the metacommunity.

Community ordination using the DPCoA procedures has allowed us to establish that 
the first 4 axes are characterized by their eigenvalues which are greater than 1 (Table 1). We 
conducted a permutation procedure in which we generated a random phylogenetic structure 
using random replacement of the species on the tips of the phylogenetic branches. It is es-
tablished that the eigenvalues of axes calculated for DPCoA procedures with the real phylo-
genetic tree significantly exceed their eigenvalues of axes for random phylogenetic trees for 
the first seven axes. This indicates that the first seven axes are useful for additional ordination 
information about the structure of the metacommunity.

DPCoA axis 1 was found to reflect variation in metacommunity representatives of the 
order Poales. The positive value of this axis indicates grassland communities (steppe, mead-
ow and bog), which are dominated by grasses, bromeliads, and sedges. The negative axis 
corresponds to the forest communities, where the importance of this taxonomic group is 
considerably less.

DPCoA axis 2 reflects the opposite dynamic of the role in communities of representatives 
of the order Asterales, on the one side, and Poales, on the other. Areas with relative pre-
dominance of Asterales over Poales form diffuse patches of plant cover with complex spatial 
configuration. The most positive value for axis 2 was characteristic for grasslands and marsh 
communities, but for the centre of the polygon within the sand steppe zone, there was also 
relative predominance of Asterales over Poales.

DPCoA axis 3 showed a tendency of synchronous changes of the role in the community 
of the orders Asterales and Poales, on the one side, and the opposite dynamic of the plants 
of the order Malpighiales. The order Malpighiales within the polygon is represented mainly 
by forest species (Populus, Salix) or forest herbs (Viola, Hypericum), which explains the fact 
that this axis is able to differentiate areas with broadleaved forests from other types of vegeta-
tive cover.

DPCoA axis 4 reflects synchronous changes in the values in the grouping of the orders 
Poales, Malpighiales and Sapindales as opposed to the role of the grouping mosses Fabales, 
Pinus sylvestris, Chelidonium majus and Berberis vulgaris. Spatial variation of this axis points 
to restricted areas with positive values denoting increase in the grouping Fabales and some 
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other species. DPCoA axis 5 is sensitive to the opposite dynamics of variation in values in the 
grouping of representatives of the order Sapindales, on the one hand, and Malpighiales and Fa-
bales, on the other. DPCoA axis 5 takes positive values in the area of significant anthropogenic 
transformation due to fires and erosion of sandy soil. Negative values of the axis correspond 
to stable vegetation plots, in which Acer tataricum is represented. DPCoA axis 6 reflects syn-
chronous dynamic 
of variation in the 
values in the group-
ing of representa-
tives of the orders 
Sapindales and Mal-
pighiales. DPCoA 
axis 7 is associated 
with simultaneous 
variation in the val-
ues in the grouping 
of plants of the fam-
ily Cyperaceae and 
some Ranunculales, 
on the one hand, and 
the orders Sapindales 
and Fabales, on the 
other.

The total phy-
logenetic diversity 
and its fractions are 
presented in Table 2. 
The partitions of I0, 
I1, I2 between phy-
logenetic periods is 
represented in Figure 
2. By definition, the 
number of phyloge-
netic lines decreases 
from the phylogenet-
ic tree tips to its roots. 
Consequently, the en-
vironmental contri-
bution of the periods 
decreases from the 
tips to the root in the 
case of I0 and less in 
the case of I1, I2.

Fig. 2. The results of the DPCoA. On the left is the phylogenetic structure of the meta-
community. CS1-CS7 are weightings of species on the appropriate axis.

Diversity components І0 І1 І2

Between-site diversity 2285.98 29.44% 575.69 77.31% 193.86 89.70%
Within-site diversity 5478.66 70.56% 168.92 22.69% 22.26 10.30%
Total diversity 7764.64 100.00% 744.60 100.00% 216.12 100.00%

T a b l e  2. Overall value of Ia (total number for all phylogenetic periods, a = 0, 1, 2) 
and its share within and between sites (% indicates the proportion of the total diver-
sity that corresponds to the components of diversity within or between sites).
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The greatest differ-
ence between sites with 
diversity indices I0 and I1 
are relevant to the level 
of individual species. For 
the diversity index I2 dif-
ferences between sites 
increases together with 
increasing phylogenetic 
ages and only at the end is 
there a drastic decrease of 
the ratio β/γ. Phylogenetic 
origin of the differentia-
tion between sites which 
is indicated by high values 
of β/γ for diversity on the 
Simpson index could be 
characterized as phyloge-
netic clustering. A sharp 
increase in the indicator of 
β/γ is established for the 
period 440. For this peri-
od, monophyletic groups 
have been distinguished, 
which in the space of the 
axes of the DPCoA analy-
sis is shown in Figure 3. 
The obtained results in-
dicate that significant dif-
ferences between the sites 
are caused mainly by indi-
vidual species (Syntrichia 

ruralis, Pinus sylvestris, Aristolochia clematitis, Chelidonium majus, Berberis vulgaris) and 
taxa such as Asparagales, Poales and Ranunculaceae. Other taxa form a homogeneous group 
of the level of aggregation of orders. A manifestation of homogeneity is the compactness of 
the respective spheroids in the space of the axes 1–4. In the space of the axes 5–8, the corre-
sponding grouping of taxa exhibit their heterogeneity, which is reflected in the considerable 
proportion of the space that is covered by the relevant ellipsoids.

Discussion

Community formation patterns are determined by two main processes: filtering species 
that are able to demonstrate their strength in the community based on their tolerance to 

Fig. 3. Hierarchical partition of phylogenetic diversity along phylogenetic pe-
riods. Periods ranked from tips to the roots. A – the partition of the Simpson 
index α-(black) and β-components (white region) along evolutionary time (the 
height of the black and white areas corresponds to γ-component); B and C 
are equivalent to the Shannon index (B) and the species richness (C); D – the 
differences between sites (measured as the ratio of β/γ Simpson indexes) in 
terms of evolutionary periods; E and F are equivalent to Shannon index (E) 
and species richness (F).
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environmental condi-
tions (Weiher, Keddy, 
1995; Weiher et al., 
1998) and competitive 
relationships among 
species, limiting the 
long-term co-existence 
of ecologically similar 
species (Gause, 1934; 
Elton, 1946; MacAr-
thur, Levins, 1967; 
Chesson, 1991; Leibold, 
1998). Based on the re-
view of these processes, 
one can make opposite 
predictions about the 
similarity of phenotypic 
and phylogenetic prox-
imity of species that co-
exist (Tofts, Silvertown, 
2000; Webb, 2000). 
Where related species 
have similar physiolog-
ical limits, and demon-
strate evolutionary con-
servatism of ecological 
niches, environmental 
filtration will lead to the 
co-existence of phylo-
genetically closely relat-
ed species. This pattern 
is called ‘phylogenetic 
clustering’ (Tofts, Sil-
vertown, 2000; Webb, 
2000; Cavender-Bares 
et al., 2004). Competitive exclusion should limit the coexistence of closely related spe-
cies, if the species share common limiting resources, which leads to the opposite pattern 
– phylogenetic overdispersion (Cavender-Bares et al., 2004). The Abundance Phylogenetic 
Deviation Index for the researched metacommunity indicates the presence of phylogenetic 
overdispersion. The pattern of phylogenetic overdispersion may be the result of: 1) exclu-
sion by competition between two closely related species with similar ecological require-
ments; 2) mortality, which depends on the density of related species (Gilbert, Webb, 2007); 
3) ecological speciation, which is caused by habitat differentiation between sister species 

Fig. 4. Location of the monophyletic groups in the period, which corresponds to 
the beginning of intensive growth ratio β/γ of Simpson index value in space of 
the axes obtained as a result of the DPCoA procedure (A – axis 1, 2, B – axes 3, 
4, C – axes 5, 6; D – axes 7, 8).
Notes: 1 – Syntrichia ruralis; 2 – Pinus sylvestris; 3 – Asparagales; 4 – Poales; 
5 – Aristolochia clematitis; 6 – Chelidonium majus; 7 – Berberis vulgaris; 8 – Ra-
nunculaceae; 9 – Crassulaceae; 10 – Brassicaceae + Geraniaceae + Malvaceae + 
Myrtales + Sapindaceae; 11 – Celastraceae + Zygophyllaceae + Malpighiales + 
Fagaceae + Rosales + Fabales; 12 – Caryophyllales; 13 – Dipsacales + Apiaceae + 
Asterales + Gentianales + Boraginaceae + Lamiales.
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(Cavender-Bares et al., 2004, 2006). This feature of the organization of the metacommunity 
is most probably the result of intense competitive relationships in the fairly extreme condi-
tions that prevail in the Dnieper terrace.

Double principal coordinate analysis (DPCoA) allows two matrices to be taken into ac-
count in community ordination procedure: the traditional matrix of distribution of species 
within habitats and the matrix that describes specific distance (Pavoine et al., 2004). Phy-
logenetic distance between species can be used in the analysis of the matrix, which allows 
one to assess the value of the phylogenetic track in the organization of the community. The 
eigenvalues of 1–7 axes, identified during the DPCoA procedure using phylogenetic matrix 
are statistically possibly different from random alternatives in an upward direction, which 
indicates additional information to explain the β-diversity that we obtained after consider-
ing the phylogenetic history of the species that composed the metacommunity investigated.

The connection of taxa with axes allows these axes to be interpreted. It should be noted 
that similar pairs of axes change the connection with certain taxa. Axis 1 and 2 (and to a 
lesser extent, 3 and 4) are associated with the order Poales, axes 2 and 3 are associated with 
the order Asterales, axes 3–6 are associated with the order Malpighiales, axes 4–7 are as-
sociated with the order Sapindales, axes 4, 5 and 7 are associated with the order Fabales. 
The vast majority of ordination techniques, including DPCoA, reveals only the linear com-
ponent of real environmental trends, which are caused by the influence of ecological fac-
tors. In turn, the response of ecosystems to the impact of factors is usually nonlinear and 
is regulated by the familiar horseshoe dependency. Linear character has dependence when 
only a part of the functional range between factor and response is covered experimentally. 
The nonlinear nature of interconnections when using ordination techniques results in the 
so-called horseshoe effect, in consequence of which, one environmental factor in ordi-
nation reflection is marked by two or more axes. This fact explains why one taxon has a 
significant relationship with two or more consecutive axes. This situation is the result of 
the fact that ecological optima of the corresponding taxonomic groups are located within 
the studied polygon. Of course, the conception of optimum taxonomic groups is possible 
when there is ecological homogeneity of these groups. The qualitative and quantitative 
measure of homogeneity may be an ellipsoid configuration, which sets boundaries of the 
corresponding taxonomic groups in the space of the DPCoA-axes. For example, the ellip-
soid of the order Poales in the space of the axes 1–2 and 3–4 (Fig. 4) is quite compact and 
well defined, although this order includes 27 species or 14.3% of the total species richness 
of the metacommunity. The same applies to the order Asparagales (38 species or 20.1% of 
total species richness) and some others.

It should be noted that an increase in the ordination number of axes is accompanied 
by an increase of the number of taxa that are associated with these axes and growth of the 
heterogeneity of projections of their ecological niches on the axis following a decrease in 
species richness of the taxa and a tendency towards a decrease in the level of these taxa. 
For example, axis 1 is largely related to one large taxon and the species Pinus sylvestris and 
Syntrichia ruralis. Axis 2 is largely related to two large taxa, axis 3 is largely related to three 
taxa, axes 4–6 are largely related to three or four taxa, axis 7 is largely related to four or five 
taxa; these taxa already have a rank lower than order.
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Conclusion

The phylogeny of plant species has proved to be an important component of the diversity of 
plant metacommunities. The current study found that the organization of the plant meta-
community of the Dnieper River terrace within the “Dnieper-Orilskiy” Nature Reserve is 
characterized by a phylogenetic pattern which may be estimated as overdispersion. The com-
petitive relationship between the species in the community may be considered to be the most 
probable mechanism of the formation of overdispersion. An additional factor that should 
not be excluded is mortality, which depends on the density of related species and ecological 
speciation and leads to habitat differentiation between sister species. DPCoA procedure al-
lowed us to establish that the greatest contribution to the β-diversity of the metacommunity 
is made by species of the orders (in decreasing order of importance of the contribution): 
Poales, Asterales, Malpighiales, Sapindales and Fabales.
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