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1. Introduction
The key role of Bacillariophyta in the primary production 
and functioning of marine ecosystems necessitates the study 
of benthic diatoms both to preserve their biodiversity and 
to use them in assessing the state of marine environment 
(Van Dyke 2008; Blanco et al., 2012; Rimet and Bouchez, 
2012; Borja et al., 2013; Winter et al., 2013; Stenger-Kovacs 
et al., 2014; Nevrova et al., 2015; Keck et al., 2016). Many 
coastal areas are subjected to increasing anthropogenic 
disturbance that causes significant changes in the species 
composition of benthic diatom taxocenes. High species 
richness and the complex taxonomic structure of diatom 
taxocenes in intact marine biotopes can change rapidly 
due to the fact that species that are sensitive to pollutants 
are eliminated and replaced by more tolerant ones. 

The use of benthic diatom species was supposed to 
act as an early warning system in ecological monitoring. 

Due to being fast-reproducing organisms, most diatoms 
are widespread on different substrates and are closely 
associated with a certain microbiotope; they may promptly 
indicate adverse changes in main biotopic conditions 
determined by natural environmental processes and 
anthropogenic impact (Stenger-Kovacs et al., 2014). 
Therefore, comparative analysis of the structure of 
benthic diatom taxocenes in pristine coastal habitats and 
in anthropogenically perturbed biotopes is an important 
basis for identifying various aspects of the formation 
and sustainability of Bacillariophyta diversity under 
changing environmental conditions (Petrov et al., 2005; 
2010; Facca and Sfriso, 2007; Heino et al., 2007; Petrov 
and Nevrova, 2007; Leira et al., 2009; Stenger-Kovacs 
et al., 2014; 2016; Nevrova, 2015). The importance of 
considering biodiversity indices at the interregional 
scale receives an increasing emphasis for planning the 
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conservation measures (Heino et al., 2007, Somerfield 
et al., 2009; Winter at al., 2013). Meanwhile, it should 
be noted that most marine ecological surveys of benthic 
diatoms focused on studying the seasonal dynamics of the 
leading species on hard substrates, and to a lesser extent 
on the study of soft bottom assemblages. The problems of 
diatom diversity assessment are very poorly investigated. 
Heterogeneous datasets, including historical data are 
often represented by a simple list of species without any 
values of biomass or number of individuals. In such cases, 
the use of traditional indices for measuring biodiversity 
(Shannon H, Margalef d, Pielou J, etc.), when both aspects 
of diversity are quantified according to the richness of 
species and evenness in the distribution of individuals 
between species, becomes impossible. 

Most traditional biodiversity indices based on species 
richness can be strongly influenced by variability of 
environmental factors. Consequently, distinguishing 
the differences in the biotope caused by natural or 
anthropogenic changes can be recognized as one of the 
most difficult challenges for biodiversity monitoring 
(Leonard et al., 2006). Application of the above indices is 
also ineffective in cases when sampling efforts (number 
of samples) or habitat types differ significantly, as well 
as when comparing taxocenes with the same number 
of species and similar parameters of their quantitative 
development (Nevrova et al., 2015). Note that such 
taxocenes can include species that are phylogenetically 
close (belong to the same genus) or very distant (belong to 
different families, orders, and classes). In this regard, the 
taxonomic aspects of diversity can vary greatly even with 
the same species richness of the two compared taxocenes.

Application of hierarchical diversity measures recently 
developed by Warwick and Clarke in a form based on 
presence/absence data, i.e. average taxonomic distinctness 
(AvTD, Δ+) and variation in taxonomic distinctness 
(VarTD, Λ+), might represent a widely-applied tool for 
biodiversity study due to their particular properties 
(Warwick and Clarke, 1998, 2001). The AvTD index 
provides information on the relatedness of individuals on 
the taxonomic tree in a given community. The variance of 
AvTD is a measure that shows how a certain species is over- 
or underrepresented in a sample. The average taxonomic 
path length between two randomly chosen species (closely 
or distantly related phylogenetically) from the assemblage 
and value of its variance can correlate with anthropogenic 
impacts (Clarke and Warwick, 2001). 

Taxonomic distinctness indices (TaxDI) are supposed 
to be more sensitive than quantitative diversity indices 
in discriminating among environmentally intact and 
perturbed biotopes since they incorporate not only 
quantitative data relating to species richness, but also 
particular information about taxonomic relatedness among 

species in comparing biotic assemblages (Somerfield et al., 
1997; Warwick and Clarke, 1998; Arvanitidis et al., 2005; 
Munari et al., 2009). According to the calculation of TaxDI, 
the variability in biodiversity due to natural environmental 
factors generally falls within a predictable range based on 
the evaluation of expected TaxDI level corresponding 
to the regional species pool. Anthropogenic influences 
modify this pattern, such that diversity index can fall 
below the predicted range (Leonard et al., 2006). 

A number of studies on different biotopes and 
taxonomic groups indicated that Δ+ and Λ+ can also alter 
in relation to gradients of natural influences (structure of 
substrates, hydrological intensity, nutrients level, etc.) that 
reduce the ability of the indices to distinguish anthropogenic 
perturbations from natural variability (Ellingsen et al., 
2005; Mouillot et al., 2005; Bevilacqua et al., 2009; Vilmi et 
al, 2016). Such uncertain responses suggest the necessity of 
carrying out further study on the TaxD indices features in 
order to elucidate the anthropogenic effect on zoobenthic 
assemblages and diatom taxocenes. Regarding benthic 
diatoms, the application of TaxDI makes it possible to 
identify the differences in the taxonomic diversity related 
to changes in architectonics of hierarchical tree under 
different environmental conditions, even when analyzing 
historic datasets is represented in presence/absence format 
(as a list of species) (Clarke, Warwick, 2001; Ellingsen et al., 
2005; Leonard et al., 2006; Price et al., 2006; Heino et al., 
2007; Leira et al., 2009; Somerfield et al., 2009; Gottschalk 
and Kahlert, 2012; Rimet and Bouchez, 2012; Stenger-
Kovacs et al., 2014; 2016; Nevrova et al., 2015).

Comparing the taxocene structure of diatoms 
(especially when considering the different hierarchical 
levels) can provide additional information concerning the 
influence of environmental fluctuations and anthropogenic 
impact on diatom diversity in different habitats. Note that 
until the last decade, the TaxDI index in marine diatom 
research, unlike other biota groups, was not investigated. 
Our works are the first attempts in marine diatomology 
to apply indicators of taxonomic distinctness to the 
quantitative analysis of hierarchical diversity of benthic 
diatoms dwelling in the coastal biotopes of the Black Sea. 
The study focused on comparing TaxDI values (as an 
indicator of the hierarchical structure of diatom taxocenes) 
for several Crimean coastal sites with different degrees of 
anthropogenic disturbance. Additionally, we analyzed 
the features of taxonomic trees architectonics driving the 
changes in the taxocene structure under comparison of 
intact vs. human-impacted habitats. 

2. Materials and methods
2.1. Study areas
A comparative assessment of the benthic diatom 
hierarchical diversity using TaxDI indices was carried 
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out in several nearshore areas of Crimea (the Black Sea) 
displaying different levels of anthropogenic disturbance. 
Among the studied locations were two pristine sites – 
Dvuyakornaya Bay and Cape Fiolent, and two heavily 
polluted water areas – Sevastopol Bay and Balaklava Bay 
(Figure 1, Table 1). Duplicate samples at every sampling 
point were taken by a diver from the upper (1–4 cm) layer 
of the soft bottom using a meiobenthic tube with a surface 
area of 16 cm2.

Dvuyakornaya (means “two-anchored”) Bay as an 
open type (S = 6.42 km2) is surrounded from the northeast 
by Feodosia, and from the west by Cape Kiik-Atlama (see 
Figure 1). The steep coast consists of Jurassic conglomerates, 
clays, limestones and siderites (Guzhikov et al., 2012). 
Until the beginning of 2000s, the bay has been used as a 
military training area and was completely withdrawn from 
any industrial, municipal, and recreational exploitation. As 
a result, the natural conditions of the area were preserved. 
Currently, the shore is being developed with recreational 
facilities that may affect the ecological status of this water 
area and the state of benthic assemblages. The bottom in 
the bay consisted of silty-clay or sandy sediments covered 
with macrophyte fouling; at the depth greater than 10–12 
m the silty substrate formed a continuous covering. A 
sampling survey was carried out in August 2008 at 11 
points (Ν44°59′03″, E35°21′55″) within the depth range 
of 2–10 m.

The nearshore zone of Cape Fiolent extends about 10 
km in length and is located in the Southwestern part of 
Sevastopol region (see Figure 1). The abrasion-bay coast, 
about 100 m high above the sea level, is composed of 
igneous (lava, tuff, keratophyre) and limestone rocks and 
is a remnant of an ancient volcanic eruption about 150 
million years ago. Cape Fiolent is a natural example of 

modern evolution of ancient volcanic rocks in the marine 
zone; therefore, the landscape regional reserve ‟Cape 
Fiolent” was established here in 1996. The terrestrial 
part of the reserve area is 0.38 km2, and the area of the 
adjacent waters of the Black Sea is 1.96 km2. The seabed 
in the sampling area is formed from rocky outcrops with 
macrophyte fouling and patches covered with middle and 
coarse sand; bottom sediments deeper than 12 m consist of 
sand (Nevrova, 2016). Samples were taken in August 2009 
(N44°30′53″, E33°30′28″) at 8 sampling points at the depth 
of 2–12 m.

Balaklava Bay is a water area (S = 0.25 km2) of 
intensive human disturbance with a permanent inflow of 
domestic and industrial wastewaters and fleet base activity 
products, which bring a wide range of pollutants into the 
environment (see Table 1). The accumulation of pollutants 
in bottom sediments of the bay have reached its highest 
intensity from the 1960s to the mid-1990s. The soft bottom 
in the sampling area consists entirely of silty sediments 
(Petrov et al., 2010; Nevrova, 2014). The sampling survey 
in Balaklava Bay was performed in September 2006 at 16 
stations covering the entire bay water area (N44°29′44″, 
E33°35′39″) at the depth of 5–18 m.

Sevastopol Bay (S = 5.2 km2) is also attributed to water 
areas of intensive human-driven usage, with a permanent 
flow of industrial and domestic wastewater (up to 15,000 
m3 × day–1), bringing many different pollutants into the 
bay environment (see Table 1). A hydrodynamic feature of 
this water area is the presence of an anticyclonic dynamic 
structure in the center of the bay, as well as the inflow 
of fresh water from the River Chernaya. Soft silty sand 
substrates evenly cover the entire bottom area of the main 
Sevastopol Bay (Petrov et al., 2005). Material was taken at 
32 stations covering the entire bay at the depth from 4 to 
17 m in July 2001 (N44°37′25″, E33°31′18″). 

Note that in accordance with the result of a previous 
prognostic estimation (Petrov and Nevrova, 2013), nearly 
80% of benthic diatoms species richness in the studied area 
can be revealed by analyzing the data from 6–7 stations. 
Thus, we can assert that in the studied sites of the Crimean 
coast, a quite thorough sampling survey of the taxonomic 
composition of Bacillariophyta assemblages was made.
2.2. Biological and statistical data analysis
Sampling surveys and treatment were performed at the 
Kovalevsky Institute of Marine Biological Research RAS, 
Sevastopol, Russia (IMBR). Sample processing for the 
cleaning of diatom valves followed the technique of cold 
burning in HCl and H2SO4 acids with the addition of 
K2Cr2O7 (Nevrova et al., 2015). Taxonomic identification 
was carried out with a light microscope Nikon Eclipse 
E600 equipped with a PlanAPO 100× lens (Institute of 
Marine Sciences, Szczecin, Poland) and with scanning 
electron microscope Hitachi S-4500 (Goethe University, 
Frankfurt am Main, Germany).

Figure 1. Scheme of sampling sites along the coast of Crimea 
(Black Sea). 1 – Sevastopol Bay, 2 – Cape Fiolent, 3 – Balaklava 
Bay, 4 – Dvuyakornaya Bay.
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Taxonomic identification was performed on the basis 
of related literature (Round et al., 1990; Witkowski et al., 
2000, 2010, 2014; Levkov, 2009; Reid, 2012). Nomenclature 
of taxa was applied according to Fourtanier and Kociolek 
(Fourtanier and Kociolek, 1999, 2011). For classification of 
Bacillariophyta, the taxonomic system (Round et al., 1990) 
with additional information was used. 

To provide a comparative analysis of structure and 
taxonomic diversity of benthic diatom taxocenes from 
investigated Crimean sites, a database of the Black Sea 
Bacillariophyta has been created using MS Office Access 
software. The database combines available publications 
as well as our own data; the scope includes Bulgarian, 
Romanian, Crimean, and Caucasian coasts, as well as 
the Northwestern shelf (Nevrova, 2015). The data from 
the Southern part of the Black Sea (coasts of Turkey) is 
still missing. The total list of species has been prepared 
according to the system outlined in Round et al. (1990) 
with the latest updates (Fourtanier and Kociolek, 1999, 
2011; Levkov, 2009; Reid, 2012; Witkowski et al., 2000, 
2010, 2014). 

It should be noted that most of the data reported in the 
past century for the western part of the Black Sea contained 
only a list of species, without any microphotographs. 
Thereby there is a possibility that the same species in 
various publications of different authors have been 
indicated by different names and vice versa; several 
different species have been reported under a single name, 
taking into account the past broad concept in diatom 
taxonomy. However, we ought to use the historical results 
without an opportunity to verify the data on micrographs 
or slides, due to this we have no reason to distrust the 
published data of other diatomologists. Therefore, the data 
were updated and added into our database. As new works 
with micrographs of the Black Sea diatom species appear, 
our database will be updated and supplemented with new 
information.

The most comprehensive list of benthic Bacillariophyta 
of the northern part of the Black Sea without the coast of 
Turkey (NPBS), including 1094 species and intraspecific 
taxa (IST), was aggregated into 7 hierarchical levels 
(from IST to Division) (Nevrova, 2015). According to 
the taxonomic aggregation, the numerical values of Δ+ 
and Λ+ indices corresponding to the average expected 
level of the hierarchical structure of the NPBS diatom 
flora were calculated. A quantitative assessment of the 
hierarchical diversity of diatom taxocene in studied water 
areas was conducted using TaxD indices, where Δ+ is the 
index of average taxonomic distinctness (AvTD) and Λ+ 
is the index of variability (VarTD) (Warwick and Clarke, 
1998, 2001). AvTD characterizes the vertical evenness of 
the taxonomic tree along ascending levels of hierarchy. 
VarTD reflects the horizontal asymmetry of the tree or 

the different representations of lower taxa in the higher 
taxa within individual ascending hierarchical branches 
(Warwick and Clarke, 1998, 2001; Nevrova, 2015; Nevrova 
et al., 2015). TaxDI calculations were carried out using the 
software package PRIMERv6 (Clarke and Gorley, 2006). 
In subsequent analysis, in order to visualize the regional 
differences in the taxonomic structure of the benthic 
diatom assemblages in relation to the average expected 
level for NPBS, the TaxDI values were superimposed on 
the plot, where the coordinate axes corresponded to AvTD 
and VarTD values. The values of Δ+ and Λ+ indices for the 
diatom taxocenes for each of the studied locations were 
defined. The points of Δ+ and Λ+ indices characterizing the 
hierarchical structure of the assemblage in sampling areas 
are located on the plot within the limits of bivariate ellipses, 
the center of which corresponds to the average expected 
value of TaxDI for the NPBS diatom flora. The boundaries 
of the ellipses correspond to the 95% probability contours 
of a “cloud” of the mean values of Δ+ and Λ+ calculated on 
the basis of 1000-fold random combinations for subsets of 
different numbers of species (50, 100, 300, etc.) withdrawn 
from a master list of Black Sea diatom flora. Previous 
studies showed that this algorithm allows the researcher 
to reliably assess the taxonomic diversity and to reveal 
features of the hierarchical structure of diatom taxocenes 
under different environmental disturbances, including 
technogenic pollution impact (Petrov and Nevrova, 2007; 
Nevrova, 2013, 2014, 2016; Nevrova et al., 2015).
2.3. Methods of chemical analyses
Chemical analysis of soft bottom samples was performed 
at the Institute of Colloid Chemistry and Water Chemistry, 
Kiev, Ukraine (ICCWC) following the techniques given 
in the literature (Burgess et al. 2009, 2011; Petrov et al. 
2010). Analyses of organic and inorganic contaminants 
in sediments included measurements of 14 parameters: 
9 metals (Ag, Cd, Cr, Cu, Hg, Mn, Ni, Pb, Zn), total 
PCBs (4 congeners), total PAHs (as sum of 16 isomers), 
and pesticides (sum of DDT and metabolites). The 
content (%) of total organic carbon (TOC) and share of 
silt+clay fractions of the sediments were also measured. 
The sediment samples were prepared for analysis using 
ISO 11464:2006 standard methods. Samples were air 
dried, sieved, and homogenized. The content of metals 
(besides Hg) in sediments was determined by graphite 
(MDL 0.005–0.05 µg × kg–1 dry weight) and flame (MDL 
2.0–15 µg × kg–1) atomic absorption spectrometry (AAS) 
following microwave digestion with a concentrated 
mixture of acids: HNO3+HCl (3:1). Total Hg in sediments 
was determined by cold vapor AAS. Organic pollutants 
(PCBs and pesticides) in grounds were determined by 
GC/MS (MDL 1.0 µg × kg–1) using capillary column GC/
ECD (MDL 0.05 µg × kg–1), following Soxhlet extraction 
with hexane/acetone (1:1) mixture. Total concentration 
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of PCB homologues as the sum of tetra-, penta-, hexa-, 
and heptachlorobiphenyls was evaluated. Determination 
of PAHs was carried out by HPLC/UV (HP 1050/DAD, 
MDL 10–20 µg × kg–1) in reversed-phase mode. Sediment 
grain size ratio of sandy, silty, and clay fractions (%) was 
measured by wet sieving and gravimetric sedimentation 
method.

3. Results
3.1. Pollutants in the bottom sediments of the studied 
areas
The content of the technogenic pollutants in soft bottom 
sediments of the Dvuyakornaya Bay and other coastal 
sites is reported in Table 1. As confirmed by multivariate 
statistical analysis before (Petrov et al. 2005; 2010), the 
combination of 10 key abiotic parameters, including 3 
classes of organic pollutants (PCBs, PAHs, pesticides) and 
7 metals (Cd, Cr, Cu, Hg, Ni, Pb, and Zn) attain the best 
match for the high similarities in the biotic and abiotic 
matrices, i.e. recognize a set of abiotic factors “best-
explaining” the revealed differences in biotic parameters 
of the diatom taxocenes across the surveyed coastal area. 
Apparently, the combined effect of these environmental 
factors can lead to changes in species diversity features of 
the benthic diatom assemblages along with the extent of 
pollution in most of Black Sea coastal habitats.

Very low content of key trace metals and organic 
pollutants was registered in the bottom sediments of 
Dvuyakornaya Bay and near Cape Fiolent; the content 
hardly exceeded the average levels (numbers in brackets, 
see Table 1) of these pollutants in surface soft bottoms 
of environmentally healthy coastal areas of the Black Sea 
shelf (Mitropolsky et al., 2006; Burgess et al., 2009, 2011). 
The low level of pollution in sediments at Dvuyakornaya 
Bay and Cape Fiolent attributed these water areas to the 
category of conventionally pristine and characterized the 
structure of the diatom taxocenes in these biotopes as 
undisturbed. On the contrary, a considerable degree of 
pollution in Sevastopol Bay and Balaklava Bay (Burgess et 
al., 2009; Nevrova, 2014; Petrov et al., 2010) characterized 
these water areas as anthropogenically heavily disturbed 
(see Table 1). In comparison with pristine biotopes, the 
high level of accumulated pollutants (2–10-fold for most 
of the elements and up to 50 times higher for Hg and 
PAHs) can be influencing the structure of the benthic 
diatom assemblages and determines the changes in the 
TaxD indices values.
3.2. Floristic similarity analysis between the studied areas
Data on taxonomic representativeness of benthic 
Bacillariophyta in studied areas across 6 ascending 
taxonomic levels (from IST to order) is given in Table 2. 
In taxocenes of polluted biotopes, the species/order ratio 
was about 8/1 to 9/1, while for healthy sites this ratio 
was 15/1. Such differences indicate the predominance of 

oligospecies branches in hierarchical trees in the impacted 
bays, whereas in vertical taxonomic structure of taxocenes 
from pristine water areas, the polyspecific branches that 
are close on the genus hierarchical level prevail.

Results of comparative analysis of species composition 
(using the Bray–Curtis similarity coefficient) indicated 
that the highest similarity levels (57–58%) were observed 
between the taxocenes of Cape Fiolent and Dvuyakornaya 
Bay, and also between heavily polluted Sevastopol Bay and 
Balaklava Bay, despite the considerable spatial distance 
and differences in microenvironmental conditions in the 
compared areas. The smallest level of species similarity 
(32%–36%) was observed between the diatom assemblages 
of undisturbed and polluted biotopes (Table 3). Significant 
differences in diatom species composition may appear due 
to negative effects of pollutants, mainly upon low-tolerant 
forms.
3.3. Assessment of taxonomic diversity features of ben-
thic diatom taxocenes
The taxonomic distinctness AvTD (Δ+) and its variability 
VarTD (Λ+) were calculated to compare the possible 
differences in hierarchical diversity features of taxocenes 
from the studied water areas (Figure 2). The values of the 
Δ+ index for the taxocenes of Cape Fiolent (Δ+ = 76.7) and 
Dvuyakornaya Bay (79.0) were lower, while variability Λ+ 

values were higher (360.4 and 345.9, respectively) than the 
expected TaxDI level (Δ+ = 82.2; Λ+ = 317.0) calculated for 
NPBS Bacillariophyta flora (1094 species and IST). Lower 
values of AvTD indices compared with the expected level 
(center of the ellipses) indicated that taxocenes in pristine 
sites were formed mostly by taxonomically close species. 
On the contrary, the values of Δ+ indices for taxocenes of 
polluted Sevastopol Bay (83.6) and Balaklava Bay (84.1) 
exceeded the expected value calculated for the master 
list. The Λ+ index for Balaklava Bay (320.2) falls within 
expectation levels, whereas the Λ+ value for Sevastopol 
Bay (268.6) was the lowest and went beyond the 95% 
probability contour of the expected average level (see 
Figure 2).

4. Discussion
Several studies discussed the effectiveness of both AvTD 
and VarTD indices in detecting variations in structure of 
taxocenes under different environmental perturbations, 
suggesting that these indices are quite well discriminate 
ecological alterations along the environmental gradients 
(Bevilacqua et al., 2009; Prato et al., 2009; Salas et al., 
2006; Schratzberger et al., 2009; Stenger-Kovacs et al., 
2014, 2016; Vilmi et al., 2016). It is known that compared 
to the average expected level of TaxDI, a lower degree of 
vertical hierarchical evenness of the taxonomic structure is 
typical for the communities exposed to prolonged adverse 
external influences, including technogenic pollution 
(Ellingsen et al., 2005; Heino et al., 2007; Gottschalk and 
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Kahlert, 2012; Petrov et al., 2010; Stenger-Kovacs et al., 
2014). On the contrary, maximum values of the TaxD 
indices indicate a vertical evenness of the hierarchical 
structure, i.e. proportional representation of taxa at 
different hierarchical levels of the taxonomic tree (AvTD). 
High taxonomic variability (VarTD) is usually observed 
in environmentally undisturbed water areas (Keck et al., 
2016; Leira et al., 2009; Nevrova et al., 2015; Rimet and 
Bouchez, 2012).

In our study we analysed several nearshore areas 
affected by different levels of anthropogenic disturbance 
that demonstrated pronounced differences in species 

composition. Low species similarity between pristine 
and impacted biotopes may indicate a strong influence 
of sediment pollution on taxocenes structure, especially 
upon forms with low tolerance disappearing in polluted 
biotopes (Sevastopol Bay and Balaklava Bay). Different 
levels of technogenic load in biotopes may modify the 
hierarchical patterns of benthic diatoms taxocenes from 
sandy/silty substrates. The results also confirmed the 
applicability of TaxDI evaluation approach to uncovering 
the alterations in hierarchical diversity of benthic 
Bacillariophyta related to different levels of pollutants on 
the bottom. The high species richness of benthic diatoms 

Table 2. Taxonomic representativeness of benthic Bacillariophyta in water areas of the investigated sites of the 
Crimean coast.

Class Order Family Genus Species IST
Sevastopol Bay
Coscinodiscophyceae 6 10 12 17 18
Fragilariophyceae 7 7 11 17 18
Bacillariophyceae 9 23 43 139 150
Total 22 40 66 173 186
Balaklava Bay
Coscinodiscophyceae 5 9 13 25 26
Fragilariophyceae 8 8 12 20 20
Bacillariophyceae 8 21 37 138 145
Total 21 38 62 183 191
Cape Fiolent
Coscinodiscophyceae 4 5 7 10 11
Fragilariophyceae 6 6 11 19 19
Bacillariophyceae 9 21 50 253 260
Total 19 32 68 281 290
Dvuyakornaya Bay
Coscinodiscophyceae 5 9 14 22 22
Fragilariophyceae 6 6 13 20 21
Bacillariophyceae 9 22 51 257 261
Total 20 37 78 299 304

Table 3. Pairwise similarity (%) of benthic diatoms species composition in coastal 
biotopes of Crimea (using Bray-Curtis similarity coefficient).

Sevastopol Bay Cape Fiolent Balaklava Bay

Sevastopol bay (186 sp.) * * *
Cape Fiolent (290 sp.) 32.3 * *
Balaklava bay (191 sp.) 57.8 39.1 *
Dvuyakornaya bay (304 sp.) 36.5 56.1 42.6
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revealed in Dvuyakornaya Bay (304 species and IST) and 
Cape Fiolent (290 species and IST) may have resulted from 
the fact that these biotopes are not subjected to any type of 
pollution (see Table 2).

Another possible reason influencing the formation of 
high species richness of Bacillariophyta in Dvuyakornaya 
Bay and near Cape Fiolent can be well-defined heterogeneity 
of microbiotopes (silty-clayed, rocky, or sandy substrates 
with mosaic patches of broken shells and macrophytes). 
A variety of bottom substrates and microniches might be 
favorable for the successful development of many diatom 
species, including ones highly sensitive to pollution as well 
as rare forms, alien species, and relicts of Ponto-Caspian 
flora.

The taxonomic tree of taxocenes from intact water 
areas is shaped by branches that include various numbers 
of species; such branches belong to different hierarchical 
levels (from species to order), but mainly form polyspecific 
taxonomic clusters closing up on the common genus level. 
The position of the point on the plot corresponding to 
diatom taxocene of Cape Fiolent is the most distant one 
from the center of the ellipse (see Figure 2). This fact 
suggests reduced vertical evenness and high variability of 
the taxocene structure, and indicates significant differences 
between the hierarchical structure of the taxocene at 
Cape Fiolent and the expected structure of the NPBS 

Bacillariophyta flora (Nevrova, 2016). The hierarchical 
structure of the taxocene in Dvuyakornaya Bay also displays 
a medium degree of vertical evenness and high variability 
compared with the expected level. However, according 
to other authors (Bevilacqua et al., 2011; Leonard et al., 
2006; Prato et al., 2009), the most distant values of Δ+ and 
Λ+ indices that fall outside the average expectation levels 
can be observed in anthropogenically disturbed habitats, 
whereas in unpolluted biotopes under the influence of 
natural environmental factors only, values of TaxD indices 
fall within a 95% probability contour and are located close 
to the average expected level. The apparent differences in 
the taxonomic structure of taxocenes in studied areas may 
have been caused not only by the influence of external 
environmental factors, but also by internal aspects, such 
as divergent phylogenetic relationships of species. The 
absence of technogenic impact may lead to a relatively 
high appearance of taxonomically close species from the 
same genus. In such case the polyspecific branches begin 
to prevail in the hierarchical tree. 

The diatom taxocene in the anthropogenically 
impacted Sevastopol Bay is characterized by relatively low 
species richness (186 species and IST). In the hierarchical 
structure dominated by oligospecies, branches that are 
close at the common genus level, along with the presence 
of a small number of mono-specific branches, are close on 
the family and order level. Such structural features, with 
reduced taxonomic variability between certain groups of 
branches, may reflect the changes in the diatom taxocene 
due to a considerable degree of pollution and low apparent 
substrate heterogeneity, where about 98% of the bay 
bottom area is covered with silty sediments (Nevrova, 
2013). The responses of TaxD indices to technogenic 
disturbance imply that pollution could cause a distortion 
to the architectonics of taxocenes by reduction in the 
number of phylogenetically close species that are pooled 
within a high taxonomic rank (e.g., family or order) 
(Warwick and Clarke, 1998). It is noted that the extent of 
sensitivity or tolerance of diatom species to environmental 
stress can considerably vary even within the same genus. 
The structural features identifying the taxonomic level 
may also be connected with natural or anthropogenic 
perturbations in the biotope and influence taxonomic 
diversity metrics (Bevilacqua et al., 2011; Somerfield et al., 
1997). 

In heavily polluted Balaklava Bay, where bottom 
substrate is also homogeneous and represented by fine 
and silty sand, the structure of the diatom taxocene is 
expectedly similar to Sevastopol Bay. There is a reasonably 
low species richness (191 species and IST), a high ratio of 
mono- and oligospecies branches in the taxonomic tree, 
and in general, a moderate degree of vertical hierarchical 
evenness (Δ+) (Nevrova, 2014; Petrov et al., 2010). 

Figure 2. Points of taxonomic distinctness indices (paired values 
for ∆+ and Λ+) corresponding to four coastal sites of Crimea (I 
– Cape Fiolent, II – Dvuyakornaya Bay, III – Balaklava Bay, IV 
– Sevastopol Bay) superimposed on 95% probability bivariate 
ellipses calculated from 1000 independent simulations for several 
random subsets with different number of species (S = 50 … 300); 
× – center of TaxDI ellipses constructed from a master list of the 
NPBS benthic diatom flora (1094 species and IST).
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AvTD and VarTD are indices calculated based on 
presence/absence data; hence they could reduce the 
discriminating power when anthropogenic stress mainly 
affects relative densities of diatoms rather than the structure 
of taxocenes. A certain decrease in the sensitiveness of 
TaxD metrics also occurs when pollution has a pronounced 
effect on taxocene structure, but where a clear reduction in 
the number of species occurred in perturbed biotopes, it 
remained undetected when analyzing Δ+ and Λ+ indices 
(Bevilacqua et al., 2009; Leonard et al., 2006; Stenger-
Kovacs et al., 2014, 2016). Thus, structural changes 
in taxocenes caused by anthropogenic disturbances 
(Sevastopol and Balaklava bays) could imply variations in 
taxonomic affinity among species that can be observed by 
architectonics of the taxonomic tree.

According to the results of hierarchical structure 
analysis of diatom taxocenes in the compared Black Sea 
coastal biotopes, it can be concluded that the formation 
of the taxonomic tree features depends on the altering of 
species richness due to emergence (or disappearance) of 
new branches that are close at different vertical levels of 
the taxonomic tree. Species that form new monospecies 
branches that are close at higher levels (family, order) 
appear (or are discovered by the researcher) in the taxocene 
structure less frequently than branches that are close at the 
genus level. The reverse process, i.e. the reduction of oligo- 
or polyspecific branches to monospecific ones leads to 
simplification of the hierarchical structure. It can also take 
place with a long term adverse impact on the taxocene (e.g., 
technogenic pollution) or due to insufficient knowledge 
on the biodiversity of the water area (Nevrova et al., 
2015). The appearance (or disappearance) in the biotope 
of a sizeable number of new taxonomically close species 
(from the same genus) cause a much smaller influence 
on the features of the taxocene hierarchical tree and the 
TaxDI value than the input (or elimination) of even a few 
new species but with a distant phylogenetic relationship 
(Somerfield et al., 1997; Warwick and Clarke, 2001). Thus, 
the values of Δ+ tend to decrease in relation to the average 
expected level when polyspecific closely related branches 
in the taxocene prevail.

5. Conclusion
Taxonomic distinctness indices provide more 
comprehensive insight into the architectonics of 
taxocenes, including in these metrics’ elements related to 
the hierarchical relationships among species (or higher 
taxa) that are important for a deeper understanding of 
the concept of biological diversity. Our results revealed 
that the differences in the hierarchical tree of Black Sea 
benthic Bacillariophyta occurred under a different level 
of anthropogenic impact. The highest similarity of species 
composition structure of the hierarchical trees registered 

between taxocenes from highly polluted water areas 
(Sevastopol Bay vs. Balaklava Bay), as well as between 
conditionally pristine biotopes (Dvuyakornaya Bay vs. 
Cape Fiolent). Such affinity in hierarchical diversity features 
was found despite the geographical remoteness of these 
locations, differences in hydrological and hydrochemical 
conditions, and microlandscape heterogeneity of bottom 
substrates. The low similarity level of diatom species 
composition when comparing pristine and impacted 
biotopes may indicate a strong influence of sediment 
pollution on taxocenes structure, especially upon sensitive 
forms, usually disappearing in heavily polluted biotopes.

The values of AvTD for taxocenes from Dvuyakornaya 
Bay and Cape Fiolent were lower (79.0 and 76.7, 
respectively), and its variability (VarTD) was greater than 
the corresponding expected levels calculated for the NPBS 
Bacillariophyta flora. The taxonomic trees of diatoms are 
shaped by branches with a different number of species 
and are mainly formed by polyspecific taxonomic clusters 
close on the genus level.

The structure of diatom taxocenes in heavy 
polluted biotopes (Sevastopol Bay and Balaklava Bay) is 
characterized by higher values of the Δ+ index (83.62 and 
84.07, respectively) compared with the average expected 
level (Δ+ = 82.2). In the architecture of hierarchical trees, 
oligospecies branches dominate, along with the presence 
of a number of mono-specific arms that are close on higher 
hierarchical levels (family or order). 

The AvTD and VarTD indices based on hierarchical 
taxocene structure of benthic diatoms might be 
recommended as an appropriate additional tool in the 
assessment of long term environmental disturbances in 
coastal marine habitats. Application of TaxD indices may 
be particularly suitable in cases when historical or modern 
datasets are represented in qualitative format only. However, 
the problem of effectiveness of taxonomic distinctness 
measures in disclosing the effects of technogenic impact 
upon biotic assemblages is still posing some questions 
regarding its application to various taxonomic groups of 
biota, including marine benthic diatoms. The solution 
to possible inconsistencies in discussed methodological 
issues requires further accumulation and improvement 
of knowledge on the structural responses of different 
microbenthos groups dwelling in various environmental 
conditions.
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