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The paper presents the results of long-term studies of soil cyanobacterial-algal cenoses (CAC) in urban areas, including
18 South Ural settlements. The studied soil algae and cyanobacteria species diversity includes 487 species with varieties and
forms (Chlorophyta — 231 species, Cyanobacteria — 131 species, Ochrophyta — 58, Bacillariophyta — 52, Streptophyta — 13,
Euglenophyta — 2). The edaphophototrophs’ biodiversity is represented by 6 divisions, 12 classes, 32 orders, 89 families,
176 genera. The CAC flora ratio of the South Ural urban areas is 5.4 for species/family, 2.6 for species/genus, and 2.1 for
genus/family. Chlamydomonadaceae, Phormidiaceae, Chlorococcaceae, Nostocaceae, and Pseudanabaenaceae are the top
five families by the number of species. They account for 33% of the total number of species. We identified groups of frequently
occurring algae and cyanobacteria species in the South Ural soil biotopes exposed to recreational or technogenic stress. The
CAC taxonomic structure of the settlements in the South Ural forest, forest-steppe, and steppe zones and their mountain
counterparts (while maintaining zonal features), has a significant similarity due to the leveling of soil and climatic condi-
tions in cities and synanthropization effect accompanied by introduction of anthropogenically disturbed habitat species into
the CAC. We identify the patterns of CAC formation in urban ecosystems, and develop a scheme of CAC transformation in
South Ural urban areas. General patterns are associated with changes in the algae and cyanobacteria species diversity and
other CAC characteristics with an increase in anthropogenic pressure, as well as with gradual transformation of zonal CAC
into azonal ones with subsequent disappearance of autotrophic microbiota. Particular features result from the predominance
of one of the leading anthropogenic factor (technogenic pollution or recreational stress). The persistence of Hantzschia
amphioxys, Vischeria magna, Bolrydiopsis eriensis, etc. decreases with increasing recreational stress, but the persistence of
Microcoleus autumnalis, Leptolyngbya foveolarum, Luticola ventricosa, etc. increases. In other words, when the role of some
species is weakened, the importance of others increases.

Keywords: microphototrophs, edaphophototrophs, pollution, urban ecosystems, synantropization, microbiotopes,
anthropogenic factors.
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B erartbe npepicraBienbl pe3yanraTbl MHOTOJIETHIX HCCTGTOBAHMIT IaH00aKTe pUaIbHO-BO0pocieBbiX eno3os (L[BII)
110uB ypOaHU3NPOBAHHBIX TepPUTOPHil, BRIOUaomnX 18 nacenénubix mynxros FOskuo-Ypanbckoro pernona (FOYP). Bu-
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70BOE pazHoobpasme BOopoOCeil 1 nuaHodaKTepuil MoUYB N3YYeHHBIX TePPUTOPUIl BRIIOUaeT 487 BUOB ¢ PA3HOBUIIHO-
crsivu u popmanmu (Chlorophyta — 231 sust, Cyanobacteria — 131 Buji, Ochrophyta — 58, Bacillariophyta — 52, Streptophyta —
13, Euglenophyta — 2). Buopasmnoo6pasue spadodororpodos nacenénmnnix myrmkros IOYP npegcrasieno 6 ormenamn,
12 knaccamn, 32 nopsigkamu, 89 cemeiicrsamu, 176 pogamu. Koaddunment nporopruu daop pist [IBIL ypbanusuposan-
Hbix reppuropuii OV P Buji/cemeiictBo cocrasisier d,4; Buj/pon — 2,6; pop/cemeiictBo — 2,1. B risirepry Beiyux o yuc-
ay BujioB cemeiicts Bxoauman Chlamydomonadaceae, Phormidiaceae, Chlorococcaceae, Nostocaceae, Pseudanabaenaceae,
Ha HUX Tpuxoputes 33% or obuero KoJanmvyecTBa BuioB. BbiieleHbl TPYIIIBI 4aCTO BCTPEUYAIOIINXCS BUOB BOOPOCIIEi
n manobakrepuii B mouse 6uoronos OV P, nojiBep:keHHBIX peKpealinoHHOI HATpy3Ke, TNH0 TEXHOTeHHOMY 3arpsi3HeHII0.
Tarcomommueckast crpyrrypa [{BI] macenénmpix Mmect secioii, 1eCOCTEITHON 1 CTEITHON 301 1 1X TopHbIX ananoros IOYP
IIPU COXPAHEHM I 30HATbHBIX 0COOEHHOCTETl IMeeT 3HAUNTeIhHOe CXO[CTBO, 00YCIOBIEHHOE HIBETNPOBAHIEM TOYBEHHBIX
" KINMATHYeCKIX YCJOBHIT B TOPOJIaX, BANSTHIIEM IIPOIECCOB CHHAHTPOIN3ATINIL, CONPOBOKatonXcs BHepeHneM B [[BI]
BHJIOB @aHTPOTIOT€HHO-HAPYITEHHBIX MecTooOnTanmii. BeisiBiensr 3akonomepuoctn opmuposanns [{BLL B ropopcknx sko-
cucremax, pazpaborana cxema rpancdopmanuu [[BI] ypbanusuposanusix reppuropuit IOYP. O6mne 3akonomepHocTu
CBsI3aHBI C UBMEHEHUEM BIJOBOTO pazHooOpasiist Bojopocieil n inanobakrepuii u apyrux xapaxrepucrur LIBI] mpu Bo3s-
pactaHnM aHTPOIIOTEHHOI HATPY3KM 1 rocTernenHoil tpancdopmarnn 3onanbubix LBI B azonanbubie ¢ mocaegyomnm
HCYe3HOBEHIEM aBTOTPOQHOT MUKPOOHOTHL. HacTHBIe 0COOEHHOCTI BOZHIKAIOT B pesyJibrate mpeodaajjanist OffHOTO 13
BEJLYIIHMX AHTPOITOTEHHBIX (DAKTOPOB (TEXHOIEHHOTO 3arpsI3HEHISI WM peKpearnoHHoil Harpyskn). [Ipu yBennuennn pe-
Kpearmonioil Harpy3kn yMeHbiaercs mocrosinctso Hantzschia amphioxys, Vischeria magna, Botrydiopsis eriensis n ip.,
HO yBesmunBaercs mocrossuctso Microcoleus autumnalis, Leptolyngbya foveolarum, Luticola ventricosa n ip., TO €cTh 1pn

ocabaennn POJIN OJTHUX BUOB yBeJIMYNUBACTCA 3HaYCHUE [IPYTrux.

Karouesste crosa: murpodororpodsi, sgadodororpodsl, 3arpsaHeHne, ropojickue SKOCUCTeMbI, CHHAHTPOTII3AI NS,

MUKPOOMOTOIIBI, AHTPOTIOTEHHBIE (DAKTOPHI.

Asaresult of long-term anthropogenic stress
observed over many centuries, the natural envi-
ronment in cities is transformed into an urban-
ized one. Large and small cities, as well as other
settlements, affect all components of the biota,
including in the soil [1]. An integral component
of terrestrial ecosystems — microscopic algae
and cyanobacteria — play a significant role in
maintaining the stability of anthropogenically
disturbed ecosystems, which are characterized
by technogenic pollution, as well as a significant
degree of disturbance of the soil and vegeta-
tion cover. Urban soils (urbozems) are mostly
compacted due to high recreational stress, soil
horizons are mixed with household and construc-
tion waste. There is an increased content of heavy
metals, oil products, reagents used to clear roads
and sidewalks from snow and ice. The fertility
of urbozems is reduced due to regular removal
of plant residues; the acid-base balance of these
soils changes towards alkalization. However, a
short life cycle, microscopic size, autotrophic
nutrition, the ability of cyanobacteria to fix ni-
trogen and many other features of microphoto-
trophs allow them to exist in heavily transformed
urban soils. They form the primary production,
stimulate the soil self-purification and the vital
aclivity of other soil microorganisms, and also
prevent erosion.

Recently, there has been an increased inter-
estin the study of soil algae and cyanobacteria in
cities. The biodiversity of terrestrial algal flora
of cities and their environs in the Russian Fed-
eration and neighboring countries was analyzed
in Ufa [2—-4], Izhevsk [5], Novosibirsk [6, 7],
Krasnoyarsk [8], Kirov |9, 10, 11], Sterlitamak

[12], Ishimbay [13], Neftekamsk [14], Apatity
[15], Usolye-Sibirskoye [16], Kiev [17], Mag-
nitogorsk [18] and Gomel [19]. Cyanobacterial-
algal floras were used to assess the structural and
functional changes in soils under anthropogenic
stress |20, 21]. Microphototrophs were used as
bioindicators of the sanitary and hygienic status
of the soil cover [22], as lest objecls in assess-
ing the toxicity of soil and snow, as well as the
atmosphere status in cities [23—26]. At the same
time, information on the biodiversity of algae
and cyanobacteria in the soils of urban areas of
the South Ural Region (SUR) isinsufficient and
requires further study.

The aim of this work was to analyze the pat-
terns of cyanobacterial-algal cenoses (CAC) form-
ing in urban ecosystems and to develop a scheme
of the CAC in urban territories of the SUR.

Research materials and methods

The study is a summary of the results of a
25-year study of the CACs in the cities of the
South Urals. The work is based on the analy-
sis of more than 700 soil samples collected in
18 cities and other settlements and in areas of zonal
vegetation in their vicinity (Fig. 1). The studied
urban territories were located in different natural
and climatic zones: forest, forest-steppe and steppe.
According to the longitudinal gradient, the studied
areas belonged to the Southern Cis-Urals, South-
ern Urals, and Southern Trans-Urals.

The urban environment is a mosaic space.
The typification of urban biotopes is diverse and
largely depends on the object of study. In order to
obtain a more complete picture of the CAC forma-
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tion in urban ecosystems, we collected samples
in the following habitats (biotopes) (Table 1):

1. Roadsides and lawns along highways.
These areas were characterized by varying de-
grees of pollution, which depended on ventilation
conditions, terrain, traffic intensity, and age of
the lawn.

2. Parks, squares, and foresl parks exposed
to anthropogenic stress. They were characterized
by a moderate degree of persistent pollution.

3. Railway embankments approaching and
inside cities, as well as at enterprises, and tram
tracks. These areas were characterized by a high
level of persistent pollution.

4. Yards, vacant lots, school grounds, kin-
dergartens, playgrounds, and sports grounds.
These habitats were characterized by a high
level of recreational stress and a variety of mi-
crobiotopes with different physicochemical and
hydrothermal properties.

9. Areas of industrial enterprises, indus-
trial sedimentation tanks, and landfills were
characterized by a high level of persistent
pollution.

6. Industrial waste dumps of the Sibay
Branch of JSC Uchalinsky Mining and Process-
ing Plant (UMPPSB) were characterized by a
toxic mineral substrate, constant release of pollut-
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ants during blasting operations with subsequent
concentration in soils in the surrounding area.

7. Salt marshesin the vicinity of Sibay were
characterized by a chloride-sulphate type of sa-
linization and neutral pH values.

8. Zonal forest, forest-steppe and steppe
areas near seltlements. These areas were subject
to limited impact of emissions from urban indus-
trial enterprises, however, the level of pasture
and recreational load could vary.

These habitats were combined into zones
that are usually distinguished in the city:

—residential zone — place of residence of the
population (habitat 4);

— industrial zone — territories where the
main industrial enterprises are located (9, 6);

—recreational zone — place of concentration
of natural objects (2, 7, 8);

— transport zone — this is the place of uni-
fication of all types of transport (automobile,
railway and electric transport) within the city
limits (1, 3).

The work used traditional geobotanical and
soil-algal methods. The species were determined
by the methods of soil cultures with fouling
glasses [27, 28], aquatic cultures using soil ex-
tract, sowing fine soil (melkozem) on moistened
agarized Bold medium in Petri dishes.
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Fig. 1. Soil sampling sites (marked with an asterisk)
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Table 1

Representation of biotopes in the studied settlements of the South Ural region

Locality

Biotope
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Note. Biotopes 1-8 — designations are given in the text. A dash indicates the absence of a biotope.

To identify the species of algae and cyanobac-
teria, we used modern summaries and identification
guides [29-36]. The structure of taxa and names
of algae and cyanobacteria species, the system of
higher taxonomic units at the division level are
presented according to the AlgaeBase (http://www.
algaebase.org/) as of August 2022. We accepted the
names of the taxa Streptophyta and Charophyta,
Euglenozoa and Euglenophyta as synonyms.

The abundance of algae and cyanobacteria
was assessed on fouling glasses according to a
15-point scale [37]. During the syntaxonomic
analysis, to each species it was assigned its own
rank by transforming the abundance scale of
R.R. Kabirovinto the abundance scale of Braun-
Blanquet: r — the sum of the abundance points
on the fouling glass was equal to 1; + — 2 points;
1 — 3-6 points; 2 — 7-11 points; 3 — 12—-13
points; 4 — 14 points; 5 — 15 points. When con-
ducting the syntaxonomic analysis, the results
were processed using the traditional method of
phytosociological tables [38—-40].

The rank of leading family was assigned to
those families that included a number of species
above average.

Results and discussion

During the study, 487 species of micropho-
totrophs (including varieties and forms) were

found in the soils of the studied settlements
and their environs of the SUR: 231 species of
Chlorophyta (170 — Chlorophyceae, 1 — Pedi-
nophyceae, 55 — Trebouxiophyceae, 5 — Ulvo-
phyceae), 131 species of Cyanobacteria (131 —
Cyanophyceae), 13 species of Streptophyta
(1 — Chlorokybophyceae, 5 — Zygnematophy-
ceae, 7 — Klebsormidiophyceae), 58 species of
Ochrophyta (48 — Xanthophyceae and 10 —
Eustigmatophyceae), 52 Bacillariophyta (52 —
Bacillariophyceae), 2 species of Euglenophyta
(2 — Euglenophyceae).

The biological diversity of microphoto-
trophs in the SUR urbanized areas include
6 divisions, 12 classes, 32 orders, 89 families,
and 176 genera. The flora proportion coef-
ficient for the CACs of SUR urban area was:
species/family — 5.4; species/genus — 2.6; ge-
nus/family — 2.1. The ratio of Cyanobacteria/
Chlorophyta+Streptophyta was 0.54, Cyano-
bacteria/Ochrophyta — 2.28. The family Chlam-
ydomonadaceae was the leader in the number
of species. The leading families also included
four families of Cyanobacteria, three families of
Chlorophyta, one family of Ochrophyta, and one
family of Bacillariophyta (Table 2).

The analysis of the CAC species composition
in the SUR settlements showed a significant
diversity of soil microscopic phototrophs with
a significant predominance of Chloriphyta and
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M Chlorophyta

E Cyanobacteria
[ Ochrophyta
Bacillariophyta
B Euglenophyta

Streptophyta

Fig. 2. Representation of different systematic groups of soil phototrophs
in the South Ural settlements and their surroundings

Table 2

Families leading by the number of species in the flora of edaphophototrophs
of the South Ural studied settlements

Rank Families Number of species
1 Chlamydomonadaceae 24
2 Phormidiaceae 33
3 Chlorococcaceae 28
4 Nostocaceae 27
5} Pseudanabaenaceae 21
6 Pleurochloridaceae 17
7 Oscillatoriaceae 16
7 Naviculaceae 16
8 Chlorellaceae 14
9 Prasiolaceae 13

Cyanobacteria. A similar picture is character-
istic of the soils of a significant number of cities
in the Republic of Bashkortostan [2, 12, 41,
42]. Inaccordance with the data of the review of
zonal soil algae of the steppe and forest-steppe
Bashkir Cis-Urals [43], in the composition of
the CAC soil phototrophs of the SUR urban ter-
ritories, as well as in zonal soils, Chlorophyta
was the most numerous group (Fig. 3). At the
same time, their share in the soils of urban
territories was noticeably higher compared to
zonal soils (increased from 37.8% (zonal soils)
to 41.7%, respectively).

The biodiversity of microphototrophs in
urbanozem was significantly higher than the
diversity of zonal soils [43]. This is probably due
to the increase in the those for habitats with a
certain set of environmental conditions as a re-
sult of human activity and the formation of new
biotopes for algae and cyanobacteria.

The Cyanobacteria/(Chlorophyta+Strep-
tophyta) ratio for the CAC of settlements was
0.54, while for virgin soils of the steppe and for-
est-steppe zones of the Cis-Urals this indicator
was 1.06 [43]. In the flora of soil phototrophs of
anthropogenically disturbed areas, a decrease
in the proportion of Ochrophyta (a combination
of Xanthophyceae and Eustigmatophyceae) and
Cyanobacteria was noted, relative to zonal soils.
Thus, the flora of edaphophototrophs of urban
areas underwent significant changes, while
remaining zonally determined. These changes
were reflected in the number of individual sys-
tematic groups of the studied soil microorgan-
isms in the cities and other settlements.

In the soil samples of urban areas, the pro-
portion of species found in only one sample was
twice as high as in zonal soils [43] and amounted
to 141 species together with intraspecific taxa.
For the SUR settlements, the indicators of flora
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proportion were noticeably lower as compared
to zonal soils. In particular, for zonal soils, the
species/family ratio was 7.0 [43], while for urban
areas this indicator was 9.4.

A study of local CACs of a separate settle-
ment (Magnitogorsk, Chelyabinsk Region)
showed that a large variety of CACs is formed
onits territory, in which individual taxa of algae
and cyanobactleria play a certain role in urban
ecosystems (Fig. 4). With pollution by heavy
metals, Chlorophyta prevailed in biotopes, while
with soil compaction or alkalization, the diver-
sity of Cyanobacteria increased.

The composition of multi-species families
in urban areas changed significantly. If in the

zonal soils of the Bashkir Cis-Urals the Oscil-
latoriaceae was characterized by the greatest
diversity [43], then in urban soils it was the
Chlamydomonadaceae. Of the five leading
families for virgin soils, Pleurochloridaceae and
Naviculaceae dropped out, and the Nostocaceae
and Pseudanabaenaceae ppeared instead. The
ten leading families of edaphophototrophs
in the settlements of the South Urals united
almost half of the identified species (49.6%)
(Table 2). The first five families included 33%
of the total number of species. In addition to
the families of Cyanobacteria and Chlorophyta,
the list of leading families also included the
families of Ochrophyta and Bacillariophyta.

B Cyanobacteria
M Chlorophyta
Streptophyta

M Ochrophyta
Bacillariophyta
H Euglenophyta

Fig. 3. The ratio of species by divisions in the soil of the South Ural studied cities:
a — Neftekamsk, b — Ufa, ¢ — Kumertau, d — Magnitogorsk, e — Sibay, f — Beloretsk
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a b

B Cyanobacteria [l Ochrophyta
M Chlorophyta [ Bacillariophyta

Fig. 4. Distribution of species by divisions in the soil of Magnitogorsk: a — Roadside lawns,
b — Veterans Park, ¢ — Magnitogorsk Iron and Steel Works, d — Magnitogorsk Cement Plant

The leading families by number of species in the soil of South Ural biotopes, Table 3
exposed to recreational stress

Leading families Zonal sites of the vicinity Forest parks, parks, Biotopes of the

of studied settlements public gardens residential area
F F/s S F F/s S F F/s S
Chlamydomonadaceae 1 1 1 1 1 2 2 2 1
Phormidiaceae 4 2 1 4 2 1 1 1 2
Chlorococcaceae 3 3 2 3 S 3 - B} 3
Pseudanabaenaceae 4 ) 6 - 4 ) — 4 —
Prasiolaceae 4 - Y 4 - Y 2 - 1
Nostocaceae — 1 4 2 3 6 — 2 —
Pleurochloridaceae 2 4 3 - 6 4 - - -
Bracteacoccaceae 4 - 5% - - - - -
Trebouxiaceae 4 - - ) - - - - -
Chlorellaceae - - 5% - - - - -
Bacillariaceae — — — ) — — — — —
Diadesmidaceae 4 - 5% - - 2 b5} b5}
Naviculaceae - 6 - - S - 2 3 4
Microcoleaceae® — — — - — — — ) )

Note for Tables 3 and 5: F — forest zone, F/s — forest-steppe zone, S — steppe zone,* — the family is leading only for these
types of biotopes; a dash means — not detected.
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Table 4

Group of soil algae and cyanobacteria species frequently occurring
in South Ural biotopes affected by recreational stress

Taxa City vicinities | Forest parks Residential area
and parks biotopes

Hantzschia amphioxys (Ehrenberg) Grunow \A Ivs 114
Microcoleus autumnalis (Gomont) Strunecky, 1K L 11K
Komarek & J.R.Johansen
Bracteacoccus minor (Schmidle ex Chodat) Petrov Vs Vs I
Vischeria magna (J.B.Petersen) Kryvenda, Ivs (11K I’
Rybalka, Wolf & Friedl
Klebsormidium flaccidum (Kitzing) P.C. Silva, I L 1K
K.R.Mattox & W.H.Blackwell
Luticola mutica (Kitzing) D.G.Mann (1K 1 (e
Microcoleus autumnalis (Gomont) Strunecky, ? L (11K
Komarek & J.R.Johansen
Leptolyngbya foveolarum (Gomont) I I 1r
Anagnostidis & Komarek
Myrmecia bisecta Reisigl 1r? ? I
Botrydiopsis eriensis J.W.Snow INE [ I?
Dictyococcus varians Gerneck V4 11 113
Chlorella vulgaris Beijerinck | L 11
Fistulifera pelliculosa (Kiitzing) Lange-Bertalot I’ 1 K
Luticola ventricosa (Kiitzing) D.G.Mann | I [
Desmonostoc muscorum (Bornet & Flahault) I 1K IT1
Hrouzek & Ventura
Pseudophormidium hollerbachianum
(Elenkin) Anagnostidis I B e
Pleurastrum terricola (Bristol) D.M.John | I? 113
Chlorococcum infusionum (Schrank) Meneghini [ 1 I’
Xanthonema exile (Klebs) P.C.Silva I1 1 |
Chlamydomonas gloeogama Korshikov 11 Ir I
Chl. elliptica Korshikov 1 I |
Chl. oblongella J.W.G.Lund (1K P |

Note for Tables 4 and 6: Roman numerals indicale persistence classes; Arabic numerals indicale maximum abundance
on the Brown-Blanquet scale. Color indicates groups of species of high constancy and abundance.

The largest share of species diversity fell
on Cyanobacteria (20.1%) and Chlorophyta
(22.6%). The total contribution of Ochro-
pyta (3.5%) and Bacillariophyta (3.3%)
was 6.8%.

The studied biotopes of the SUR settlements
can be divided into two groups according to the
most significant anthropogenic factor affecting
the CAC forming.

1. The leading factor is the recreational
stress (Table 3, 5).

2. The leading factor is the technogenic
stress (Table 4, 6).

According to Table 3, Chlamydomonadaceae
and Phormidiaceae were the leading families in
terms of number of species in hiotopes affected
by recreational stress. The exception were zonal

areas in the vicinity of urban areas and parks
of cities in the forest zone, where the Phormi-
diaceae was in fourth place. In the biotopes of
the residential zone, the leading family was
Microcoleaceae, whose representatives play a
major anti-erosion role in soils [44]. With an
increase in the recreational load, the constancy
of Hantzschia amphioxys, Vischeria magna,
Botrydiopsis eriensis and others decreased, but
the constancy of Microcoleus autumnalis, Lep-
tolyngbya foveolarum, Luticola ventricosa and
othersincreased (Table4); that is, with a decrease
in the importance of some species, the role of
others increased.

The species Fistulifera pelliculosa, Myr-
mecia bisecta, Chlamydomonas gloeogama, and
C. elliptica were resistant to recreational pres-

0
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Table 5
The leading families by number of species in the soil
of the South Ural biotopes affected by technogenic pollution
Family Lawns and | Tramway | Railway MSW | Landfill | Dumps of | Industrial
roadsides | embank- | embank- | container UMPPSB sites
ments ments sites
F|F/s|S
Chlamydomonadaceae| 1 | 1 | 1 3 1 1 - - 1
Phormidiaceae 21 3 |2 1 1 2 1 1
Chlorococcaceae 21 6 |3 4 - 3 2 2 3
Pseudanabaenaceae 41 4 | D 4 2 3 - - 2
Nostocaceae 21 2 |4 2 - 3 - 3
Naviculaceae 3| 0 |7 — — — — — —
Bacillariaceae 41 — | - - - - 3 -
Diadesmidaceae 41 — | - - - - - - -
Pleurochloridaceae - 6 — — — —
Prasiolaceae - - |6 4 - - - 2 -
Chlorellaceae - - 2 - 1 -
Trebouxiaceae - - |- - 2 3 - 3
Diadesmidaceae - - | - - 2 3 2 - 3
Bracteacoccaceae - - |- — — - 3 — —
Klebsormidiaceae*® - - |- - - - -

Note for Tables 5 and 6: UMPPSB — Uchalinsky Mining and Processing Plant JSC (Sibay branch).

sure, but responded to technogenic pollution.

In the soils of biotopes with a high degree of
technogenic pollution, the positions of the lead-
ing families changed. The Chlamydomonadaceae
was not among the leading families in two types
of biotopes (in the overburden dumps of the
UMPPSB and in solid waste landfills), and on
tramway embankments this family was only the
third. Cyanobacteria families — Phormidiaceae,
Pseudanabaenaceae, and Nostocaceae — ranked
higher compared to habitats affected by recre-
ational stress (Table 5). Of particular interest
is the high species diversity of the Klebsormi-
diaceae on the UMPPSB dumps. Unlike the
group of sites affected by recreational load, the
Microcoleaceae in this case was not among the
leading ones.

Hantzschia amphioxys, Microcoleus vagina-
tus, M. autumnalis, Leptolyngbya foveolarum,
Bracteacoccus minor and other species formed
the CAC core of habitats with a high degree of
technogenic stress (Table 6). These species were
resistant to both recreational load and techno-
genic pollution.

A comparison of the CACs in the SUR settle-
ments with similar CACs of other natural and
climatic zones showed that they were mainly
characterized by a relatively high species diver-
sity, the predominance of Chlorophyta and the
important role of Cyanobacteria [5, 19, 45]. At
the same time, in a number of cities, the CACs

were dominated by Cyanobacteria and had a
significant diversity of Chlorophyta, for example,
in the city of Kirov [46].

Based on the comparison of a group of
edaphophototrophic species that have a high
constancy and dominate in urban areas in the
SUR and other cities [9, 18, 19, 46], we propose
to distinguish a separate group of synanthropic
species. Synanthropic organismsin a broad sense
include plants and animals whose way of life is
associated with humans, their homes, and the
landscape created or modified by them [47]. Cya-
nobacteria Microcoleus vaginatus, M. aulumnalis,
Leptolyngbya foveolarum, Nostoc punctiforme,
Phormidium animale, Ph. breve, Ph. ambiguum
can be considered as synanthropic species.
Among Chlorophyta we included Bracteacoccus
minor, Dictyococcus varians, Chlorella vulgaris,
Chlamydomonas gloeogama, Stichococcus bacil-
larisin the group of synanthropic species; among
Streptophyta — Klebsormidium flaccidum; among
Ochrophyta — Botrydiopsis eriensis and Vischeria
magna; among Bacillariophyta — Hantzschia am-
phioxys, Luticola mutica, L. nivalis, L. ventricosa.
These species are cosmopolitan and highly resist
to a number of environmental factors, including
anthropogenic ones. For example, species of the
genera Microcoleus and Phormidium are typical
in technogenic habitats and are noted in samples
with a high content of heavy metals near waste
heaps in the south of Poland. They were isolated
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from the tailings of the Valenciana mine (Gua-
najuato, Mexico), and reclaimed soils of the brown
coal and lignite mines of Sokolov (Czech Repub-
lic) and Cottbus (Germany). They dominanted in
the early waste heaps of the Kansk-Achinsk coal
deposit (Russia), and were a part of the “crusts”
of the mine waste heaps of the Sibay branch of the
Uchalinsky mine (Russia) [48].

When comparing the biodiversity of micro-
phototrophs of settlements and zonal areas of
their environs with each other, it was found that
CACssignificantly change under anthropogenic
stress. This was reflected in the overall species
diversity of soil phototrophs, the taxonomic
structure of CACs, the list of leading families
and other characteristics. The features of CACs
of various biotopes largely depended on the type
of natural and climatic zone, the localization of
settlements relative to the Ural Mountains, the
features of industrial development of cities, the
type of plant community, the intensity of an-
thropogenic stress, successional changes, etc.

Based on the generalization of the data obtained
during the analysis of CACs species composition,
we developed a scheme for the transformation of
CACs under urbanization (Fig. 5).

Conclusions

1. The biodiversity of algae and cyanobac-
teria in the soils of urbanized areas of the South
Ural Republic was represented by 487 species
with varieties and forms (Chlorophyta — 231 spe-
cies, Cyanobacteria — 131 species, Ochrophyta —
08, Bacillariophyta — 52, Streptophyta — 13,
Euglenophyta — 2). The CACs taxonomic struc-
ture of urban areas of the forest, forest-steppe
and steppe zones and their mountain analogues
of the South Ural region, while maintaining
zonal features, had significant similarities due to
the smoothing of soil and climatic conditions in
cities, the synanthropization effect, accompanied
by the introduction of species of anthropogeni-
cally disturbed habitats into the CAC.

Table 6
Group of frequently occurring algae and cyanobacteria species
in the soil of the South Ural biotopes affected by technogenic pollution
Taxa Roadside MSW Landfill | Industrial Tramway Dumps of
lawns container sites sites and railway | UMPPSB
embankments
Hantzschia amphioxys Ivs e e I IV I11
Microcoleus vaginatus e 114 1 v P I
Gomont
Bracleacoccus minor [ Vo [ I 111 I
Klebsormidium flaccidum I I I 1 1 |
Luticola mutica e v & 1K I |
Microcoleus autumnalis e e K Ir v I
Leptolyngbya foveolarum e IV 11K (1K V4 I
Vischeria magna I IT1 IT1 (11K I
Botrydiopsis eriensis [IT% | 11 11 I I
Dictyococcus varians e | I’ 11 11 |
Chlorella vulgaris e | e (11K | |
Luticola ventricosa 1 I I I K I
Luticola nivalis I 11 L 1
(Ehrenberg) D.G.Mann
Pseudophormidium 1 | I? 11 11
hollerbachianum v
Desmonostoc muscorum I 113 I3 11K 11
Phormidium breve | Ivs I? I I
(Kitzing ex Gomont)
Anagnostidis & Komarek
Chlorococcum infusionum I v IT1 I
Trichocoleus cf. hospita | 11
Leptolyngbya vorochiniana It 1 1
Anagnostidis & Komarek 11

101

Teopernueckas u npuriaaaas sxogorus. 2025. No 1 / Theoretical and Applied Ecology. 2025. No. 1




MOHHNTOPHHI IIPUPOHLIX 1 AHTPOIIOTEHHO HAPYIITEHHBIX TEPPUTOPUIT

102

Cyanobacterial-algal cenoses (CAC) of zonal ecosystems in the settlement environs

Characterized by the predominance of Chlorophyta and Ochrophyta, with Cyanobacteria (CB) and
Bacillariophyta being less represented. The composition of the CAC depends on the type of soil, natural
and climatic conditions, and zonal vegetation. Species with high frequency: Chlamydomonas oblongella,
Chl. elliptica, Chlorococcum infusionum, Bracteacoccus minor, Dictyococcus varians, Myrmecia bisecta,
Desmococcus olivaceus, Klebsormidium flaccidum, K. nitens, Botrydiopsis eriensis, B. arhiza, Heterococcus
viridis, Xanthonema exile, Vischeria magna, V. helvetica, Hantzschia amphioxys, Luticola mutica, Microcoleus
vaginalus. The average number of species per sample (NS) is 28, the average sum of species abundance
scores (SAS) on fouling glasses is 152

!

Soil CAC of settlements
Theproportion of Bacillariophytaand CBincreases, thediversityof Ochrophytadecreases. The mosaicnature
of biotopes and the diversity of CACs increase

i i

CAC of rural settlements CAC of urban areas

Characterized by an increase in the species Environmental pollution by vehicle and industrial
diversity and abundance of soil algae and emissions, household waste, deterioration of hydrother-
CB. Species with high frequency: Calothrix mal conditions of soil in populated areas leads to a de-
elenkinii, Desmococcus olivaceus, Gongrosira crease in the share of Ochrophyta in the CACs, as they
debaryana, Fistulifera pelliculosa, Leptolyn- are less resistant to extreme factors. Species resistant to
gbya tenuis, Coleofasciculus chthonoplastes. anthropogenic load: Mayamaea atomus, Nostoc puncti-
NS=47, SAS=170 Jorme, Phormidium animale, Ph. breve, Ph. ambiguum.
NS=18, SAS=104

! s !

CAC of biotopes affected by recreational stress CAC of biotopes affected by technogenic stress

CB predominate. Ubiquitous species predominate
among Chlorophyta. With sufficient moisture in areas
without higher vegetation, the role of Bacillariophyta
increases. Species resistant to soil compaction: Micro-
coleus vaginatus, M. autumnalis, Leptolyngbya foveo-
larum, L. gracillima, Desmonostoc muscorum, Phor-
midium breve, Pseudophormidium hollerbachianum,
Bracteacoccus minor, Dictyococcus varians, Chlorella
vulgaris, Botrydiopsis eriensis, Vischeria magna,
Hantzschia amphioxys, Fistulifera pelliculosa, Luti-
cola ventricosa, L. mutica. NS=23, SAS=139

Unique CACs of relatively poor species com-
position are formed, including Hantzschia am-
phioxys, Microcoleus vaginatus, M. aulumnalis,
Leptolyngbya foveolarum, Bracteacoccus minor,
Chlorococcum infusionum, Klebsormidium flac-
cidum, Luticola mutica, L. ventricosa, L. cohnii,
L. nivalis, Vischeria magna. NS=14, SAS=83.
With prolonged soil pollution, further deple-
tion of CACs species composition is observed

l

CAC are represented mainly by a small number of
unicellular Chlorophyta. CACs are found on tram
and railway embankments, areas of metallurgical
and chemical plants contaminated with heavy metals.
Species with high frequency: Bracleacoccus minor,
Dictyococcus varians, Chlorella vulgaris, Pseudococ-
comyzxa simplex. NS=T, SAS=17

The CACs composition is very poor and is rep-
resented mainly by filamentous CB. CACs are
confined to old roadside lawns, industrial sites,
often characterized by alkalization or saliniza-
tion of the soil. Species with high occurrence:
Trichocoleus cf. hospita, Leplolyngbya vorochin-
iana, L. foveolarum, Microcoleus vaginatus, M.
autumnalis. NS=6, SAS=33

!

|

Communities of single algae or CB with deformed cells, the species of which
cannot be determined by microscopy

!

Termination of development of photosynthetic biota in the soil

Fig. 5. Scheme of cyanobacterial-algal cenoses’ (CAC) transformation under
urbanization on the example of the South Ural biotopes
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2. A scheme for the transformation of the
CAC of populated areas was developed, includ-
ing general and specific patterns of change in
the CAC under anthropogenic stress. General
patterns were associated with changes in algae
and cyanobacteria species diversity and other
CACs’ features under increasing anthropogenic
load and gradual transformation of zonal CACs
into azonal ones with subsequent disappearance
of autotrophic microbiota. Particular CACs’ pat-
terns were associated with the predominance of
one of the leading anthropogenic factors (tech-
nogenic pollution or recreational stress).

The study was supported by a grant from the
partner university “Mordovian State Pedagogical
University named after M.E. Evseviev” for 2022.

References

1. City ecology / Eds. N.S. Kasimov, A.S. Kurbatova,
V.N. Bashkin. Moskva: Nauchnyy mir, 2004. 624 p. (in
Russian).

2. Sukhanova N.V. Successions of soil algae from munic-
ipal solid waste dumps (Ufa, Bashkortostan) // Botanicheskiy
zhurnal. 1996. V. 81. No. 2. P. 54—60 (in Russian).

3. Sharipova M.Yu., Dubovik [.E. Complex study of
algoflora of Ufa // Bulletin of the Bashkir State University.
2004. No. 4. P. 45-50 (in Russian).

4. Dubovik I.E., Proskuryakova A.V., Sharipo-
va M.Yu. Taxonomic and ecological composition of surface
cyanoprokaryotic-algal macroscopic expansions in the city
of Ufa and its surroundings // Bulletin of Nizhnevartovsk
State University. 2017. No. 1. P. 6-12 (in Russian).

9. Aksenova N.P., Baranova O.G. A brief review of
the urban flora of edafophilic algae and cyanoprokaryotes
in Izhevsk // Bulletin of Udmurt University. Series Biol-
ogy. Earth Sciences. 2010. No. 1. P. 27-31(in Russian).

6. Bachura Yu.M., Blagodatnova A.G. Phytoceno-
logical group structure of soil algae and cyanobacteria of
urban lawn (on the example of Novosibirsk and Gomel) //
Bulletin NSPU. 2015. V. 5. No. 3. P. 82-93(in Russian).
doi: 10.15293/2226-3365.1502.08

7. Blagodatnova A.G. Environmental assess-
ment of soil along highways (Novosibirsk) // Safety in
Technosphere. 2015. No. 6. P. 3—11(in Russian). doi:
10.12737/16979

8. Trukhnitskaya S.M., Chizhevskaya M.V. Algoflora
of recreational areas of the Krasnoyarsk urban ecosystem.
Krasnoyarsk: KrasGAU, 2008. 134 p. (in Russian).

9. Efremova V.A., Kondakova L..V., Domracheva L.1.,
Elkina T.S., Vechtomov E.M. Specifics of soil “blooming”
in technogenic zones of the city (on the example of Kirov
city) // Theoretical and Applied Ecology. 2012. No. 4.
P. 85-89 (in Russian). doi: 10.25750/1995-4301-2012-
2-085-089

10. Peculiarities of urban ecosystems in the south-
ern taiga subzone of the European Northeast / Eds.
T.Ya. Ashikhmina, L.I. Domracheva. Kirov: Raduga-
PRESS LLC, 2012. 282 p. (in Russian).

11. Kondakova L..V., Ashikhmina T.Ya., Pirogova O.S.
Phototrophic microorganisms of urban parks // Theoretical
and Applied Ecology. 2017. No. 1. P. 63-68 (in Russian).
doi: 10.25750/1995-4301-2017-1-063-068

12. Shkundina F.B., Nikitina O.A., Gulamanova G.A.
Cyanoprokaryotic-algal cenoses of cities in the forest-
steppe zone of the Republic of Bashkortostan (composition,
structure, use in monitoring). Ufa: RIC BashGU, 2011.
131 p. (in Russian).

13. Rakhmatullina I.V., Kuznetsova E.V. Results of
studies of soil algoflora in the southern region of the Re-
public of Bashkortostan // Bulletin of the Orenburg State
University. 2009. No. 6 (100). P. 594-596 (in Russian).

14. Sukhanova N.V., Fazlutdinova A.l. Soil cyanobac-
terial-algal cenoses of urban areas (on the example of the
city of Neftekamsk of the Republic of Bashkortostan) //
Theoretical and Applied Ecology. 2014. No. 2. P. 109-115
(in Russian). doi: 10.25750/1995-4301-2014-2-109-115

15. Davydov D.A., Redkina V.V. Algae and cyano-
prokaryotes on naturally overgrowing ash dumps of the
Apatity Thermal Power Station (Murmansk region) //
Transactions of KarRC RAS. 2021. No. 1. P. 51-68 (in
Russian). doi: 10.17076 /bg1270

16. Egorova [.N., Tupikova G.S., Shergina O.V. Soil
algae of forest stands of the town of Usol e-Sibirskoe and
its surrounding territories (Irkutsk Oblast) // Siberian
Journal of Forest Sciences. 2022. No. 6. P. 6677 (in Rus-
sian). doi: 10.15372/SJFS20220607

17. Kostikov I.Yu., Romanenko P.0O., Demchen-
ko E.M., Darienko T.M., Mikhailyuk T.I., Ribchinsky O.V.,
Solonenko A.M. Soil algae in Ukraine (history and methods
of follow-up, system, abstract of flora). Kiev: Phytosocio-
center, 2001. 300 p. (in Ukrainian).

18. Sukhanova N.V., Fazlutdinova A.l., Kabirov R.R.
Cyanobacterial-algal cenoses of soils large industrial
city // Modern Problems of Science and Education. 2014.
No. 4. P. 518.

19. Bachura Yu.M. Cyanobacteria of anthropogenically
transformed soils (on the example of the Gomel region) //
Science and innovations. 2015. No. 5. P. 64—-69 (in Russian).

20. Khaibullina L.S., Sukhanova N.V., Kabirov R.R.
Flora and syntaxonomy of soil algae and cyanobacteria in
urban areas. Ufa: AN RB, Gilem, 2011. 216 p. (in Russian).

21. Kabirov R.R., Chernenkova T.V., Sukhanova N.V.,
Shmelev N.A. Composition and structure of algocenoses of
north boreal ecosystems in different relief parts in conditions
of technogenic pressure // Theoretical and Applied Ecology.
2013. No. 1. P. 94—100 (in Russian). doi: 10.25750/1995-
4301-2013-1-094-100

22. Moskvich N.P. Experience in the use of algae in the
study of the sanitary state of soils // Botanicheskiy zhurnal.
1973. V. 58. No. 3. P. 412-416 (in Russian).

103

Teopernueckas u npuriaaaas sxogorus. 2025. No 1 / Theoretical and Applied Ecology. 2025. No. 1




MOHHNTOPHHI IIPUPOHLIX 1 AHTPOIIOTEHHO HAPYIITEHHBIX TEPPUTOPUIT

104

23. Kabirov R.R., Sagitova A.R., Sukhanova N.V.
Development and use of a multicomponent test system for
assessing the toxicity of the soil in an urban territory //
Ecology. 1997. No. 6. P. 408—411 (in Russian).

24. Kabirov R.R., Sukhanova N.V., Khaibullina L.S.
Estimation of atmospheric air toxicity using microscopic
algae // Ecology. 2000. No. 3. P. 231-232 (in Russian).

25. Domracheva L.1. “Flowering” of the soil and pat-
terns of its development. Syktyvkar: Komi Scientific Center
of the Ural Branch of RAS, 2005. 336 p. (in Russian).

26. Kondakova L.V., Domracheva L.l., Ashikhmi-
na T.Ya., Simakova V.S. Biomonitoring capabilities of micro-
organisms when assessing the degree of toxicity of synthetic
surfactants // Theoretical and Applied Ecology. 2018. No. 4.
P.93-98 (in Russian). doi: 10.25750/1995-4301-2018-4-093-098

27. Lund J.W.G. Observation on soil algae. 1. The
Ecology, size and taxonomy of British soil diatoms // New
Phytologist. 1945. V. 44. No. 2. P. 196-219. doi: 10.1111/
j-1469-8137.1945.th05033.x

28. Gollerbakh M.M., Shtina E.A. Soil algae. Lenin-
grad: Nauka, 1969. 228 p. (in Russian).

29. Komarek J., Fott B. Chlorophyceae (Griinalgen).
Ordnung: Chlorococcales // Das Phytoplankton des Siib-
wassers. Systematic und Biologie / Eds. G. Huber-Petalozzi,
H. Heynig, D. Mollenhauer. Stuttgart: E. Schweizerbart’sche
Verlagsbuchhandlung, 1983. 1044 p.

30. Ettl H., Gértner G. Chlorophyta 2: Tetrasporales,
Chlorococcales, Gloeodendrales // Stuwasserflora von
Mitteleuropa / Eds. H. Ettl, J. Gerlof, H. Heynig, D. Mol-
lenhauer. Jena: VEB Gustav Fischer Verlag, 1988. 436 p.

31. Krammer K., Lange-Bertalot H. Bacillariophyceae 1:
Naviculaceae // SiiBwasserflora von Mitteluropa / Eds.
H. Ettl, J. Gerlof, H. Heynig, D. Mollenhauer. Jena: VEB
Gustav Fischer Verlag, 1986. 876 p.

32. Krammer K., Lange-Bertalot H. Bacillariophyceae
2: Bacillariaceae, Epithemiaceae, Surirellaceae // Siilwas-
serflora von Mitteluropa / Eds. H. Ettl, J. Gerlof, H. Heynig,
D. Mollenhauer. Jena: VEB Gustav Fischer Verlag, 1988. 536 p.

33. Ettl H., Gértner G. Syllabus der Boden-, Luft- und
Flechtenalgen. Berlin, Heidelberg: Springer, 2014. 773 p.
doi: 10.1007 /978-3-642-39462-1

34. Krammer K., Lange-Bertalot H. Bacillariophyceae
3: Centrales, Fragilariaceae, Eunotiaceae // Stisswasserflora
von Mitteluropa Siilwasserflora von Mitteluropa / Eds.
H. Ettl, J. Gerlof, H. Heynig, D. Mollenhauer. Jena: VEB
Gustav Fischer Verlag, 1991. 576 p.

35. Andreeva V.M. Terrestrial and aerophilic green al-
gae (Chlorophyta: Tetrasporales, Chlorococcales, Chlorosar-
cinales). Sankt-Peterburg: Nauka, 1998. 349 p. (in Russian).

36. Krammer K., Lange-Bertalot H. Bacillariophy-
ceae4: Achnanthaceae, Kritische Erganzungen zu Navicula
(Lineolatae) und Gomphonema // Siisswasserflora von Mit-
teluropa SiBwasserflora von Mitteluropa / Eds. H. Ettl,
J. Gerlof, H. Heynig, D. Mollenhauer. Jena: VEB Gustav
Fischer Verlag, 1991. 437 p.

37. Kabirov R.R., Sukhanova N.V. Soil algae of urban
lawns (Ufa, Bashkortostan) // Botanicheskiy zhurnal. 1997.
V. 82. No. 3. P. 46-57 (in Russian).

38. Westhoff V., van der. Maarel E. The Braun-Blan-
quet approach // Classification of plant communities / Ed.
R.H. Whittaker. Dordrecht: Springer, 1978. P. 287-399.
doi: 10.1007/978-94-009-9183-5_9

39. Mirkin B.M., Rozenberg G.S. Phytocenology.
Principles and methods. Moskva: Nauka, 1978. 212 p (in
Russian).

40. Mirkin B.M. Theoretical foundations of modern
phytocenology. Moskva: Nauka, 1985. 137 p (in Russian).

41. Khaibullina L.S., Sukhanova N.V., Kabirov R.R.,
Solomeshch A.l. Syntaxonomy of soil algal communities
in the Southern Ural. 1. Alliance Amphora-Phormidion all.
nova hoc loco // Algologiya. 2004. V. 14. No. 3. P. 261-276
(in Russian).

42. Shkundina F.B., Zakharova E.A. Algae as an
indicator of enterprise territory pollution // Ecology and
Industry of Russia. 2002. No. 6. P. 26—-34 (in Russian).

43. Kuzyakhmetov G.G. Algae of zonal soils of the
steppe and forest-steppe. Ufa: RIO BashGU, 2006. 286 p.
(in Russian).

44. Dubovik 1.E. The effect of gully erosion on the di-
versity of algae in forest-steppe soils of the Cis-Ural region //
Eurasian Soil Sci. 2004. No. 4. P. 474-479 (in Russian).

49. Trukhnitskaya S.M., Khizhnyak S.V. Peculiarities
of the qualitative composition of algomicrobial complexes
of urban soils // Problems of utilization and protection of
natural resources in Central Siberia / Ed. V.G. Sibgatulin.
2001. No. 3. P. 123125 (in Russian).

46. Efremova V.A., Kondakova L.V. Ecological and
taxonomic structure of soil algo-groups in Kirov // Theoreti-
cal and Applied Ecology. 2013. No. 2. P.61-67 (in Russian).
doi: 10.25750/1995-4301-2013-2-061-067

47. Biological Encyclopedic Dictionary / Ed. M.S. Gi-
lyarov. Moskva: Sovetskaya encyclopedia, 1986. 831 p. (in
Russian).

48. Gaysina L.A., Saraf A., Singh P. Cyanobacteria
in diverse habitats // Cyanobacteria: From Basic Sci-
ence to Applications / Eds. A.K. Mishra, D.N. Tiwari,
A.N. Rai. Elsevier, 2018. P. 1-28. doi: 10.1016/B978-0-12-
814667-5.00001-5

Teoperuueckast u npurnamuas sroaorust. 2025. Ne 1 / Theoretical and Applied Ecology. 2025. No. 1



