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The biodiversity of underground habitats is of considerable interest from different standpoints, but information on
the biota of the caves is incomplete and fragmentary. In this regard, the identification of different factors that influence
the richness of species of various organisms, including cyanobacteria and algae, is important. 166 different samples,
which were collected in 2007-2012 from 14 karst caves of natural origin, located in various climatic zones of Russia, were
investigated. 121 species and intraspecific taxa of cyanobacteria and algae belonging to five phyla (Cyanobacteria, Bacil-
lariophyta, Ochrophyta, Chlorophyta, Streptophyta) were identified in the studied caves. Based on the obtained material,
the influence of some abiotic factors (the stage of karst speleogenesis, the length of the cave, and the area of the entrance,
the underlying rocks and the surface climate) on the biodiversity of cyanobacteria and algae was analyzed using statisti-
cal methods. The speleogenesis stage (the influence of the factor is 118.4, p < 0.05) mostly effect on the species richness
of cyanobacteria and algae in the studied caves that directly related to the level of water. Also the underlying rocks (the
influence of the factor is 34.7, p < 0.05) and the length of the cave (the influence of the factor is 20.3, p < 0.05) effect on
the biodiversity of cyanobacteria and algae in these caves. It was revealed that the relationship between the total number
of species of cyanobacteria and algae and the various stages of speleogenesis is statistically significant (p < 0.05), and
the species richness of these organisms decreases from the corridor-grotto stage to the corridor-grotto-chamber stage.
The number of species of Cyanobacteria and Bacillariophyta also decreased statistically significantly (p < 0.05) in the
stages of karst speleogenesis: corridor-grotto, corridor-grotto-lake, corridor-grotto-chamber.
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Buopasznoobpasuie nojizeMHbIX MeCTOOOUTAH I TPEJICTABISET 3HAYNTETHHBIIT MHTEPEC C PA3INYHBIX TOUEK 3PeHst, HO MH Op-
Marust o0 G1oTe merrep sIB/AseTcst HeroMHoi 1 hparMenTapHoii. B ¢Bs31 ¢ 9THM BayKHO BBISIBJIEHNE PA3TIYHBIX (DAKTOPOB, KOTOPbIe
BITHSTIOT HA pa3Hoo0pasie BUO0B PA3TIYHBIX OPraHN3MOB, BRITIOUast rinanobaxkrepu i Bogopocii. Vceremosaro 166 pazmmdambix
11po0, orobpanubix B 2007-2012 rr. n3 14 KapcroBhIX HelIep eCTeCTBEHHOTO TPONCXOKICHIS], PACIIONOKEHHBIX B PAsIMYHBIX
KiImMarnyecknx 3oHax Pocenn. B nsyuenHbIx neriepax wiaentuguimposan 121 Buj 1 BHYTPHUBIIOBOI TAKCOH IITAHOOAKTEPHIT 1
Bojtopocaieit, otHocsuxcs K msitn oriesnam: Cyanobacteria, Bacillariophyta, Ochrophyta, Chlorophyta  Streptophyta. Ha ocriose
OJIyYCHHOTO MaTepualia ¢ UCIIOJAb30BaAHNEM CTATUCTUYCCKNX METO/I0OB 1POaHAJIM3MPOBAHO BJINAHNE HEROTOPbLIX 36HOTVI‘IBCI(I/IX
(haKkTOpOB (CTajiust KAPCTOBOTO CIIeTeOTeHe3a, MPOTSKEHHOCTD MeTephl, TIONa/b BXO/Ia, BMEIAIOIIe MTOPOibl 1 KINMaT 110-
BEPXHOCTHN) Ha Oropaznoodpasue uaHodaKTepuil 1 BOFOPOCIeit. ¥ CTaHOBICHO, YTO HAOOJbINee BIIsAHIe Ha BU0BOE H0raTcTBO
IaHobaKTepPHil 1 BOJIOPOCIIENT B NCCIIEJIOBAHHBIX HEIepax OKa3biBaeT crajius creseorenesa (cuia Biustaus paxropa — 118,419,
p < 0,05), HEMoCPeCTBeHHO CBsI3aHHAsT ¢ YPOBHEM OOBOJIHEHHOCTH TIOTOCTEl, 8 TaK:Ke 3aJieraroliue opojibl (cuna BastHus (ax-
Topa — 34,665, p < 0,05) u nporsrénHoCcTs Merepsl (cuna sausinust gaxropa — 20,288, p < 0,05). BoisiBieno, 4to ¢Bsi3h MEFKILY
OG]]LI/]M 4YuCcJIOM BUJI0B ILMaHO6aI{TepIAI7| n BO}[OpOCJIeﬁ 1 Pas/IMYHbIMU 9TallaMu cliejieoredesa ABJadercd CTaTuCTUYeCKn sHa NMOIi
(p < 0,05), n BIj1oBOE HOTATCTBO HTHX OPraHU3MOB CHIZKAETCS OT KOPUIOPHO-TPOTOBOIT 10 KOPUOPHO-TPOTO-KaAMePHOIT CTa/[i.
Yucmo npepcrasurereii orenos Cyanobacteria m Bacillariophyta rarske crarncrudeckn snaunmo (p < 0,05) u cunskaercst B psiy:
KOPUJI0PHO-IPOTOBAs, KOPUJOPHO-TPOTO-03EPHAS, KOPHIOPHO-TPOTO-KAMEPHAsS CTAJINIL PA3BUTHSI TIeIIep.

Haiouessie crosa: nunanodarrepun u Bogopocian, duopaznoobpasne, abuornyeckie HakTopbl, CTAAIH KapPCTOBOTO
criesieorenesa, netepst, Poccust.
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Many different environmental factors influ-
ence the distribution of cyanobacteria and algae
in various ecosystems |1, 2]. Caves are the natu-
ral subterranean spacesin the underground that
are accessible to humans. They are the harbor of
unique ecosystems with a peculiar biota includ-
ing bacteria, fungi, animals, and plants [3].
Some cyanobacteria and algae can be mixotrophs
[4] and can grow in dark areas of caves as well.
The biodiversity of underground habitats is of
considerable interest from taxonomic, evolution-
ary, ecological, biogeographic and conservation
standpoints [3], but information on the biota
of the caves is incomplete and fragmentary. In
this regard, the identification of different fac-
tors (in particular stages of karst speleogenesis)
that influence the richness of species of various
organisms, including cyanobacteria and algae,
is important.

There are various classifications of karst
speleogenesis. We suppose, that the classifica-
tion of [9] is the most convenient to study the
differences in cyanobacteria and algae diversity
at different stages of the speleogenesis, because it
most fully shows changes in abiotic factors that
can affect the distribution of these organisms.
This classification recognizes following stages:
1. Interstitial stage. The extension of cracks
occurs by corrosion and later by erosion. No de-
posits are formed. 2. Slit stage. In the phreatic
conditions, cracks increase in the slits by corro-
sion, and then erosion. No deposits are formed
yel. 3. Canal stage. Due to erosion and corrosion,
the slits expand in the elliptical channels in the
phreatic conditions. No deposits are formed.
4. Corridor-grotto stage. Underground streams
are present in the cave and intensively expand
the cave due to erosion and corrosion. Flowstones
begin to form. 5. Corridor-grotto-lake stage.
Cave consists of grottoes and connecting those
corridors with separate flowing and non-flowing
lakes. 6. Corridor-grotto-chamber stage. The
corridors and grottos are split up on chambers
due to landslide and water-chemogenic sedi-
ments. There are no permanent watercourses or
walter bodies [3].

During the evolution of karst caves, degree
of their interconnection and exchange of energy
and matter with the surface change significantly
[6]. That affects the changes in caves ecosystems
and biota. It has been known that a change in the
stages of the speleogenesis leads to speleofauna
transformation [3, 7]. Besides, the richness of
animal species could also be influenced by the
length of the cave [ 7] and the surface climate |3,
7]. However, data on the impact of these factors

on the biodiversity of cyanobacteria and algae are
still absent. That is why, the aim of our study was
to analyze using statistical methods the influ-
ence of some abiotic factors, including various
stages of speleogenesis, on the biodiversity of
cyanobacteria and algae in karst caves.

Material and methods

In the Russian Federation, rich in caves
[8] cyanobacteria and algae have been studied
in over 50 caves [9]. However, for this study,
only caves at clearly distinguishable stages of
speleogenesis were selected. No caves at the in-
terstitial, slit, and canal stages of speleogenesis
were studied due to their inaccessibility. 14 caves
of natural origin at the different stages of speleo-
genesis from various regions situated at varied
climatic zones of Russia were studied (Table 1).
Most caves overlying in limestone, gypsum,
Komarinaya cave — in limestone and sandstone.
There are different types of water, accordingly
with karst speleogenesis stage in studied caves.
The cave parameters are listed in Table 1.

From 2007 to 2012 166 different under-
ground samples were collected. Sampling points
were selected randomly along the entire length
of each cave. Samples were collected by modi-
fied standard methods [11]. Identification of
the species composition of cyanobacteria and
algae was performed by direct light microscopy
and after cultivation of the samples in modified
liquid nutrient medium No. 6 [11, 12] in a cul-
ture chamber where they were illuminated for
12 hours per day with a light intensity of 2500—
3000 Ix (17.9-21.4 wmol photons/(m?-s)) and
temperature +20 to +22 °C. All of the sample mate-
rial was examined every two weeks during an eight-
month cultivation period. All cyanobacteria and
algae were identified using a LOMO “Mikmed-1”
light microscope. A number of identification keys
were consulted [12—-20]. The taxonomy of the
cyanobacteria and algae is presented accord-
ing to [21]. The frequency of occurrence (F) of
individual species was determined using formula:

F=a/A-100%,

where a — the number of samples in which
the species was revealed; A — the total number
of samples [22].

To analyse the relationship between cya-
nobacteria and algae species richness and the
potential variables (the stage of karst speleogen-
esis, the length of the cave, and the area of the
entrance, the underlying rocks and the surface
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Table 1
The parameters of investigated caves

Caves | 11 1 v \Y% VI VI
Golubinskiy Proval 1622 3 PS I G A 1
Pevcheskaya Estrada 305 3 PS 1 G A 1
Baskunchakskaya 1480 1 PL II G B 2
Rossiyskaya 1800 2 PL II L G 3
Ikskaya 20 1 WHG 1 G C 4
Kueshta 800 2 PS I G C )
Hlebodarovskaya 3550 2 WHG 11 L G 6
Komarinaya 475 2 WHG 11 LS G 7
Alenushka 108 1 PL I1 L G 8
Verchniy Ponor 62 1 PS I L G 8
Shumyaschiy Ponor 117 1 PS I L G 8
Essyumskaya 215 1 PS I L G 8
Nizhnyaya logachskaya 40 2 WHG 11 L D 9
Belyy Dvorec 120 3 PL IT L E 10

Notes: I — length, m. Il — area of the entrance: 1 — < 1m?; 2 — 1-10 m?; 8 — > 10 m*. I1l — water: PS — permanent stream
or streams; PL — permanent lake or lakes; WHG — occasional areas of water, humid ground. 1V — speleogenesis stage [5]:
[ — corridor-grotto; 11 — corridor-grotto-lake; 1 — corridor-grotto-chamber. V — overlying rock: G — gypsum, L — limestone,
LS — limestone and sandstone. VI — type of surface climale [10]: A — northern part of forest area of temperate climate zone;
B — semi-desert area of temperate climate zone; C — temperate continental climate zone; D — sharply continental climate
zone; K — temperate monsoon climate zone. VII — location:1 — Arkhangelsk Region, Pinezhsky district; 2 — Astrakhan re-
gion, Akhlubinsky district; 3 — Perm Territory, Gubakhinsky district; 4 — Republic of Bashkortostan, Tuymazinsky district;
5 — Republic of Bashkortostan, Iglinsky district; 6 — Republic of Bashkortostan, Meleuzovsky district; 7 — Chelyabinsk
region, Ashinsky district; 8 — Chelyabinsk region, Katav-lvanovsky district; 9 — Republic of Altai, Turochak district;
10 — Primorsky Territory, Partisan district.

Biodiversity of cyanobacteria and algae in the studied karst caves at various stages of speleogelleT;ls)le ?
Cave Speleogenesis Cyan Bacill Ochr Chlor Strept Total
stage
Essyumskaya 14 15 0 9 1 39
Verchniy Ponor 15 17 0 6 0 38
Golubinskiy Proval 14 12 0 10 1 37
Shumyaschiy Ponor I 13 16 0 ) 1 39
Pevcheskaya Estrada 1" 7 0 11 2 31
Kueshta 6 16 0 6 2 30
Total 35 37 0 18 3 93
Baskunchakskaya 7 ) 0 12 1 25
Belyy Dvorets 7 2 1 9 0 19
Rossiyskaya I1 6 ) 0 6 0 17
Alenushka ) 2 0 8 1 16
Total 13 13 1 22 1 20
[kskaya 3 7 0 ) 1 16
Nizhnyaya logachskaya 6 3 0 6 0 15
Khlehodarovskaya 11 b} 4 0 2 1 12
Komarinaya 1 1 0 9 0 "
Total 9 11 0 14 1 39

Note: The name of the stages of speleogenesis is the same as in Table 1. Cyan — Cyanobacteria, Bacill — Bacillariophyta,
Chlor — Chlorophyta, Strept — Streptophylta.
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climate), a dispersion analysis with covariates
was applied [23]. To assess the effect of different
stages of speleogenesis on the species richness of
cyanobacteria and algae, the nonparametric one-
way dispersion analysis using Kruskal-Wallis
criteria was used, given the low sample size
(n="14caves) [23]. The analysis was carried out
using package Statistica version 10.0.

Results and Discussion

Based upon examination of 166 samples
collected in 14 caves, 121 species and intraspe-
cific taxa of cyanobacteria and algae, belonging
to five phyla (Cyanobacteria — 40 species and
intraspecific taxa, Bacillariophyta — 44 species
and intraspecific taxa, Ochrophyta — 1 species,
Chlorophyta — 33 species, Streptophyta — 3 spe-
cies) were identified (Table 2).

The species Mychonastes homosphaera
(Skuja) Kalina & Punc (F=93%), Nostoc punc-
tiforme Har. (F = 79%), Leptolyngbya boryana
(Gom.) Anagn. & Kom. (F=79%), Leptolyngbya
gracillima (Zopf ex Hansg.) Anagn. & Kom.
(F=179%), Hantzschia amphioxys (Ehr.) Grun.
in Cleve & Grun. (F=79%), Phormidium ambig-
uum Gom. (F=71%), Muriella terrestris J.B. Pe-
tersen (F = 64%), Nostoc paludosum Kiitz. ex
Bor. & Flah. (F=57%), Nitzschia palea (Kiitz.)
W.Sm. (F = 57%), Klebsormidium flaccidum

(Kiitz.) P.C. Silva, K.R. Mattox & W.H. Black.
(F=57%), Chlorococcum infusionum (Schrank)
Menegh. (F = 57%), Chlorococcum minutum
R.C. Starr (F=57%), Stichococcus bacillaris Nag.
(F=57T%), Sellaphora pupula (Kiitz.) Mereschk.
(F = 50%), Chlorella vulgaris Beyer. |Beijer.|
(F = 50%), Muriella magna F.E. Fritsch &
R.P. John (F=50%) were found in most of the
caves. The same species appears to be typical for
cave algal flora and were often revealed in other
studied caves in Russia [9]. In addition, most
of these taxa are diagnostic species of syntaxa
of various levels belonging to the class of cave
cyanobacteria and algae Mychonastetea homo-
sphaerae |9, 24].

The largest number of cyanobacteria and al-
gae species was found in the caves Essyumskaya,
Verkhniy Ponor, Golubinskiy Proval, Shumyas-
hchiy Ponor, Pevcheskaya Estrada and Kueshta
(Table 2), which are at the corridor-grotto stage
of speleogenesis. The bulck of the flora in caves
at corridor-grotto stage was formed by species
of Cyanobacteria and Bacillariophyta, and at
this stage the largest number of species from
the Streptophyta was revealed (Table 2). In the
caves of the corridor-grotto-lake and corridor-
grotto-chamber stages, species of green algae
predominated (Table 2).

Dispersion analysis with covariates showed
that the speleogenesis stage has the greatest ef-
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Fig. Influence of different stages of speleogenesis on the number of species of cyanobacteria and algae
Note: The stages of speleogenesis are denoled by numbers:
I — corridor-grotto stage; Il — corridor-grotto-lake stage; III — corridor-grotto-chamber stage
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fect on the species richness of cyanobacteria and
algae in the investigated caves (the influence of
the factoris 118.4, p < 0.05). Also the overlying
rocks (the influence of the factoris 34.7, p < 0.05)
and the length of the cave (the influence of the
factoris 20.3, p < 0.09) effect on the biodiversity
of cyanobacteria and algae in these caves. The
entrance area and surface climate did not have a
statistically significant effect on the biodiversity
of cyanobacteria and algae (p > 0.05). [t was also
found that the relationship between the total
number of species of cyanobacteria and algae
and different stages of speleogenesis is valid
(p < 0.05), and species richness of these organ-
isms decreases from the corridor-grotto stage to
the corridor-grotto-chamber stage (Fig.). The
number of species of Cyanobacteria and Bacillar-
iophyta also decreased statistically significantly
(p < 0.05) in the stages of karst speleogenesis:
corridor-grotto, corridor-grotto-lake, corridor-
grotto-chamber.

Itis known that running water plays an im-
portant role into the entering of cyanobacteria
and algaein caves [3, 11]. Thatis why, the stage
of speleogenesis, which directly relate to the
level of watering of the cavities, has the greatest
effect on the biodiversity of cyanobacteria and
algae in the investigated caves in comparison
with other factors. This factor also influenced
the biodiversity of the fauna |3, 7]. The decrease
in the total number of cyanobacterial and algal
species al different stages of speleogenesis is ap-
parently associated with the presence of streams
in the corridor-grotto stage, reservoirs — in the
corridor-grotto-lake stage, and their absence at
the corridor-grotto-chamber stage. The overly-
ing rocks may be responsible for the chemistry
of the habitat for cyanobacteria and algae in
caves. The length of the cave, as in the case of
animals [7], can be directly related to the num-
ber and diversity of microhabitats. The absence
of a statistically significant effect of the surface
climate on the biodiversity of cyanobacteria and
algae is apparently due to the fact that all the
investigated caves are located in different types
of the temperate climatic zone, and their under-
ground microclimate is practically the same.
It is not clear why the cave entrance area does
not affect the species richness of cyanobacteria
and algae, since most of these organisms are
phototrophs and should depend on the level of
illumination. Probably, this is due to the fact
that cyanobacterial-algal cenoses with a rela-
tively constant species composition, belonging
to the alliance Stichococco minori—Klebsormi-
dion flaccidi [24], are formed in the entrance

illuminated zone of the caves [9, 24, 25]. While
the entering of species into the dark zone and
their accumulation there occurs constantly, a
“bank of spores” is formed [9], due to which the
biodiversity is even higher than in the entrance
illuminated zone.

Conclusion

Thus, 121 species and intraspecific taxa of
cyanobacleria and algae belonging to five phyla
(Cyanobacteria — 40 species and intraspecific
taxa, Bacillariophyta — 44 species and intraspe-
cific taxa, Ochrophyta — 1 species, Chlorophyta —
33 species, Streptophyta — 3 species) were identi-
fied in 14 karst caves of natural origin, located
in different climatic zones of Russia. The species
Mychonastes homosphaera, Nostoc punctiforme,
Leptolyngbya boryana, L. gracillima, Hantzschia
amphioxys, Phormidium ambiguum, Muriella ter-
restris, Nostoc paludosum, Nitzschia palea, Kleb-
sormidium flaccidum, Chlorococcum infusionum,
C. minutum, Stichococcus bacillaris, Sellaphora
pupula, Chlorella vulgaris and Muriella magna
mostoften found in caves. Most of them are diag-
nostic species of syntaxa of various levels belong-
ing to the class Mychonastetea homosphaerae
[9]. The largest number of cyanobacteria and
algae species was found in the caves, which are
at the corridor-grotto stage of speleogenesis. At
this stage species of Cyanobacteria and Bacil-
lariophyta dominated, and the largest number
of species from the Streptophyta was revealed.
In the caves of the corridor-grotto-lake and
corridor-grotto-chamber stages, species of green
algae predominated. Statistical analyses showed
that the speleogenesis stage, directly related to
the level of water, has the greatest influence on
the species richness of these organisms in the
investigated caves. The overlying rocks and the
length of the cave also effect on the biodiversity
of cyanobacteria and algae in these caves. The
surface climate and entrance area did not have
a statistically significant influence on the bio-
diversity of cyanobacteria and algae. It was also
revealed that the relationship between the total
number of cyanobacteria and algae species and
different stages of speleogenesis is valid, and
species richness of these organisms, the number
of species of Cyanobacteria and Bacillariophyta
decreased statistically significantly in the stages
of karst speleogenesis: corridor-grotto, corridor-
grotto-lake, corridor-grotto-chamber.
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Russian Academy of Sciences for the first reading of
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