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1. Introduction

Hot springs have received a tremendous amount of attention recently, particularly
as they relate to microbial organisms. They have been sites where interesting and
useful DNA has been extracted and developed to a diverse set of academic and
applied uses (Arnheim et al., 1990; Watson et al., 1992). Hot springs were one
of the first sites of discovery of a third domain of life, the Archaea (Barns et al.,
1994, 1996). Extreme environments such as hot springs have become more inter-
esting for those who are seeking to discover life on places other than earth within
our own solar system, and beyond. Thus, hot springs may represent analog habi-
tats that life forms can withstand; what we humans perceive to be “extreme,” i.e.,
very cold, hot, with different chemical compositions.

Much has been made of the prokaryotes in these extreme environments,
particularly Cyanobacteria (e.g., Brock and Brock, 1967), but much less has
been documented relative to the eukaryotes. Thermal resistance of ther-
mophilic and mesothermic algal species is high, and they successfully live and
thrive in water bodies with temperatures of 30-84°C. A group of eukaryotes
that does seem to occupy a wide set of ecological niches are the diatoms, and
species are known to occur in, on and around ice, as well as extremely acid and
hot waters.

Hot springs have been recorded from all continents on earth except
Antarctica. Surveys of diatoms from hot springs, though the number of studies
is limited, have been accomplished in many of the regions of the world. We
present in Table 1, a partial listing of the surveys of diatoms from hot springs
around the world.

Hot springs also offer the opportunity to test hypotheses regarding the bio-
geography of microbial organisms. Kociolek and Spaulding (2000) detailed a
number of families, genera, and species that appear to be localized in their
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Table 1. Partial listing of hot springs by continent and country in which diatoms have been recorded.

Continent/country Hot springs References

Asia

Russia Kamchatka Petersen, 1946

Russia Kamchatka Yoshitake et al., 2008

India Vajreshwari Gonzalves, 1947

India Various Thomas and Gonzalves, 1965a, b, ¢, d, e,

Sunda Islands Various Hustedt, 1937-1938

Japan Toyama Prefecture Emoto and Yoneda, 1942

Japan Hokkaido Yoneda, 1962

Japan Shizuoka Prefecture Kobayashi, 1957a

Japan Shiobara Kobayashi, 1957b

Japan Various Molisch, 1926

Japan Various Owen et al., 2008

Japan Isobe Hot Springs Fukushima et al., 2002

Japan Various Villeneuve and Pienitz, 1998

Europe

Czech Republic Carlsbad Corda, 1840; Sprenger, 1930

Czech Republic Various Bily, 1934

Italy Triponzo Dell’'Uomo, 1986

Iceland Various Krasske, 1938; Biebl and Kusel-Fetzmann,
1966; Owen et al, 2008; Villeneuve and
Pienitz, 1998

Spitsbergen Various Krasske, 1938

France Chaudesaigues Famin, 1933a, b

Azores Various Brock and Brock, 1967

North America
USA

USA
USA
USA
USA
USA
Canada

South America
San Salvador

Africa
Israel
Kenya
Burundi
Zambia
Nambia

Australia
New Zealand

Java, Bali, Sumatra

Yellowstone, MT

Mt. Rainier, WA

Ohanapecosh Hot Springs, WA

Alhambra, MT

Lassen National Park, CA
Blue Lake Warm Spring, UT

Various

Various

Lake Kinneret region
Lakes Elmenteita, Baringo

Various
Various
Various

Various

Various

Mann and Schlichting, 1967; Stockner,
1967; Hobbs et al., 2009

Stockner, 1967

Stockner, 1968

Fairchild and Sheridan, 1974
Anderson, 1935

Kaczmarska and Rushforth, 1983
Villeneuve and Pienitz, 1998

Hustedt, 1953

Dor, 1974

Mpawenayo and Mathooko, 2004
Mpawenayo et al., 2005

Compére and Delmotte, 1988
Schoeman and Archibald, 1988

Cassie, 1989; Cassie and Cooper, 1989;
Owen et al., 2008
Hustedt, 1937-1938
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distributions (vs. being widely distributed). And while Vyverman et al. (2007)
attempted to further document patterns of diatom distributions that do not sup-
port an “everything is everywhere” model, their analysis lacks appropriate com-
parisons to understand biogeographic patterns and processes. Hot springs offer
the possibility to examine habitats that may have similar temperatures and water
chemistries, but occur in very different geographic locales, and see if they harbor
and support similar or different species of diatoms.

Villeneuve and Pienitz (1998) compared floras of hot springs from Canada,
Iceland, and Japan, and found that although they had similar environmental
conditions, the structure of the diatom communities were quite different, espe-
cially with regard to species. Likewise, Owen et al. (2008) compared hot springs
in Iceland, New Zealand, and Kenya, and the dominant taxa present in these
systems were all quite in terms of major groups represented. However, Hobbs
et al. (2009) found Pinnularia acoricola Hustedt and Eunotia exigua (de Brébisson
ex Kiitzing) Rabenhorst in the hot springs of an acid habitat and noted that these
taxa had also been reported from similar environments around the world (e.g.,
DeNicola, 2000).

Studies of hot springs algae in the eastern part of Russia are few. And, at
present, studies on algal species diversity in hydrothermal environments of the
Kuril Islands are still preliminary. There are several publications detailing results
of investigations of hot spring algal floras of Kunashir Island. In the publication
by Tereshkova with coauthors (1973), the authors provide some information on
the cultivation procedure of four species of thermophilic blue-green algae
(Coccopedia sp., Synechococcus sp., Phormidium ambiguum Gomont, and
P foveolarum (Montagne) Gomont. Sentzova (1991) described two species new to
science — Galdieria partita Sentzova and G. maxima Sentzova (division Rhodophyta)
from thermal acidic springs. Gromov et al. (1991) described a new acidophilic
species of golden algae Ochromonas vulcania Gromov, Nikitina et Mamkayeva,
from fumaroles of the Mendeleev Volcano. In Nikitina’s (2005) monographic
survey, there are data on flora of blue-green algae of hydrothermal outlets of
Goryachy Beach and the Mendeleev Volcano, and she reported 15 taxa from 3
classes, 4 orders, and 7 families. In a short publication, Nikulina (2007) presents
preliminary information about algal flora of hot springs of Kurilsky Reserve
located on Kunashir Island. Data of diatoms from hot springs on Kunashir
Island were recorded for the first time by Nikulina (2007).

The representatives of blue-green algae in underwater hydrothermaes of
Yankicha Island are known from Beljakova’s papers (2000a, b, 2001), which
report 14 taxa of blue-green algae of two classes, two orders, and four families.

In this paper, we present the results of a biotic survey of freshwater and
brackish diatoms from hot springs in eastern Russia, notably the several islands
from the Kuril Islands and Sakhalin Island, and compare our results with
others investigating hot springs from around the globe. This represents the first
documentation of diatoms from hot springs on Shiashkotan, Yankicha, and
Sakhalin Islands.
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2. Materials and Methods

2.1. DESCRIPTION OF SAMPLING SITES

2.1.1. Kuril Islands

Kunashir Island: In August 1999, we investigated two streams in the area of the former
Alekhino Settlement, both of which empty into Alekhin Bay. The water temperature
was 48.1°C and 26°C at the time of sampling. Substrates were sand with a few small
and medium-sized stones. These springs belong to the northern group of Alekhin
springs located on the coast of the Golovnin Volcano facing the Sea of Okhotsk.
According to the published data, water of this group of springs is referred to as
calcium-sodium, sulfate-chloride thermae, with pH = 4-5, T'= 50-55°C (Markhinin
and Stratula, 1977).

In the caldera of Golovnin Volcano, periphyton (benthic) samples were taken
from a hot spring in the solfatara field, at the foot of the southern slope of Central-
East cupola of the volcano in January 2007. There were five groups of solfataras
with thermal spring outlets distinguished, and water temperature varied from 60°C
to 103°C, water chemistry sharply differs even within a group: from circumneutral
and alkaline (pH = 6-8.5) hydrocarbonate-sulfate and sodium-calcium to acidic
(pH = 2-2.5) sulfate and sodium (Markhinin and Stratula, 1977).

Periphyton algae were also sampled in “Stolbovskiye” thermal springs and a
stream flowing from one of them in August 1999 and April 2007. The studied springs
are located on the western coast of the island, 2 km south of Stolbchaty Cape. In
August 1999, the water temperature was 40°C in the hot spring and 24°C in the brook
downstream; habitats included small- and medium-sized stones. Stolbovskiye springs
belong to circumneutral (pH = 6.7-7.0) nitric, sodium chloride-sulfate thermae, and
their water temperature reaches 82°C (Zharkov and Poberezhnaya, 2008).

Shiashkotan Island: We studied periphyton diatoms collected from the hydrother-
mal boil located on the sea shore Voskhodnaya Bay, within 15 m of the water
edge, between Obvalny Cape and Bobrovy Island (the side facing the Sea of
Okhotsk) in August 1999. The water temperature reached 71°C at the time of
sampling; the habitat included small- and medium-sized stones.

Literature data only are known for the hot springs of Obvalny Cape located
on the Pacific side of Shiashkotan Island, on the Makarovsky Isthmus. According
to their water composition, the springs are identified as sodium chloride, with
general mineralization of 13.3 g/L, water temperature of 60°C, and pH = 6.98
(Markhinin and Stratula, 1977).

Yankicha Island: Periphyton algae were sampled in hydrothermal spring baths at
their origin and the effluent streams in Kraternaya Bay in August 1999. The water
temperature of the springs varied from 50°C to 60°C at the time of sampling;
substrates in the baths consisted of sand, and in streams, small, medium-sized and
large stones on sandy bottoms. These thermal springs belong to the South-East
solfatara field, their water temperature reaches 101°C, pH = 2.8-3.7. In their chemical
composition, the springs are similar to the surrounding seawater; in hydrochemical
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type, they are sodium chloride, with mineralization of 25-27 g/L (Markhinin and
Stratula, 1977).

2.1.2. Sakhalin Island

Phytoplankton and periphyton algae were collected in hot springs located on the
shore of Dagi Bay in the northeast coast of Sakhalin Island. The water temperature
was 37°C in the springs and 40.6°C in reservoir at the time of sampling. Substrates in
the stream included sand, small and medium stones, with stratum of silt. According
to the literature, water of Dagi hydrothermal springs is characterized as being
hydrocarbonate-sodium chloride in composition, alkaline (pH = 7-8), and water
temperature varied from 20°C to 55°C (Karpunin et al., 1998; Zharkov, 2008).

2.2. SAMPLE PROCESSING

All samples were cleaned by the method of Swift (1967), and processed into per-
manent microscope slides. Light microscope observations were made with a Nikon
“Alphaphot 2” and a Carl Zeiss “Axioskop 40.” Diatom photos were taken at the
“Biotechnology and Genetic Engineering” on the campus of Institute of Biology
and Soil Sciences, Far East Branch of Russian Academy of Sciences (head V.P.
Bulgakov). Permanent slides are housed at Institute of Biology and Soil Sciences,
Far Eastern Branch of Russian Academy of Sciences, Vladivostok, Russia.

3. Results and Discussion

3.1. KURIL ISLANDS

The diatom flora of Kuril Islands hot springs and the watercourses formed by
them is represented by 145 species (162 species, varieties and forms) of 3 classes:
Coscinodiscophyceae, Fragilariophyceae, and Bacillariophyceae (Table 2). In the
taxonomic structure of the flora, the best represented genera include Pinnularia
with 13 taxa, Nitzschia with 12 taxa, and Navicula with 10 species and varieties.

Kunashir Island: Biofilms on stones in the sulphureous spring flowing on the coast
of Alekhin Bay is dominated by the diatoms Nitzschia capitellata, N. palea,
Pinnularia acidophila, and P. acidojaponica. The species Diatoma vulgare, Eunotia
implicata, Gomphonema parvulum, and Nitzschia nana also have high abundance
estimates. The algal flora of another hot spring in Alekhin Bay watershed has
similar floristic composition; however, occurrence of the species is characterized
as solitary or rare (Table 3).

The composition of diatom flora of the hot spring in caldera of Golovnin
Volcano is extremely poor and is represented by 25 intraspecific taxa of diatoms
from the classes Fragilariophyceae and Bacillariophyceae. The frequency of the
algae was negligible, solitary to not rare, and only Placoneis elginensis was esti-
mated as solitary to very frequent (Table 3).
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Table 2. Taxonomic composition of hot springs algae of Kuril (Kunashir, Shiashkotan, and Yankicha)
and Sakhalin Islands.

Varieties
Class Order Family Genera Species and forms Percent
Kuril Islands
Coscinodiscophyceae 4 6 6 11 12 7.4
Fragilariophyceae 4 5 13 22 27 16.7
Bacillariophyceae 9 20 33 112 123 75.9
Total 17 31 52 145 162 100
Sakhalin Island
Coscinodiscophyceae 7 10 11 17 17 12.4
Fragilariophyceae 3 4 11 15 17 12.4
Bacillariophyceae 10 24 40 99 103 75.2
Total 20 38 62 125 137 100

>

A hot spring and a stream with its origin from the spring (“Stolbovskiye’
group of springs) had similar structure of diatom communities in August 1999.
Stone biofilms in the thermal source were represented by Rhoicosphenia abbre-
viata developed in mass, as well as by species with lower abundance — Nitzschia
palea, N. nana, Planothidium lanceolatum, and Synedra ulna (Table 3).
Gomphonema parvulum, Synedra ulna, Planothidium lanceolatum, and Nitzschia
nana were dominant in the stream. Subdominant taxa were Melosira varians,
Rhoicosphenia abbreviata, Achnanthidium minutissima, Navicula cryptotenella,
and Nitzschia palea.

The hydrothermal springs on Stolbchaty Cape that we studied in April 2007
are characterized by algal communities dominated by the diatoms Tryblionella
apiculata and Nitzschia capitellata in combination with the following subdomi-
nants: Amphora veneta f. capitata, Caloneis molaris, Encyonema hebridicum,
Navicula cryptotenella, and Nitzschia nana.

Shiashkotan Island: In a hot spring on Shiashkotan Island, 44 taxa of diatoms
have been recorded. Hannaea arcus var. linearis f. recta had the highest abundance
estimate; it was very frequent from this locality (Table 3).

Yankicha Island: In thermal springs and in streams flowing from them, Navicula
elginensis and Nitzschia aurariae developed in mass in stone fouling. In addition,
populations of Diatoma vulgare and Nitzschia thermaloides were abundant
(Table 3).

3.2. SAKHALIN ISLAND

The diatom flora of Sakhalin hot springs is represented by 125 species (131 spe-
cies, varieties, and forms) of 3 classes: Coscinodiscophyceae, Fragilariophyceae,
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and Bacillariophyceae (Table 2). The genera Navicula, Pinnularia, and Nitzschia
have a leading place in diatom flora and contain 13, 9, and 8 taxa, respectively.

Diatom communities of periphyton and plankton have similar composition
of species, but Gomphonema angustatum, Anomoeoneis sphaerophora, and
Tryblionella apiculata were prevalent in periphyton samples and Achnanthes hun-
garica was relatively abundant in the plankton samples. The algal flora of
Sakhalin hydrothermal springs is represented by common rheophilic diatoms,
indifferent to salinity (e.g., Hannaea arcus, Gomphonema parvulum, Didymosphenia
geminata, Synedra ulna, Encyonema silesiacum, Planothidium lanceolatum), but
the number of maritime and brackish taxa is considerable (Table 3).

4. General Observations and Conclusions

Ten Sakhalin and Kuril Islands hot springs and reservoirs were investigated and 232
species, varieties, and forms of diatoms were discovered in them. Diatoms Synedra
ulna, Achnanthes hungarica, Planothidium lanceolatum, Rhoicosphenia abbreviata,
Gomphonema angustatum, G. parvulum, Navicula slesvicensis, Pinnularia acido-
phila, P. acidojaponica, Anomoeoneis sphaerophora, Nitzschia capitellata, N. nana,
N. palea, and Tryblionella apiculata were dominant or more abundant in commu-
nities in different sampling sites with temperature from 24°C to 71°C.

Diatom communities investigated springs and reservoirs included from 23
(25) to 101 species (107 intraspecific taxa) (Table 3). The largest number of taxa
is recorded for diatom communities in springs and reservoirs with water tempera-
ture from 37°C to 60°C (75-107 taxa). Hot springs with temperature above or
below this interval had less number of taxa — from 25 to 59. Algal taxa with high
guarantee of occurrence of cells in an alive status were recorded. An alive alga
accounted a third part from all compositions of hot springs algal flora and rep-
resents 77 species, varieties, and forms (Table 3), and all frequent and bulk algae
were composed in this number.

Kamchatka Peninsula is located geographically close to the Kuril and Sakhalin
Islands, and also has a many hot springs. The algal flora of Kamchatka hot springs
was investigated over a 100 years, by many authors: Schmidt, 1875-1959, 1885;
Gutwinski, 1891; Cleve, 1894-1895; Elenkin, 1914; Petersen, 1946. Results of recent
studies of diatoms from Kamtschatka hot springs described in the paper of Japanese
and Russian authors (Yoshitake et al., 2008). Yoshitake with coauthors investigated
algal flora of five hot springs from Kamchatka with water temperature from 18.0°C
to 71.5°C and recorded 39 alive intraspecific taxa. Seven of them are dominant in
the spring’s algal communities: Achnantes exigua, Amphora veneta, Caloneis bacil-
lum, Neidium ampliatum, Nitzschia amphibia, N. frustulum, and Pinnularia marchica
Ilka Schonfelder.

Hot springs algal floras of Kamchatka and Kuril alongwith the Sakhalin
Islands have great number of common species, but different dominants or more
abundant in communities species. There were alive diatoms in common with hot
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Table 4. Distribution of hot springs algae of Kuril and Sakhalin Islands into ecological and
geographical groups.

Kauril Islands Sakhalin
Ecological-geographical group Number of taxa  Percent  Number of taxa  Percent
Biotop
Benthic 131 80.9 99 72.3
Planktonic 7 4.3 8 5.8
Benthic—planktonic 17 10.5 17 12.4
Epiphytic 1 0.6 1 0.7
Benthic—epiphytic 2 1.2 2 1.5
No data 4 2.5 10 7.3
Total 162 100 137 100
Relation to salinity of water
Euhalobic - - 1 0.7
Mesohalobic 12 7.4 25 18.3
Halophilic 23 14.2 20 14.6
Indifferent 88 54.3 54 394
Halophobic 17 10.5 8 5.8
No data 22 13.6 29 21.2
Total 162 100 137 100
Relation to pH of water
Alkalibiontic 11 6.8 11 8.0
Acidophilous 18 11.1 50 36.5
Indifferent 27 16.7 23 16.8
Acidophilous 71 43.8 9 6.6
No data 35 21.6 44 32.1
Total 162 100 137 100
Relation to saprobity of water
Xenosaprobous (y, x-0, 0-)) 21 13.0 11 8.0
Oligosaprobous (x-B, o, 0-B) 39 24.1 26 19.0
Beta-mesosaprobous (-0, o-a, B, B-a) 44 27.2 35 25.6
Alphamesosaprobous (a-f, B-p, o, a-p) 9 5.5 8 5.8
Polysaprobous (p—a., p) - - 1 0.7
No data 49 30.2 56 40.9
Total 162 100 137 100
Geographical distribution
Cosmopolitan 66 40.7 60 43.8
Boreal 43 26.5 27 19.7
Arctic-alpine 20 12.4 11 8.0
No data 33 20.4 39 28.5

Total 162 100 137 100
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springs from Kamchatka, Kuril, and Sakhalin Islands: Melosira varians, Hannaea
arcus var. linearis f. recta, Diatoma mesodon, Eunotia bilunaris, Rhoicosphenia
abbreviata, Encyonema silesiacum, Gomphonema parvulum, Achnanthes lanceo-
lata, Cocconeis placentula, Frustulia rhomboides, Navicula cryptocephala, Nitzshia
frustulum, N. nana, and N. palea. It should be noted that all these species are typical
representatives of coldwater springs, rivers, and lakes of Kuril and Sakhalin
Islands (Nikulina, 2002, 2004, 2005, 2008).

Our research results indicate that with rise in temperature of water of reser-
voirs above 70°C, the diatom species composition becomes impoverished. However,
a few species remain in the elevated temperatures and actively develop and even
form masses. Bascially, it would appear that the vegetation of thermal springs
consists of algae of cold waters which have adapted to high temperatures. Diatoms
such as Pinnularia acidojaponica, P. acidophila, and Nitzschia thermaloides are true
thermophilic species or characteristic representatives of hot waters. They were not
registered in Kuril and Sakhalin rivers and streams with cold water.

The diatom flora analysis of the thermal springs from these three Kuril Islands
has shown that information on algae being confined to particular habitats is known
for 158 taxa or 97.5% of the general number of species, varieties, and forms recorded
in the studied area. Most of the algae present are benthic and benthic—planktonic
species, i.e., 80.9% and 10.5%, respectively (Table 4). Data on salinity preferences are
known for 140 species, varieties, and forms (86.4% of the general number) of algae.
The algae indifferent to salinity changes (they comprise 54.3%) and halophilic
(13.3% of the total number of taxa) are the most numerous groups (Table 4). Data
on pH preferences are known for 78.4% of species, varieties, and forms of algae
recorded here, among those alkaliphilic species prevail (43.8%). Indicators of water
saprobity are known for 113 taxa of algae or 69.8% of the general number of taxa
in the algal flora of the studied area. Oligosaprobous and betamesosaprobous are
the most abundant groups; they comprise 24.0% and 27.2%, respectively, of the taxa
present. The share of the rest of the known saprobic groups makes up 18.5%
(Table 4). Geographical distribution is known for 129 species, varieties, and forms,
which comprises 79.6% of general number of algae. The share of widely distributed
or cosmopolitan species is 40.7%, boreal 24.4%, and arctic-alpine 12.4% (Table 4).

Sakhalin hot springs diatom flora is characterized by prevalent benthic,
indifferent to salinity, acidophilous and betamesosaprobous species (Figs. 1-17).

»
>

Figures 1-17. Figure 1 Didymosphenia geminata (Lyngbye) M. Schmidt. Figure 2. Petroneis marina
(Ralfs) D.G. Mann. Figure 3. Anomoeoneis sphaerophora (Ehrenberg) Pfitzer. Figure 4. Trachyneis aspera
(Ehrenberg) Cleve. Figure 5. Pinnularia alpina W. Smith. Figure 6. Navicula avenacea (Brébisson et Godey)
Brébisson. Figure 7. Pinnularia acidojaponica 1dei et Kobayasi. Figure 8. Scolioneis sp. or Caloneis sp.
Figure 9. Synedra ulna (Nitzsch) Ehrenberg. Figure 10. Hannaea arcus var. linearis f. recta (Cleve)
Foged. Figure 11. Nitzeshia nana Grunow. Figure 12. N. palea (Kiitzing) W. Smith. Figure 13. Achnanthes
lanceolata Brébisson ex Kiitzing. Figure 14. Cosmioneis pusilla (W. Smith) D.G. Mann & Stickle. Figure
15. Navicula integra (W. Smith) Ralfs. Figure 16. Achnanthes hungarica Grunow. Figure 17. Diatoma
vulgare Bory. Scale bars =10 pm.
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