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Abstract: The paper presents the results of a study of cyanobacteria and green algae assem−
blages occurring in various tundra types determined on the basis of mosses and vascular
plants and habitat conditions. The research was carried out during summer in the years
2009–2013 on the north sea−coast of Hornsund fjord (West Spitsbergen, Svalbard Archipel−
ago). 58 sites were studied in various tundra types differing in composition of vascular
plants, mosses and in trophy and humidity. 141 cyanobacteria and green algae were noted in
the research area in total. Cyanobacteria and green algae flora is a significant element of
many tundra types and sometimes even dominate there. Despite its importance, it has not
been hitherto taken into account in the description and classification of tundra. The aim of
the present study was to demonstrate the legitimacy of using phycoflora in supplementing
the descriptions of hitherto described tundra and distinguishing new tundra types. Numeric
hierarchical−accumulative classification (MVSP 3.1 software) methods were used to ana−
lyze the cyanobacterial and algal assemblages and their co−relations with particular tundra
types. The analysis determined dominant and distinctive species in the communities in con−
cordance with ecologically diverse types of tundra. The results show the importance of
these organisms in the composition of the vegetation of tundra types and their role in the
ecosystems of this part of the Arctic.
Key wo r d s: Arctic, cyanobacteria, algae, community classification.

Introduction
Severe climate and habitat conditions in polar regions not only limit the coloni−
zation process but also determine the directions and the speed of succession of vege−
tation in these regions. On open surfaces, especially near the margins of glaciers,
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cyanobacteria, algae, fungi and mosses creating vast crusts, dominate in quantity,
biomass and productivity of organic matter (Zielke et al. 2002; Hu and Liu 2003;
Elster and Benson 2004; Kaštovská et al. 2005; Thomas et al. 2008; Pócs 2009).
In the Spitsbergen tundra these organisms are still relatively unknown, despite
the fact that cyanobacteria and algae co−dominate in various tundra communities
on large surfaces. Previous studies of Spitsbergen phycoflora were concentrated
mainly on the diversity of the freshwater and terrestrial cyanobacteria and algae
(Matuła 1982; Elster et al. 1994; Matuła et al. 2007; Kim et al. 2008, 2011; Richter
et al. 2009; Komárek J. et al. 2012; Davydov 2014) and describing individual spe−
cies (Kvíderová et al. 2011; Strunecký et al. 2012; Komárek J. and Kovacik 2013;
Richter and Matuła 2013; Richter et al. 2014). There are, however, no complemen−
tary data characterizing phycoflora in connection with vascular vegetation and
mosses in the area.
The description of algal and cyanobacterial assemblages in ecologically di−
verse types of tundra is the next step in understanding the role of these organisms
in creating plant communities in the area. A detailed analysis of cyanobacterial and
algal assemblages allowed us to determine the dominant and distinctive species for
tundra types in the studied area.
This article is the first attempt to analyze and discuss the relevant relations
(or lack thereof) at the level of associations between cyanobacteria, algae and
vegetation.

Study area, material and methods
The research was carried out at the base and on the Ariekammen mountain
slope (512 m), the Fuglebergsletta marine terrace and Fuglebekken catchment,
reaching to the sea shore and the bay situated on the southwest side of Hornsund
(West Spitsbergen, Svalbard Archipelago). The locations chosen for the study
were situated in different types of tundra (18 types). Within the tundra, 58 sites
were nominated for phycological research (Table 1, Figs 1–3).
Samples were collected during the Arctic summer in July and August in the
years 2009–2013. Species observations were conducted with a Nikon Eclipse
TE2000−S light digital microscope, equipped with a Nikon DS−Fi1 camera. Taxa
were digitally archived using the NIS image analysis program, which enables to save
the images with the proper scale of objects. The identification was performed live
and also on material preserved with “etaform” (3:1 alcohol, formalin). The abun−
dance of particular species was estimated on a scale of 1–10, where 1 means sporadic
occurrence and 10 means 90–100% representation of the species in the assemblages.
In order to classify the results by qualitative and quantitative analyses of the
species composition of cyanobacteria and green algae, we used numerical analysis
including hierarchical−accumulative classification using the MVSP 3.1 software.
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Fig. 1. A. Location of the Hornsund fjord. B. Fuglebekken catchment and Fuglebergsletta marine ter−
race. Gray: location of Alle alle colonies; 1–58: sampling points (detailed description in Table 1).

In order to estimate the degree of phycoflora similarity between the habitats, Co−
sine Theta Analysis was used. This analysis allows to obtain a classification den−
drogram showing the hierarchy of similarities between the habitats (Figs 4, 5).
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Mesotrophic
wet moss tun− 19–24
dra

4–5
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Sites

Ornito−
coprophilous
tundra

Type of
tundra
(vegetations)
Ornito−
coprophilous
tundra with
Prasiola
crispa

Ariekammen slope

Fuglebergsletta marine
terrace

Fuglebekken
catchment

wet

wet

located at the base of Ariekammen slope, un−
der the flow of waters from bird colony, moss
layer with 70–100% cover; samples collected:
sites 6–10 from flows of water on the slope and highly
mosses growing in the tundra; sites 11–14 from eutrophic
mosses and water and from shallow streams;
sites 15–18 from puddles with deep water up to
10 cm

meso−
trophic

oligo−
trophic

located 500–700 m from the base of
Ariekammen slope, under moderate influence
of Alle alle; samples collected: sites 19–21
from streams, deep up to 40 cm, with silty,
gravelly or stony bottom; sites 22–24 between
mosses

located 700 m from the base of Ariekammen
slope, without bird influence; samples col−
lected from the bottom and from rocks in a
broad stream, depth up to 30 cm

wet

dry

located 100–150 m high, under strong influ−
highly
ence of little auk; samples collected from the
eutrophic
soil and moss turf mosaic

Moisture

dry

Trophy

located 200 m high, inclination 35–40°, under
highly
strong influence of little auk (Alle alle); sam−
ples were collected from soil surface and dead eutrophic
plant remains

Characteristics of tundra

77°00’36.3”

Prasiola crispa community with a small
share of Plagiomnium ellipticum,
Sanionia uncinata, Tetraplodon mnioides,
Dicranum sp. (mainly as dead remains)

015°31’2”–
015°31’7”

Longitude

Table 1

77°00’32.5”–
015°32’30”
77°00’33.5”

Sanionia uncinata, Warnstorfia
sarmentosa, Straminergon stramineum,
Aulacomnium palustre, Bryum
pseudotriquetrum

77°00’33.0” 015°33’50”

Sanionia uncinata, Polytrichum sp.,
Warnstorfia sarmentosa, Straminergon
77°00’32.0”– 015°31’9”–
stramineum, Tetraplodon mnioides,
Ptilidium ciliare, Cetrariella sp., Saxifraga 77°00’33.5” 015°32’5”
oppositifolia, S. rivularis

Straminergon stramineum, Sanionia
uncinata, Warnstorfia exannulata,
Aulacomnium palustre, Bryum
pseudotriquetrum, Tetraplodon mnioides

Chrysosplenium tetrandrum–Cochlearia
groenlandica communities with Poa alpina
var. vivipara, Cerastium arcticum, Salix
77°00’35.9” 015°31’28.3”
polaris, Plagiomnium ellipticum, Sanionia
uncinata, Tetraplodon mnioides,
Dicranum sp., Brachythecium turgidum

Latitude

Vegetation

Study area, types, location and characteristic of tundra.
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31–34

Mesotrophic
flooded moss 41–43
tundra

Snowbed
cyanobacteria 39–40
−moss tundra

Oligotrophic
flowing water 37–38
moss tundra

Mesotrophic
wet moss
35–36
tundra

Polygonal
tundra

Oligotrophic
wet moss
29–30
tundra

Initial stage
of cyano−
26–28
bacteria−moss
tundra

Fuglebekken
catchment

Fuglebergsletta
marine terrace

Fuglebekken
catchment

oligo−
trophic

located 850–900 m from the base of
Ariekammen slope, from area with long−lasting oligo−
snow cover without bird influence; samples
trophic
collected from soil

wet

damp

oligo−
trophic

located 850–900 m from the base of
Ariekammen slope, without bird influence;
samples collected from slowly flowing, shal−
low streams with water from melting snow

meso−
trophic

wet

meso−
trophic

located 900–100 m from Ariekammen slope,
under influence of little auk; samples collected
from the stream and among clumps of moss

cyanobacteria crusts with Anthelia
juratzkana, Sanionia uncinata, Saxifraga
cespitosa, S. oppositifolia

77°00’33.0” 015°33’50”

77°00’13.5” 015°32’10”

Sanionia uncinata, Polytrichum sp.,
Warnstorfia sarmentosa, Straminergon
77°00’33.5”
stramineum and Saxifraga oppositifolia, S.
rivularis

015°32’5”

cyanobacteria crusts with Sanionia
uncinata, Saxifraga oppositifolia, S.
77°00’13.0” 015°32’38.7”
cespitosa, Anthelia juratzkana, Ochrolechia
frigida, Cetrariella delisei

Sanionia uncinata, Straminergon
stramineum, Warnstorfia exanulatus,
Barbula sp.

cyanobacteria crust with Sanionia uncinata,
Warnstorfia sarmentosa, Straminergon
77°00’32.0” 015°32’8”
stramineum, Aulacomnium palustre, Bryum
pseudotriquetrum
cyanobacteria crusts with Racomitrium
lanuginosum, Anthelia juratzkana, Sanionia
modera−
uncinata, Bryum sp., Politrychum sp.
77°00’30.5” 015°32’90”
tely wet and Saxifraga oppositifolia, S. cespitosa,
Juncus biglumis, Equisetum arcticum,
Sagina nivals
Sanionia uncinata and Straminergon.
stramineum, Tetraplodon mnioides, Bryum
wet
77°00’33.5” 015°32’5”
sp., Polytrichum sp., Ptilidium ciliare,
Warnstorfia sarmentosa and Cetrariella sp.
wet

wet

located 700 m from the base of Ariekammen
slope, under moderate influence of Alle alle;
samples collected from soil and mosses grow−
ing in the tundra

located on patterned ground, 700–850 m from
oligo−
the base of Ariekammen slope, without bird in−
trophic
fluence; samples collected from soil

located 700–800 m from the base of
Ariekammen slope, without bird influence;
samples collected from mosses and slow
streams

located on initial soils, close to lateral moraine
Hansbreen, 600–850 m from the base of
oligo−
Ariekammen slope, without bird influence;
trophic
samples collected from moist soil and small
pockets

Table 1 – continued.
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Oligo−
mesotrophic
53–54
wet moss
tundra
Wet oligo−
trophic
cyano−
55–58
bacterial
mats tundra

Flowing
water cyano−
51–52
bacterial mats
tundra

Oligotrophic
flowing water
moss tundra
under influ−
ence of sea
spray

Wet
cyanobacteria 48–49
mats tundra

Cyanobacteri
al mats tundra
with
44–47
Saxifraga
oppositifolia

Fuglebergsletta marin terace

oligo−
trophic

located 1000–1050 m from the base of the
slope, outflow of underground water among
coarse rock fragments and stones, without bird
influence; samples collected from the surface
of soil, surface of coarse rock fragments and
stones

oligo−
meso−
trophic

oligo−
trophic

without bird influence; samples collected from
oligo−
moist soil surfaces with numerous pockets with
trophic
rain and exudation water

under little influence of birds; samples col−
lected from moss tundra pools and among the
mosses

streams and pools with depth between 10 and
30 cm, the bottom covered in sludge, gravel or
rocks, without bird influence; samples col−
lected from the bottom of streams spreading
broadly on eroded ground and small moss
surfaces

located near the shore, under influence of sea
oligo−
spray; samples collected from temporally dried
trophic
up stream with depth of 15 cm

oligo−
trophic

located on low slope with stream water,
900–100 m from Ariekammen slope, without
bird influence; samples collected from the
cyanobacterial mats among clumps of mosses

cyanobacteria mats with Paludella
squarrosa, Sanionia uncinata

Sanionia uncinata

cyanobacteria mats with Saxifraga
oppositifolia, Sanionia uncinata,
S. cespitosa

permanent Saxifraga oppositifolia communitiy with
supply Saxifraga cespitosa, Salix polaris, Sanionia 77°00’13.0” 015°30’30”
uncinata, Ochrolechia frigida
of water

wet

015°31’60”

77°00’12.0” 015°28’65”

76°59’50”

77°00’11.0” 015°32’43.5”

77°00’13.0” 015°32’38.7”

cyanobacteria crust with Sanionia uncinata,
Straminergon stramineum, Polytrichum sp.,
77°00’13.00” 015°29’9.5”
Warnstorfia sarmentosa, Saxifraga
oppositifolia and S. rivularis

permanent
cyanobacteria mats, Paludella squarrosa,
supply
Sanionia uncinata
of water

wet

wet

periodical
supply of
water

Table 1 – continued.
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Results and discussion
Diversity of cyanobacteria and green algae in studied ecosystems. —
Phycological studies identified 141 taxa of cyanobacteria and green algae, among
which 100 species belonged to Cyanobacteria and 41 to Chlorophyta. The charac−
terization of the habitats was based on cyanobacteria species, whereas Chloro−
phyta species were included either for their dominant role in the habitat or their
characteristics distinguishing habitat.
Within the Cyanobacteria group 36 coccoid type of species were discovered,
as well as 18 heterocytous filamentous species and 46 non−heterocytous filamen−
tous species. Within the Chlorophyta group the study revealed desmids (20 spe−
cies), filamentous green algae (9 species) and coccoid and non−filamentous green
algae (12 species). In the studied tundra, in various zones and with various bird in−
fluence, the species composition of cyanobacteria and green algae assemblages
varied significantly (Table 2). Within the habitats there were dominant and distinc−
tive species. Similar habitats were combined to create tundra types as a supplement
to the tundra distinguished earlier on the basis of mosses and vascular plants (by
Wojtuń and Matuła, unpublished data) (Table 1).
Community analyses. — As a result of the Cosine Theta analysis based on the
species composition of cyanobacteria and green algae, a dendrogram was obtained,
where the habitats were arranged into separate groups and subgroups according to
the types of tundra distinguished on the basis of moss and vascular plant communi−
ties' composition with different humidity and trophy (Figs 4, 5).
The first cluster (I) showed a similarity between cyanobacteria and green algae
communities occurring on ornithocoprophilous, high eu− and mesotrophic tundra
with various degrees of humidity (Fig. 5). In the second, less homogeneous cluster
(II), there were cyanobacteria and green algae communities occupying oligo−
trophic habitats with various humidity (Fig. 5).
Cluster I includes phycoflora habitats with dominating Prasiola crispa and
Phormidium autumnale along with a numerous group of non−heterocytous cyano−
bacteria, located on ornithocoprophilous, high eutrophic and mesotrophic wet
moss tundra (Fig. 4). Within this cluster the phycoflora communities formed 2
groups, 1 and 2, differing in the proportion of dominants and species richness. In
group 1 there were three subgroups (1a–c) with various proportions of P. crispa
(40–100% in the community), which, depending on the humidity, formed various
forms of thalli (Table 2, Fig. 4). In group 2 the dominant role was taken by P.
autumnale, whose proportion was between 40 and 50% in cyanobacteria and green
algae communities. The proportion of P. crispa in the community, however, de−
creased to 3–5%, and only young filaments were recorded (Table 2, Fig. 4).
The second cluster (II) (Fig. 4) includes communities of cyanobacteria and
green algae inhabiting tundra with various degrees of humidity, formed on
oligotrophic habitats. Occurrence of many heterocytous species not found in the
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first cluster is characteristic of the second (Table 2). Six groups (3–8) were dis−
tinguished in this cluster on the basis of dominants, sub−dominants and charac−
teristic species. Group 3 comprises communities with dominance of the granular
form of Leptolyngbya sp. and Oscillatoria cf. ornata. Group 4 includes three
subgroups (4a–4c) of soil habitats with the dominance of cyanobacteria crusts
with the aerophytic form of Schizothrix lacustris and Nostoc commune. Habitats
included in group 5 were wet habitats covered with cyanobacterial mats, formed
in a community of the subaerophytic form of Schizothrix cf. lacustris. Group 6
comprises of strongly humid habitats with the dominance of the plankton form of
Schizothrix cf. lacustris. In group 7 there is an individual habitat of a broad
stream formed by sea sprays, with the dominance of cyanobacteria mats with
Geitlerinema acutissimum and Lyngbya aestuarii. The most distinguishable
phycoflora is found in group 8, which comprises of habitats with dominating N.
commune, Dichothrix gypsophila and the brown sheath form of Tolypothrix sp.
and cyanobacteria mats with Schizothrix cf. calcicola, not recorded in any of the
previous habitats (Table 2; Fig. 4).
Cyanobacteria and green algae in relation to tundra types. — The particu−
lar climatic and environmental conditions of the Arctic influence the formation of
particular tundra communities with a large proportion of cyanobacteria and green
algae. The specific habitat conditions in the area caused by bird colonies and the
highest concentration of excrements (Akiyama et al. 1986; Smykla et al. 2007;
Jakubas et al. 2008) led to the formation of a community with a clear dominance of
Prasiola crispa. It is a typical species in polar and cold−temperate regions, where it
is usually associated with habitats rich in organic nitrogen (Klekowski and Opa−
liński 1986; Olech 1990; Graeve et al. 2002; Holzinger et al. 2006; Matuła et al.
2007; Karsten et al. 2009; Richter et al. 2009; Kosugi et al. 2010; Broady et al.
2012). In that zone the ornithocoprophilous tundra with Prasiola crispa occurs
and it is located in the direct vicinity of the nesting birds (sites 1–3). This zone is al−
most completely void of vascular plants, and it is covered by P. crispa (80% to
100%), which covers the ground and dead mosses. It occurs as monostromatic
lamellar, cracked form, which is connected with the degree of surface humidity
(the habitat is in risk of drying up in summer) (Tables 1, 2, Figs 4, 5).
The further the study locations were from grounds trampled by little auks, the
more the ornithocoprophilous tundra (sites 4–6) was covered with rare moss clus−
ters and vascular plants. The proportion of P. crispa in the community decreased
by about 70%, and there were other species between its lobes, such as brown fila−
ments of Phormidium autumnale and elastic, dirty−gray crusts with the short cell
Fig. 2. Study area: a, Ornitocoprophilous tundra with Prasiola crispa (subgroup 1a); b, High
eutrophic wet moss tundra (subgroup 1b) and P. crispa's typically leafy form (c); d, Mesotrophic wet
moss tundra (subgroup 2) with Ulothrix ssp. (e); f, Mesotrophic wet moss tundra (subgroup 2) with
Phormidium autumnale (g).
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form of Leptolyngbya valderiana (sub−dominants). The study also revealed that
the crusts had a significant proportion of coccoid and non−filamentous green algae
(Table 2) and Merismopedia sp. – a species considered typical for plankton
(Komárek J. and Anagnostidis 1999). In this case cyanobacteria crusts and gelati−
nous envelopes of coccoid green algae protect it from drying up and create a suffi−
ciently humid habitat. Uncovered soil also had Klebsormidium sp. thalli in the
form of green coating. The Klebsormidium species owes its survival ability to the
resistance to drying up (Elster et al. 2008).
At the base of the Ariekammen slope within high eutrophic wet moss tundra
(sites 7–18) the dominating and distinctive species was still Prasiola crispa, which
formed a morphologically different thallus (typically the leafy form), which is asso−
ciated with increased habitat humidity. The proportion of P. crispa in the phycoflora
community decreased in comparison to ornithocoprophilous tundra by 40–50%. At
the same time the study revealed an increase in Phormidium autumnale quantity;
covering mosses formed dark brown, thin thalli accompanied by Leptolyngbya
valderiana (sub−dominant) (Table 2). High eutrophic wet moss tundra was charac−
terized by the presence of Scotiella spp. and filamentous cyanobacteria without
heterocytes, such as the granular form of Leptolyngbya sp., Komvophoron minutum,
Lyngbya sp. and Pseudanabaena catenata.
In mesotrophic flooded moss tundra (sites 41–43) the dominating species
was Phormidium autumnale, which had a 50–60% representation in the commu−
nities. It occurred in water and at the bottom of the streams in the shape of long,
thin, brown thalli breaking up into individual filaments. In polar regions P.
autumnale is characteristic of streams and humid subaerophytic habitats (Vin−
cent 2000; Komárek J. and Elster 2008; Strunecký et al. 2012). In Hornsund
tundras it is found in every nitrophilous habitat.
The presence of Prasiola crispa decreased by about 20–30% in the community
and occurred in the form of young filaments. The species distinctive for this tundra
was Schizothrix cf. facilis (sub−dominant), occurring as long filaments in water and
at the bottom of streams, and Chamaesiphon rostafinskii, growing on them. These
species are thought to be distinctive for fast streams (Komárek J. et al. 2012), but in
the studied habitat they occurred in a slowly flowing, wide stream. There were also
large quantities of Pseudanabaena frigida, which has a broad spectrum occurrence
in relation to trophy and surface (Fumanti et al. 1995; Fumanti et al. 1997; Matuła et
al. 2007; Richter et al. 2009; Davydov 2014), but occurs most often in mesotrophic
flooded moss tundra. The study also recorded species such as Tetraspora gelatinosa
and Geitlerinema acutissimum (Table 2).
Fig. 3. Study area: a, Snowbed cyanobacteria−moss tundra (subgroup 4b) with details of cyano−
bacteria crust and Nostoc commune (b); c, Initial stage of cyanobacteria−moss tundra (subgroup 4c)
with details of cyanobacteria crust (d); e, Polygonal tundra (subgroup 4b); f, Mesotrophic flooded
moss tundra (subgroup 1c); g, Flowing water cyanobacterial mats tundra (subgroup 8); h, Cyano−
bacterial mats tundra with Saxifraga oppositifolia community (subgrup 5).
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Fig. 4. Hierarchical cluster Cosine Theta analysis based on the similarity of cyanobacteria and green
algae communities included in the quantities of the species; 1–58, sampling points; 1–8, type of algae
and cyanobacteria communities.
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Fig. 5. Hierarchical cluster Cosine Theta analysis based on the similarity of cyanobacteria and green
algae communities included in the quantities of the species, showing their connection to the types of
tundras distinguished on the basis of mosses and vascular plants; 1–58, sampling points; 1–8, type of
algae and cyanobacteria communities.

Mesotrophic wet moss tundra (sites 19–24, 35–36) was also characterized by
the dominance of Phormidium autumnale, whose proportion in the community
was between 40 and 60%. It occurred as brown, thin thalli on mosses, rocks and
wet soil. Between the leaves of mosses there were also lobular thalli of the thin

Table 2

Wet oligotrophic
cyanobacterial
mats tundra

Oligotrophic wet
moss tundra

Oligo−mesotrophic
wet moss tundra

Mesotrophic wet
moss tundra

Mesotrophic
flooded moss tundra

High eutrophic wet
moss tundra

Ornitocoprophiolus
tundra

Ornitocoprophilous
tundra with
Prasiola crispa

Type of tundra

4

3

2

1

6 24

4

7

0 11 5 2 3 10 21

3 11 0 14 3 5 4 12 26

5 13 0 18 0 3 3

I

dominant: Phormidium autumnale 50–60% share in the community; subdominant: P. crispa formed
as individual young filaments, Schizothrix facilis, characteristic species: Geitlerinema acutissimum,
Chamaesiphon rostafinskii, Tetraspora gelatinosa; common species: Pseudanabaena frigida,
Chroococcus helveticus

dominant: Prasiola crispa typically leafy form (40–50% soil surface); subdominant: Phormidium
autumnale, Leptolyngbya valderiana; distinctive species: Scotiella antarctica f. svalbardensis,
Scotiella nivalis; common species: Komvophoron minutum, granular form of Leptolyngbya sp.,
Pseudanabaena catenata

dominant and distinctive species: P. crispa, monostromatic lamellar, cracked form, 70% soil surface;
subdominant: Phormidium autumnale, Leptolyngbya valderiana; other distinctive species:
Klebsormidium sp., Merismopedia sp. and coccoid green algae

Prasiola crispa community, dominant and distinctive species: monostromatic lamellar, cracked form
of P. crispa (80–100% soil surface)

Cyanobacteria and green algae
(dominant, sub−dominant, characteristic and common species)

55–58

4a

53–54
29–30

–
6

18 7

6

5 30 2 2 0

3 15 6 0 2

dominant: cyanobacteria crust with granular form of Leptolyngbya sp.; subdominant: Nostoc com−
mune, N. cf. punctiforme; distinctive species: Oscillatoria cf. ornata; common species: Scytonema
crustaceum, Microcoleus vaginatus, Gloeocapsa punctata, G. tornensis and desmids

dominant: Nostoc commune (vast, leathery thallus) and cyanobacteria soil crust (subdomianat) with
4 34 aerophitic form of Schizothrix cf. lacustris, Microcoleus vaginatus, Tolypothrix tenuis, Gloeocapsa
spp. and Chroococcus turgidus

8 23

–
dominant: Phormidium autumnale 40 to 50% share in the community, subdominant: thin walls form
of Leptolyngbya sp. and P. crispa; distinctive species: Ulothrix subtilis, U. aequalis, U. cf.
19–24, 4 13 0 17 6 1 6 13 30
oscillarina; a lot of species of desmids and non heterocystous types of cyanobacteria
35–36

41–43

1c

7–18

1b

4–6

1a

1–3

1a

sub−
Cyanobacteria Green algae
groups groups
sites A B C D E F G H

Type of tundra, their characteristics according to the cyanobacteria and green algae flora. A–I, the number of species of particular groups
of cyanobacteria and algae: A, coccoid type of cyanobacteria; B, non−heterocytous type of cyanobacteria; C, heterocytous type of cyano −
bacteria; D, total of cyanobacteria; E, desmids; F, coccoid and non−filamentous type of green algae; G, filamentous type of green algae;
H, the total of green algae; I, the total of cyanobacteria and green algae.
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Flow water
cyanobacterial mats
tundra

Oligotrophic flow
water moss tundra
Oligotrophic flow
water moss tundra
under influence of
sea spray

Flooded moss tun−
dra

Cyanobacterial
mats tundra with
Saxifraga
oppositifolia
Wet cyanobacteria
tundra

Initial stage of
cyanobacteria−moss
tundra

Snowbed
cyanobacteria−moss
tundra

Polygonal tundra

8

7

6

5

4

4b

51–52

–

50

–

37–38

–
25

48–49

44–47

–

26–28

4c

39–40

4b

31–34

6

5

6 17 5

8

3

7

5

10 9

4 19 3 0 0

3 11 5 0 0

4 23 3 0 0

dominant: cyanobacterial mats with planktonic form of Schizothrix cf. lacustris, Gloeocapsa
kuetzingiana, G. punctata, Symplocastrum sp., Scytonema crustaceum, Microcoleus vaginatus;
subdominant: Nostoc commune; common species: Aphanothece clathrata, A. caldariorum

dominant: Nostoc commune (wideaspread patches of thalli) and cyanobacterial mats with Schizothrix
3 22 calcicola, brown sheath form of Tolypothrix sp. (characteristic species), Dichothrix gypsophila; com−
mon species: Chroococcus turgidus, Aphanothece sp.

dominant cyanobacteria mats with Geitlerinema acutissimum and distinctive species: Lyngbya
5 16 aestuarii; a lot of species of desmids (Cosmarium botrytis, C. holmiense, C. speciosum, C. undulatum,
C. costatum)

3 26

dominant: cyanobacterial mats with subaerophytic form of Schizothrix cf. lacustris, Scytonema
3 38 crustaceum, Tolypothrix tenuis, Microcoleus vaginatus, Symplocastrum sp. 1, Gloeocapsa punctata,
G. biformis, Chroococcus turgidus; subdominant: Nostoc commune

dominant: cyanobacteria crust with aerophytic form of Schizothrix cf. lacustris, Tolypothrix tenuis,
Scytonema crustaceum, Gloeocapsa biformis, G. tornensis; subdominant: Nostoc commune, N. cf.
0 0 5 22 punctiforme, N. paludosum; common species: Leptolyngbya foveolarum, Pseudanabaena frigida and
desmids

7 18 0 0 0

16 9 10 35 2 0 1

5

6

dominant: cyanobacteria crust with aerophytic form of Schizothrix cf. lacustris, Gloeocapsa punctata,
Scytonema crustaceum, Microcoleus vaginatus, Tolypothrix tenuis; subdominant Nostoc commune
0 18 (small, round thalli), N. cf. paludosum; distinctive species: Stigonema cf. mamillosum, Dichothrix
gypsophila (sacconema stage), Calothrix cf. parietana

Table 2 – continued.
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form of Leptolyngbya sp. (sub−dominant). The proportion of P. crispa in the com−
munity decreased by 3–5%, and only the form of young filaments was recorded.
Streams flowing through the tundra had a lot of species of filamentous green algae
belonging to Ulothrix spp., desmids (Cosmarium holmiense, C. undulatum, C.
costatum var. costatum, C. speciosum), and non−heterocystous types of cyano−
bacteria (Geitlerinema acutissimum, Pseudanabaena catenata, long cell form of
Leptolyngbya valderiana, Oscillatoria fracta).
Areas outside the influence of bird colonies had habitats with cyanobacteria
crusts and mats. The dominance of cyanobacteria communities in the form of
crusts and mats results from their accommodation to environmental stresses, such
as drastic fluctuations in temperature and drying and radiation (Oleksowicz and
Luścińska 1992; Hu et al. 2012; Komárek J. and Kovacik 2013). Their formation
is aided by filamentous sheath−forming species (e.g. Schizothrix, Microcoleus) be−
cause the presence of a sheath and mucilage can help protect cells against physical
desiccation (Mazor et al. 1996; Gupta and Agrawal 2008).
In oligo−mesotrophic and oligotrophic wet moss tundra (sites 53–54, 29–30),
the study recorded dirty green and gray cyanobacteria crusts formed of granules of
Leptolyngbya sp. and Oscillatoria cf. ornata. The study also revealed the presence
of such species as Scytonema crustaceum, Microcoleus vaginatus, Gloeocapsa
punctata, and G. tornensis. The studied tundra is also characterized by a large pro−
portion of Nostoc commune and N. cf. punctiforme (sub−dominant), which formed
macroscopic leathery lobes of olive−green thallus (Table 2). The high quantity of
N. commune thalli may result from a high quantity of Bryum pseudotriquetrum in
the habitat. Its stems and leaves are often covered with N. commune (Shuji 1986).
The study also recorded a large proportion of green algae, particularly desmids:
Cosmarium costatum var. costatum, C. granatum, C. holmiense, C. hornavense, C.
speciosum, C. undulatum. These species are among the Arctic alpine group and of−
ten occur in communities of moist mosses (Coesel 1979, 1996; Coesel and
Meesters 2007).
Wet oligotrophic cyanobacterial mat tundra (sites 55–58) was characterized by
the dominance of Nostoc commune, forming a vast, leathery thallus on the surface.
The sub−dominant species was cyanobacterial soil crust formed of elastic, dirty−
−gray filaments of the aerophytic form of Schizothrix cf. lacustris (dominant), ac−
companied by filaments of Microcoleus vaginatus and Tolypothrix tenuis and nu−
merous coccoid cyanobacteria: Chroococcus turgidus, Gloeocapsa punctata, G.
compacta, G. biformis, G. alpine, G. kuetzingiana. The large quantity of Gloeo−
capsa species in cyanobacterial mats results from their high adaptation to extreme
environmental conditions (Friedmann et al. 1988).
The surface of polygonal tundra and snowbed cyanobacteria−moss tundra
(sites 31–34, 39–40) was covered by elastic, dirty−gray cyanobacterial crusts built
of the aerophytic form of Schizothrix cf. lacustris and Gloeocapsa punctata.
Among them the study also recorded brown thalli formed by Scytonema crusta−
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ceum, Tolypothrix tenuis, Microcoleus vaginatus and, sporadically, Dichothrix
gypsophila (sacconema stage), Stigonema cf. mamillosum and Calothrix cf. parie−
tana. Among the cyanobacterial crusts there were also large quantities of free−liv−
ing, spherical olive−green colonies of Nostoc commune and N. cf. paludosum
(sub−dominant). A distinctive feature of both tundra was the lack of green algae in
the phycoflora structure (Table 2).
The initial stage of cyanobacteria−moss tundra (sites 26–28) was dominated by
cyanobacterial crust formed of the aerophytic form of Schizothrix cf. lacustris with
a high proportion of the heterocytous species Tolypothrix tenuis and Scytonema
crustaceum, forming a brown−black filamentous thallus. Within the crust there
were also numerous species of coccoid cyanobacteria (Gloeocapsa biformis, G.
punctata, Chroococcus turgidus) and desmids (Cosmarium parvulum, C. pokor−
nyanum, C. subcostatum, Euastrum sp., Actinotaenium sp.). Among the crusts the
study also revealed small, round leathery olive−green thalli of Nostoc spp. – N.
commune (sub−dominant), N. cf. paludosum, N. cf. punctiforme and mosses: Ant−
helia juratzkana, Sanionia uncinata.
The cyanobacterial mat tundra with the Saxifraga oppositifolia community
and wet cyanobacterial mat tundra (sites 44–49) were characterized by the greatest
variety of cyanobacteria, especially with respect to heterocytous and coccoid types
(Table 2). Cyanobacterial mats (dominant) were formed of the subaerophytic form
of Schizothrix cf. lacustris with Scytonema crustaceum, Tolypothrix tenuis and
Microcoleus vaginatus, and occurred as elastic, resilient, nodular and gray mats.
Within them there were also small colonies of Symplocastrum sp., Dichothrix
gypsophila and, in large quantities, coccoid species: Gloeocapsa punctata, G.
sanguinea, G. biformis. The distinctive feature of this tundra is the presence of
macroscopic, spherical or spread, olive−green colonies of Nostoc commune (sub−
−dominant). Its thalli covered up to 50% of uncovered, moist soil in the analyzed
habitats. In polar regions N. commune may occur in a water environment in associ−
ation with mosses, but, above all, it is an obligatory taxon for surface habitats
(Howard−Williams et al. 1986; Fumanti et al. 1995; Hirai et al. 2004, Fukunda et
al. 2008, Komárek J. and Elster 2008; Komárek O. and Komárek J. 2010). On sur−
faces covered with a thin layer of water it may reach macroscopic sizes, which was
the case in the studied habitat (Cavacini 2001).
Oligotrophic flow water and flooded moss tundra (sites 25, 37–38) is covered
with cyanobacterial mats (dominant) formed mostly of the planktonic form of
Schizothrix cf. lacustris, Gloeocapsa kuetzingiana and G. punctata, Symplo−
castrum sp., Scytonema crustaceum and Microcoleus vaginatus. In the mats the
study recorded many coccoid species, such as G. biformis, Aphanothece clathrata,
A. caldariorum, A. microscopica, the aerotope form of Woronichinia sp., the gran−
ular form of Gloeothece sp. and the dark mucilaginous form of Aphanocapsa sp.
Among the cyanobacterial mats there was also the long cell form of Nostoc com−
mune (sub−dominant) in the form of vast, lobular, olive thalli (Table 2).
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The wide stream flowing through the oligotrophic moss tundra under the
influence of sea spray (site 50) was the habitat least rich in species of all analyzed
tundra types. Distinctive habitat conditions shaped under sea sprays caused the
dominance of Lyngbya aestuarii. It is a species with a large spectrum of occur−
rence in salty environments (Silva et al. 1996; Galil et al. 2011; Kothari et al.
2013). It was accompanied by Geitlerinema acutissimum (sub−dominant), Lepto−
lyngbya valderiana, small cells of Woronichinia sp. and small amounts of
Nostoc commune. There was also a surprising abundance of Desmidiaceae spe−
cies: Cosmarium botrytis, C. costatum, C. holmiense, C. speciosum, C. undu−
latum (Table 2).
Flow water cyanobacterial mat tundra (sites 51–52) was characterized by the
dominance of Nostoc commune forming widespread lobular thalli covering up to
50% of the tundra surface. It is accompanied by Schizothrix cf. calcicola as
subdominant, forming mats white on the surface and green at the bottom. On the
surface of the mats there were numerous nodular brown and orange thalli of
Dichothrix gypsophila sensu lato. The distinctive species for this tundra was the
brown sheath form of Tolypothrix sp., not recorded in any of the previous habi−
tats. It formed long, dark olive and black filaments on the Schizothrix calcicola
mats (Table 2). The flora in the phycoflora in this tundra was distinctively differ−
ent as a result of calcium in the soil, which is confirmed by the presence of
Schizothrix cf. calcicola and D. gypsophila, profusely encrusted with calcium
carbonate (Komárek J. and Anagnostidis 2005) and Paludella squarrosa, the
dominant species in the moss rich community, which favors such surfaces
(Dierssen 2001).

Conclusions
The research conducted in the area of Hornsund fjord allowed us to character−
ize the phycoflora occurring on ecologically different tundra. The Cosine Theta
analysis arranged the studied habitats in order based on the similarity of cyano−
bacteria and green algae composition. The obtained groups of habitats are charac−
terized by a unique set of dominating species and by species distinguishing them
from other tundra.
The tundra under the influence of bird colonies were characterized by the domi−
nance of nitrophilous species, Prasiola crispa and Phormidium autumnale, whose
proportion varied depending on the level of trophy and the humidity of the habitats.
The study also recorded a greater variety of green algae in those tundra.
In tundra located outside bird influence the dominant role belonged to cyano−
bacteria forming their own associations, which, in certain areas, covered 100% of
the ground surface. They are characterized by high diversity in heterocytous spe−
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cies, which had not been previously recorded in highly trophic tundra. These spe−
cies had a high proportional abundance in their habitats.
The results of categorization of the habitats by their cyanobacteria and green
algae communities are consistent with the types of tundra distinctive for vascular
vegetation and mosses, and, at the same time, these results are related to the humid−
ity and trophy of the studied habitats.
The conducted research showed that cyanobacterial and algal communities
have a significant role in forming tundra communities in the area and that they
need to be taken into account in the characterization of said tundra.
Acknowledgments. — The study was supported by grants from the Polish National Polar
Project (2005–2007): Biosphere – the Structure, Evolution and Dynamics of the Lithosphere,
Cryosphere and Biosphere in the Arctic and Antarctic (PBZ−KBN−108/PO4/2004), TOPOCLIM
no. 113/IPY/2007/01/f. and Polish Ministry of Science and Higher Education no. 81128.

References
AKIYAMA M., KANDA H. and OHYAMA Y. 1986. Allelopathic effect of penguin excrements and
guanos on the growth of Antarctic soil algae. Memoirs of National Institute of Polar Research:
11–16.
BROADY P.A., FLINT E.A., NELSON W.A., CASSIE COOPE V., DE WINTON M.D. and NOVIS P.M.
2012. Phylum Chlorophyta and Charophyta: green algae. In: D.P. Gordon (eds) New Zealand in−
ventory of biodiversity. Vol. 3. Kingdoms Bacteria, Protozoa, Chromista, Plantae, Fungi. Can−
terbury University Press, Christchurch: 347–381.
CAVACINI P. 2001. Soil algae from northern Victoria Land (Antarctica). Polar Bioscience 14: 45–60.
COESEL P.F.M. 1979. Desmids of the broads area of N.W.−Overijssel (The Netherlands). Acta
Botanica Neerlandica 28: 385–423.
COESEL P.F.M. 1996. Biogeography of desmids. Hydrobiologia 336: 41–53.
COESEL P.F.M. and MEESTERS K. 2007. Desmids of the Lowlands. Mesotaeniaceae and Desmidiaceae
of the European Lowlands. KNNV Publishing, Zeist: 351 pp.
DAVYDOV D. 2014. Diversity of the Cyanoprokaryota of the area of settlement Pyramiden, West
Spitsbergen Island, Spitsbergen archipelago. Folia Cryptogamica Estonica 51: 13–23.
DIERSSEN K. 2001. Distribution, ecological amplitude and phytosociological characterization of
European bryophytes. J. Cramer, Berlin, Stuttgart: 289 pp.
ELSTER J. and BENSON E. 2004. Life in the Polar Terrestrial Environment: a Focus on Algae and
Cyanobacteria. In: B. Fuller, N. Lane and E.E. Benson (eds) Life in The Frozen State. Taylor and
Francis, London: 111–149.
ELSTER J., KOMÁREK J. and SVOBODA J. 1994. Algal communities of polar wetlands. Scripta
Facultas Scientiarum Nauralium Universitatis Masarykiane Brunensis 24: 13–24.
ELSTER J., DEGMA P., KOVÁČIK L., VALENTOVÁ L., ŠRAMKOVÁ K. and PEREIRA A.B. 2008. Freez−
ing and desiccation injury resistance in the filamentous green algae Klebsormidium from the
Antarctic, Arctic and Slovakia. Biologia 63: 843–851.
FRIEDMANN E.I., HUA M. and OCAMPO−FRIEDMANN R. 1988. Cryptoendolithic lichen and cyano−
bacterial communities of the Ross Desert, Antarctica. Polarforschung 58: 251–259.
FUKUNDA S., YAMAKAWA R., HIRAI M., KASINO Y.K.H. and SATOH K. 2008. Mechanisms to avoid
photoinhibition in a desiccation−tolerant cyanobacterium. Nostoc commune. Plant Cell Physio−
logy 49: 488–492.

258

Dorota Richter et al.

FUMANTI B., ALFINITO S. and CAVACINI P. 1995. Floristic studies on freshwater algae of Lake
Gondwana, northern Victoria Land (Antarctica). Hydrobiologia 316: 81–90.
FUMANTI B., CAVACINI P. and ALFINITO S. 1997. Benthic algal mats of some lakes of Inexpressible
Island (northern Victoria Land, Antarctica). Polar Biology 17: 25–30.
GALIL B., GOREN M. and MIENIS H. 2011. Checklist of marine species in Israel. Compiled in the
framework of the EU FP7 PESI project http://www.marinespecies.org/aphia.php?p=source de−
tails &id=149096.
GRAEVE M., KATTNER G., WIENCKE C. and KARSTEN U. 2002. Fatty acid composition of Arctic and
Antarctic macroalgae: indicator of phylogenetic and trophic relationships. Marine Ecology
Progress Series 231: 67–74.
GUPTA S. and AGRAWAL S. C. 2008. Vegetative survival of some wall and soil blue−green algae un−
der stress conditions. Folia Microbiologica 53: 343–350.
HIRAI M., YAMAKAWA R., NISHIO J., YAMAJI T., KASHINO Y., KOIKE H. and SATH K. 2004. Deac−
tivation of photosynthetic activities is triggered by loss of a small amount of water in a desicca−
tion−tolerant cyanobacterium, Nostoc commune. Plant Cell Physiology 45: 872–878.
HOLZINGER A., KARSTEN U., LÜTZ C. and WIENCKE C. 2006. Ultrastructure and photosynthesis in
the supralittoral green macroalga Prasiola crispa from Spitsbergen (Norway) under UV expo−
sure. Phycologia 45: 168–177.
HOWARD−WILLIAMS C., VINCENT L., BROADY P.A. and VINCENT W.F. 1986. Antarctic stream eco−
systems: variability in environmental properties and algal community structure. International
Revue der gesammten Hydrobiologie 71: 511–231.
HU Ch. X. and LIU Y. D. 2003. Primary succession of algal community structure in desert soil. Acta
Botanica Sinica 45: 917–924.
HU Ch.X., GAO K. and WHITTON B.A. 2012. Semi−arid Regions and Deserts. In: B.A. Whitton (ed.)
Ecology of Cyanobacteria II. Their Diversity in Space and Time. Springer, Dordrecht, Heidel−
berg, New York, London: 345–347.
JAKUBAS D., ZMUDCZYŃSKA K., WOJCZULANIS−JAKUBAS K. and STEMPNIEWICZ L. 2008. Faeces
deposition and numbers of vertebrate herbivores in the vicinity of planktivorous and piscivorous
seabird colonies in Hornsund, Spitsbergen. Polish Polar Research 29: 45–58.
KARSTEN U., ESCOUBEYROU K. and CHARLES F. 2009. The effect of re−dissolution solvents and
HPLC columns on the analysis of mycosporine−like amino acids in the eulittoral macroalgae
Prasiola crispa and Porphyra umbilicalis. Helgoland Marine Research 63: 231–238.
KAŠTOVSKÁ K., ELSTER J., STIBAL M. and ŠANTRŮČKOVÁ H. 2005. Microbial assemblages in soil
microbial succession after glacial retreat in Svalbard (High Arctic). Microbial Ecology 50 (3):
396–407.
KLEKOWSKI R.Z. and OPALIŃSKI K.W. 1986. Matter and energy flow in Spitsbergen ornithogenic
tundra. Polar Research 4: 187–197.
KIM G.H., KLOCKOVA T.A., HAN J.W. and KANG S.−H. 2008. Notes on freshwater and terrestrial al−
gae from Ny−Ålesund, Svalbard (High Arctic sea area). Journal of Environmental Biology 29:
485–491.
KIM G.H., KLOCKOVA T.A., HAN J.W., KANG S.−H, CHOI H.G., CHUNG K.W. and KIM S.J. 2011.
Freshwater and terrestrial algae from Ny−Ålesund and Blomstrandhalvøya Island (Svalbard).
Arctic 64: 25–31.
KOMÁREK J. and ANAGNOSTIDIS K. 1999. Cyanoprokaryota; Chroococcales. In: E. Ettl, G. Gätner
and D. Mollenhauer (eds) Süâwasserflora von Mitteleuropa, 19.1. Gustaw Fischer, Stuttgart,
Lübeck, Ulm: 549 pp.
KOMÁREK J. and ANAGNOSTIDIS K. 2005. Cyanoprokaryota; Oscillatoriales II. In: A.B. Büel, L.
Krienitz, G. Gätner and M. Schagerl (eds) Süâwasserflora von Mitteleuropa, 19.2, Spektrum
Akademischer Verlag, München: 759 pp.

Cyanobacterial and algal assemblages in Arctic tundra

259

KOMÁREK J. and ELSTER J. 2008. Ecological background of cyanobacterial assemblages of the northern
part of James Ross Island, NW Weddell Sea, Antarctica. Polish Polar Research 29: 17–32.
KOMÁREK J. and KOVACIK L. 2013. Schizotrichacean cyanobacteria from central Spitsbergen
(Svalbard). Polar Biology 36: 1811–1822.
KOMÁREK J., KOVACIK L., ELSTER J. and KOMÁREK O. 2012. Cyanobacterial diversity of Petu−
nia−Bukta, Billefjorden, central Svalbard. Polish Polar Research 33: 347–368.
KOMÁREK O. and KOMÁREK J. 2010. Diversity and ecology of cyanobacterial microflora of the
seepages habitat. Comparison of King George Island, Shetland Islands, and James Ross Island,
NW Weddell Sea, Antarctica. In: J. Seckbach and A. Oren (eds) Microbial Mats: Modern and
acient Microorganisms in Stratified Systems. Cellular Origin, Life in Extreme Habitats and
Astrobiology 14, Springer Science+Business Media B.V.: 517–539.
KOSUGI M., KATASHIMA Y., AIKAWA S., TANABE Y., KUDOH S., KASHINO Y., KOIKE H. and
SATOH K. 2010. Comparative study on the photosynthetic properties of Prasiola (Chloro−
phyceae) and Nostoc (Cyanophyceae) from Antarctic and non−Antarctic sites. Journal of
Phycology 46: 466–476.
KOTHARI A., VAUGHN M. and GARCIA−PICHEL F. 2013. Comparative genomic analyses of the
cyanobacterium, Lyngbya aestuarii BL J, a powerful hydrogen producer. Front Microbiology 4:
363.
KVÍDEROVÁ J., ELSTER J. and ŠIMEK M. 2011. In situ response of Nostoc commune s.l. colonies to
desiccation, in Central Svalbard, Norwegian High Arctic. Fottea 11: 87–97.
MATUŁA J. 1982. Investigations on the algal flora of West Spitsbergen. Acta Universitatis Wrati−
slaviensis 525: 173–194.
MATUŁA J., PIETRYKA M., RICHTER D. and WOJTUŃ B. 2007. Cyanobacteria and algae of Arctic ter−
restrial ecosystems in the Hornsund area, Spitsbergen. Polish Polar Research 28: 283–315.
MAZOR G., KIDRON G.J., VONSHAK A. and ABELIOVICH A. 1996. The role of cyanobacterial
exopolysaccharides in structuring desert microbial crusts. FEMS Microbiology Ecology 21:
121–130.
OLECH M. 1990. Preliminary studies on ornithocoprophilous lichens of the Arctic and Antarctic re−
gions. Polar Biology 3: 218–223.
OLEKSOWICZ A. and LUŚCIŃSKA M. 1992. Occurrence of algae on tundra soils In Oscar II Land,
Spitsbergen. Polish Polar Research 13: 131–147.
PÓCS T. 2009. Cyanobacterial crust types, as strategies for survival in extreme habitats. Acta
Botanica Hungarica 51: 147–178.
RICHTER D. and MATUŁA J. 2013. Leptolyngbya sieminskae sp. n. (Cyanobacteria) from Svalbard.
Polish Polar Research 34: 151–168.
RICHTER D., MATUŁA J. and PIETRYKA M. 2009. Cyanobacteria and algae of selected habitats in
tundra around Hornsund fiord (West Spitsbergen). Oceanological and Hydrobiological Studies
38: 1–6.
RICHTER D., MATUŁA J. and PIETRYKA M. 2014. The northernmost populations of Tetraspora
gelatinosa (Chlorophyta) from Spitsbergen. Polish Polar Research 35: 521–538.
SILVA C., P. BASSON R. and MOE R. 1996. Catalogue of the Benthic Marine Algae of the Indian
Ocean. 79. University of California Publications in Botany, Berkeley and Los Angeles: 1165 pp.
SHUJI O. 1986. Epiphytic algae on mosses in the vicinity of Syowa Station, Antarctica. Memoirs of
National Institute of Polar Research 44: 209–219.
SMYKLA J., WOLEK J. and BARCIKOWSKI A. 2007. Zonation of vegetation related to penguin rooker−
ies on King George Island, Maritime Antarctica. Arctic, Antarctic and Alpine Research 39:
143–151.
STRUNECKÝ O., KOMÁREK J. and ELSTER J. 2012. Biogeography of Phormidium autumnale
(Oscillatoriales, Cyanobacteria) in western and central Spitsbergen. Polish Polar Research 33:
369–382.

260

Dorota Richter et al.

THOMAS D.N., FOGG G.E., KONVEY P., FRITSEN C.H., GILI J.M., GRADINGER R., LAYBOURN−PARY
J., REID K. and WALTON D.W.H. 2008 (eds) The Biology of Polar Regions. Oxford University
Press, Oxford: 394 pp.
VINCENT W.F. 2000. Cyanobacterial dominance in the Polar Regions. In: B.A. Whitton and M. Potts
(eds) The Ecology of Cyanobacteria. Kluwer Academic Publishers, Dordrecht: 321–340.
ZIELKE M., SOLHEIM B., SPJELKOVIK S. and OLSEN R.A. 2002. Nitrogen fixation in the High Arctic:
role of vegetation and environmental conditions. Arctic, Antarctic and Alpine Research 37:
372–378.
Received 22 February 2015
Accepted 12 June 2015

