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The Arctic region undergoes rapid climate change resulting in soil warming with

consequent changes in microbial community structure. Therefore, it is important to gain

more knowledge on the pioneer photosynthetic microorganisms and their relations to

environmental factors. Here we provide a description of the community composition

of microbial phototrophs in three different types of soils in the High Arctic (Svalbard):

vegetated soil at a raised marine terrace, biological soil crust (BSC) at high elevation,

and poorly-developed BSC in a glacier foreland. The studied sites differed from each

other in microclimatic conditions (soil temperature and soil water content), soil chemistry

and altitude. Combining morphological (cell biovolume) and molecular methods (NGS

amplicon sequencing of cyanobacterial 16S rRNA and eukaryotic 18S rRNA sequences

of isolates), we studied the diversity and biovolume of cyanobacteria and eukaryotic

microalgae. The results showed that cyanobacteria prevailed in the high altitude BSC

as well as in pioneering BSC samples in glacier foreland though with lower biomass.

More specifically, filamentous cyanobacteria, mainly Leptolyngbya spp., dominated the

BSCs from these two localities. In contrast, coccoid microalgae (green and yellow-green

algae) had higher biovolume in low altitude vegetated soils. Thus, the results of this study

contribute to a better understanding of microphototrophic communities in different types

of Arctic soil environments.

Keywords: microbial phototrophs, the Arctic, biological soil crust, vegetated soil, diversity, microclimate, soil

chemistry

INTRODUCTION

The Arctic is characterized by the presence of continuous permafrost with exceptions in some areas
(e.g., Kola Peninsula) (ACIA, 2005). The development of Arctic soils is dominated by cryogenic
processes, which are driven by the formation of ice in the soils. Arctic soils have a wide range of
textures, including clay, silty clay, loam, sandy loam and coarse gravelly sand, mainly depending on
the mode of deposition of the parent material. Ice formation physically changes the environment
and can cause biologically significant chemical changes (in salinity, pH, conductivity, and gas
content). Moreover, the presence and activity of Arctic soil organisms are greatly limited by the
scarcity of liquid water (Yoshitake et al., 2010). Liquid water is produced by snowmelt or thawing
of the active layer in spring and summer, resulting in increased biomass of the soil communities in
this period (Belnap and Lange, 2003).
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The High Arctic is mostly occupied by polar deserts
and/or semi-deserts and has a low vegetation cover (<25%)
which includes vascular plants such as Salix polaris, Papaver
radicatum, Draba subcapitata, Saxifraga cernua, etc (Prach
et al., 2012). Microbial communities are frequently observed in
non-vegetated areas and they can form biological soil crusts
(BSCs) on substrates ranging from fragmented rocks, gravels,
and soils (Belnap and Lange, 2003). This type of community
can be found in almost any terrestrial environment where
vegetation does not cover 100% of the soil surface. The
BSCs include various combinations of microphytic communities
including microbial phototrophs (cyanobacteria and eukaryotic
microalgae), heterotrophic bacteria, fungi, mosses, and lichens
(Belnap and Lange, 2003; Büdel and Colesie, 2014). BSCs are
involved in many important processes of the soil ecosystems such
as nitrogen fixation, moisture trapping, stabilization of soil and
organic carbon sequestration (Langhans et al., 2009; Huang et al.,
2014; Stewart et al., 2014). In partially vegetated areas, BSCs also
constitute a unique environment which influences the growth
of vascular plants and abundance and structure of small animal
communities (Bowker et al., 2010; Langhans et al., 2010).

BSCs in Polar Regions develop in a similar way as in
warmer environments (Belnap and Lange, 2003; Pushkareva
et al., 2015; Pessi et al., 2018) and diverse BSC types were
described in Polar Regions (Williams et al., 2016). In summary,
first, the pioneer organisms, mainly cyanobacteria, colonize the
soil surface. Then, algae, mosses and lichens gradually appear,
resulting in a better developed BSC containing higher nutrients
concentrations. Further, the BSC community gradually develops
through a succession of different organisms assemblages till
it reaches a climax stage with a stable community where the
lichens, mosses or microbial phototrophs will no longer change
unless another disruption occurs (Büdel and Colesie, 2014).
Filamentous cyanobacteria such as Leptolyngbya, Phormidium,
and Microcoleus have a pivotal role in BSC formation due to the
production of extracellular polymeric substances (EPS), which
promote the stabilization of the soil surface, moisture retention,
and protection against erosion (Hu et al., 2012; Büdel et al., 2016).

Moreover, as climate change is already happening and is
even worsened in some cases by anthropogenic impact, it
is important to characterize the fragile Polar ecosystems. In
particular, the BSC communities that are intimately linked
to harsh and arid microclimatic conditions merit particular
attention. Thereby, this study aims to compare communities
of soil microbial phototrophs in three types of extreme Arctic
environments which differ in the duration of ice-free conditions:
old vegetated soils in a raised marine terrace, BSC located at a
higher altitude and a poorly-developed BSC in front of a glacier
foreland. We hypothesized that soil properties and microclimatic
conditions greatly influence the biovolume and diversity of the
soil microbial phototrophs. Furthermore, the sampling sites
serve as control areas for open top chambers (OTCs) which
were placed in 2011. Hence, the present assessment constitutes
the baseline data for later comparisons with samples collected
from inside the OTCs in future, which will provide insights
on the effects of mimicked climate change on Arctic soil
micro-phototrophic communities.

METHODS

Site Description
Sampling sites were located in the vicinity of Petunia Bay, the
north branch of Billefjorden, Central Svalbard (Figure 1). The
mean annual air temperatures in the study area range from-
−3.7◦C at the sea level to <-8.4◦C (top of Mumien Peak)
in higher-elevation sites (Ambrožová and Láska, 2017). The
coastal zone of Petunia Bay has a short summer (from June to
September) with the mean monthly air temperatures above 0◦C
reaching maximum at 15◦C in July (Láska et al., 2012). Annual
precipitation is about 200 mm.

Three different localities were chosen for the study: a raised
marine terrace (Site T), the Mumien Peak (Site P), and the
foreland of the Hørbye Glacier (Site G). Site T with stable old soils
uplifted above the sea level was fully covered by plants, including
vascular plants such as Polygonum viviparum, Salix polaris,
Carex rupestris, and Dryas octopetala (Prach et al., 2012). Site
P located at the altitude of 442m a.s.l. had mid-developed BSC
with presence of mosses and lichens. The BSC were growing on
weathered sedimentary rocks on unstable terrain slopes (average
slope of 27◦). Finally, BSC from the recently deglaciated Site G
was poorly-developed without any presence of lichens, mosses,
and vascular plants. Summary of the geographical characteristics
of the sampling sites and geological characteristics of the soils
(Szczucinski and Rachlewicz, 2007; Hanáček et al., 2013) are
presented in Table 1.

Soil Microclimate Measurements
The soil temperature (ST) and soil water content (SWC) were
measured using three automatic meteorological stations (EMS
Brno, CZ). The ST was monitored by a Pt100/Class A platinum
resistance thermometer (EMS Brno, CZ) with an accuracy of
± 0.15◦C. The SWC monitoring based on the soil capacitance
method was conducted using a Decagon 10HS soil moisture
sensor (Decagon, USA) with an accuracy of ±2%, given by a
calibration equation for the mineral soil. All sensors were placed
in the shallow profile at 5 cm depth and data were recorded at
60-min intervals with an EdgeBox V8 multichannel datalogger
(EMS Brno, CZ). The measurements were carried out in the
period from 1 July 2010 to 31 July 2014, but for evaluation of soil
thermal regime and water availability, only full summer seasons,
defined according to the thawing period (French, 2007) when
the soil temperature was higher than 0◦C, were chosen. The
microclimatic parameters served as the basis for the calculation
of the length of the thawing period at each site, mean and extreme
ST and SWC during the thawing period in 2011, 2012, and 2013.
Obtained data were analyzed by the Mini32 software (EMS Brno,
CZ) with subsequent processing using Statistica R© software.

Sampling Procedure
Top soils or BSCs with a depth of 2–3 cm were collected from
each site in August of 2011, 2012, and 2013. Three replicates
were sampled within each site ∼5m apart from each other and
each replicate contained three soil cores (5.6 cm in diameter)
mixed together. Soils from site T were fully covered by plants
when collected and, subsequently, plants were removed from the
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FIGURE 1 | Map of Petunia Bay and the sampling sites: T, P, and G. The modified map of Petunia Bay is based on the Svalbardkartet data, Norwegian Polar Institute.

samples. Collected samples were placed into zip bags, transported
to the laboratory in dry ice and kept frozen at −20◦C for
further analyses.

Soil Physicochemical Analysis
Soil samples were passed through a sieve (2mm mesh) and
chemical analysis was performed according to Czech and
European Union standards (ISO 10390, ISO 10523, ČSN EN
27888, ISO 11465, ČSN EN ISO 11732, ČSN EN ISO 13395,
and ČSN EN ISO 15681–1). Conductivity was evaluated in
demineralized water. Soil pH was measured in 1M KCl. The
percentage of total organic carbon (TOC) was determined
by wet oxidation with acidified dichromate. NH4-N and
NO3-N concentrations were measured using a QuikChem R©

8500FIAAutomated Ion Analyzer (Lachat Instruments,
Loveland, USA). Phosphorus was detected as PO4-P using
ascorbic acid–molybdate and a SHIMADZU UV-1650PC
spectrophotometer. Macroelements (Ca, Mg, K, Na) were
analyzed using a ContrAA R© atomic absorption spectrometer
(Analytik Jena, Jena, Germany).

Biovolume of Cyanobacteria and
Eukaryotic Microalgae
Cyanobacterial cell biovolume was estimated using light and
epifluorescence microscopy (Kaštovská et al., 2005) as described

TABLE 1 | The geographical and geological characteristics of the sampling sites

in Petunia Bay, Central Svalbard.

Site T Site P Site G

Latitude (◦ N) 78.71050 78.70116 78.74818

Longitude (◦ E) 16.46101 16.39016 16.40096

Altitude (m a.s.l.) 16 442 73

Slope (◦) < 2 27 <2

Aspect (◦) – 54 –

Geological

characteristics*

Carboniferous-

Permian

sedimentary rocks

Devonian

sedimentary rocks

Quaternary covers

Type of surface Raised terrace,

tundra vegetation

Rock outcrops,

regolith material

Ice-cored moraine,

debris material

*Szczucinski and Rachlewicz (2007), Hanáček et al. (2013).

in Pushkareva et al. (2017) for the samples collected in 2011
and 2012. Three groups of cyanobacteria were determined
according to their cell morphology: unicellular, filamentous, and
heterocystous cyanobacteria. Moreover, diatoms and coccoid
microalgae (green algae Chlorophyta and yellow-green algae
Xanthophyceae) were also distinguished within the eukaryotic
microalgae. Filamentous eukaryotic microalgae were not
observed in the samples. Basic geometric equations for cylinders
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FIGURE 2 | Soil temperature (A) and soil water content (B) in the three studied sites in the period of 2010–2014.

with hemispherical ends and spheres were applied to calculate the
biovolume (µm3 g−1) of soil samples (Hillebrand et al., 1999).

Cyanobacterial Diversity by a
Culture-Independent Approach
To extract DNA from the nine samples collected in
2012, two DNA Isolation Kits (MOBIO, Carlsbad, CA,
USA) were tested, the PowerBiofilm and PowerSoil. Both
kits resulted in similar DNA yields and, therefore, the
PowerBiofilm DNA Isolation Kit was used according to the
manufacturer’s instructions.

The V3-V4 region of the 16S rRNA gene was amplified
using the cyanobacteria-specific primers 359F and 781Ra/781Rb
(Nübel et al., 1997) in separate reactions for each reverse primer
(Boutte et al., 2006). Barcode sequences had been added to both
forward and reverse primers and were specific to each sample
to enable multiplexing. PCR reactions in triplicate for each set
of primers were performed as described in Pessi et al. (2016).
Triplicates were later pooled together, purified using the GeneJet
PCR Purification Kit (Thermo Scientific, Waltham, MA, USA)
and quantified using the Quant-iTPicoGreen dsDNA Assay Kit
(Life Technologies, Carlsbad, CA, USA). Libraries were pooled
in equimolar concentrations and sent to GENEWIZ (South

Plainfield, NJ, USA) where sequencing adaptors were ligated to
the amplicons and paired-end sequences (2 × 300 bp) were
obtained using the Illumina MiSeq v3 platform. Sequencing of
three soil samples (one sample from Site T and two samples from
Site G) was not successful, and thus these samples were excluded
from further analyses. Raw sequences were deposited in Sequence
Read Archive (SRA) with accession number PRJNA561039.

Quality filtering of obtained sequences and their clustering
into operational taxonomic units (OTUs) were performed using
UPARSE at 97% sequence identity (Edgar, 2013) according to
Pessi et al. (2016). Reads shorter than 370 bp and with more
than 0.5 expected errors were discarded. OTUs were classified
using CREST [30] based on the Greengenes database (McDonald
et al., 2012). Non-cyanobacterial OTUs were discarded and the
most closely related isolate for each OTU was obtained using the
SeqMatch tool from RDP (Cole et al., 2014).

Rarefaction curve (Supplementary Figure 1) and alpha
diversity indices (Supplementary Table 1) were calculated using
QIIME 1 (Caporaso et al., 2010) after normalizing the number
of sequences to those of the samples with the lowest number of
sequence reads (1983 sequences). Beta diversity was calculated
using the UniFrac distance metric (Lozupone and Knight, 2005)
with Weighted Paired Group Method of Averaging (WPGMA).
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Diversity of Eukaryotic Microalgae by a
Culture-Dependent Approach
Soil samples collected in 2012 were pre-cultivated on plates with
solid BG11 medium (Stanier et al., 1979). To obtain unialgal
strains, the dilution plate method was used (Elster et al., 1999).
The isolated strains of eukaryotic microalgae were kept in an
illuminated incubator at a temperature of 6◦C and continuous
lighting with a photon flux density of 20 µmol m−2 s−1.

Genomic DNA of microalgal strains was extracted using the
XS method (Tillett and Neilan, 2000) according to Yilmaz et al.
(2009). The 18S rRNA gene was amplified using primers NS1
(White et al., 1990) and 1650R vivi (Kipp, 2004) as follows:
an initial denaturation step at 94◦C for 5min, followed by 35
cycles of DNA denaturation at 94◦C for 30 s, primer annealing
at 55◦C for 54 s, strand extension at 72◦C for 2min, and a
final extension step at 72◦C for 10min. PCR products were
purified using a QIAquick PCR Purification Kit (QIAGEN, The
Netherlands). Sequencing was carried out by the Laboratory of
Genomics, Biology Centre of the Academy of Sciences of the
Czech Republic, České Budějovice with the ABI PRISM 3130
XL sequence analyzer (Applied Biosystems, Life Technologies
Corp., CA, USA) using primers NS1 and 1150R (White et al.,
1990). Obtained sequences were analyzed using BioEdit v7.2.5
(Hall, 1999) and deposited in GenBank with accession numbers
MK929233-MK929255. The most closely related isolates were
fetched from GenBank using BLAST. All sequences were aligned
using MAFFT (Katoh and Standley, 2013). A phylogenetic tree
comprising the algal isolate sequences and their best GenBank
hits was constructed using the maximum likelihood method
based on the Jukes-Cantor model in MEGA6 (Tamura et al.,
2013).

Statistical Analysis
The statistical analyses were performed in the statistical software
JMP 14.0.1. Normality of variance was assessed using Shapiro–
Wilk’s test and, if necessary, data were Box Cox or Square
Root transformed. Differences in soil chemical parameters were
evaluated using the one-way ANOVA and Tukey’s HSD post-
hoc test. Two-way ANOVA was used to test the effects of
the factors (site and year) on soil chemistry and biovolume.
The relationships between biovolume of microbial phototrophs
and soil parameters were modeled using Pearson correlation
coefficient (PCC).

RESULTS

Microclimatic Parameters
Soil temperature (ST) and soil water content (SWC), measured at
5 cm depth during the three full summer seasons, showed
differences between the three studied sites (Figure 2;
Supplementary Table 2). The thawing period (when the
ST was above 0◦C) lasted from June till September and
varied from 72 to 107 days, depending on the site and year
(Supplementary Table 2a). The shortest thawing period (72–99
days) in the studied sites was recorded in 2012. Year-to-year
differences in the duration of the thawing period varied between
8 and 9 days at the low-lying Sites T and G, but reached 25 days T

A
B
L
E
2
|
S
o
il
c
h
e
m
is
tr
y
in

th
e
th
re
e
st
u
d
ie
d
lo
c
a
lit
ie
s
w
ith

st
a
n
d
a
rd

e
rr
o
r
(S
E
)
m
e
a
su

re
d
in

th
e
sa

m
p
le
s
c
o
lle
c
te
d
in

2
0
1
1
,
2
0
1
2
,
a
n
d
2
0
1
3
.

p
H

(S
E
)

C
o
n
d
u
c
ti
v
it
y,

µ
S
/c
m

(S
E
)

N
-N

H
4
,

m
g
k
g

−
1
(S
E
)

N
-N

O
3
,

m
g
k
g

−
1
(S
E
)

P
-P

O
4
,

m
g
k
g

−
1
(S
E
)

O
rg
a
n
ic

C
,

%
(S
E
)

C
a
,

m
g
k
g

−
1
(S
E
)

M
g
,

m
g
k
g

−
1
(S
E
)

K
,

m
g
k
g

−
1
(S
E
)

N
a
,

m
g
k
g

−
1
(S
E
)

S
it
e
T

2
0
1
1

7
.7

B
,a

(<
0
.1
)

1
1
4
.4

B
,a

(2
2
.2
)

5
.5

A
,b

(2
.0
)

0
.4

A
,b

(0
.2
)

0
.5

A
,c

(<
0
.1
)

1
2
.5

A
,a

(1
.4
)

5
1
7
0
A
,b

(2
3
5
)

2
3
8
B
,b

(4
)

6
4
.7

A
,b

(6
.1
)

2
0
.5

A
,a

(1
0
.4
)

2
0
1
2

7
.7

B
,a

(<
0
.1
)

1
4
6
.3

A
,a

(6
.1
)

1
5
.5

A
,a

(5
.0
)

1
.7

B
,a

(1
.2
)

5
.1

A
,b

(0
.8
)

1
3
.6

A
,a

(1
.0
)

7
9
6
2

N
A

8
0
8

N
A

1
0
8
.4

N
A

2
1
.1

N
A

2
0
1
3

7
.4

B
,b

(<
0
.1
)

1
5
5
.8

A
,a

(2
.1
)

6
.4

A
,a
b

(0
.9
)

0
.3

A
,b

(<
0
.1
)

1
7
.6

A
,a

(0
.9
)

1
4
.6

A
,a

(1
.5
)

7
6
9
0
A
,a

(2
1
9
)

3
8
2
B
,a

(1
4
)

3
3
4
.4

A
,a

(4
9
.1
)

1
9
.3

A
,a

(1
.5
)

S
it
e
P

2
0
1
1

8
.5

A
,a

(0
.1
)

9
6
.0

B
,a

(6
.0
)

4
.0

A
,a

(2
.9
)

0
.7

A
,b

(0
.3
)

0
.1

B
,c

(<
0
.1
)

5
.1

B
,a

(0
.6
)

4
1
8
6
B
,a

(5
2
6
)

8
1
8
A
,b

(1
2
7
)

3
1
.7

C
,b

(5
.7
)

1
2
.4

A
,a

(6
.1
)

2
0
1
2

8
.5

A
,a

(<
0
.1
)

9
3
.7

B
,a

(1
1
.3
)

3
.4

B
,a

(0
.8
)

2
1
.5

A
,a

(1
3
.8
)

5
.9

A
,b

(0
.8
)

3
.6

B
,b

(0
.3
)

3
4
9
3

N
A

1
4
7
6

N
A

2
0
.7

N
A

4
.4

N
A

2
0
1
3

8
.3

A
,a

(0
.1
)

8
5
.5

B
,a

(4
.3
)

1
.7

B
,a

(0
.2
)

0
.4

A
,b

(<
0
.1
)

2
0
.6

A
,a

(1
.9
)

3
.6

B
,b

(0
.6
)

5
1
5
6
B
,a

(6
1
5
)

1
8
0
6
A
,a

(2
9
1
)

9
4
.8

B
,a

(1
8
.5
)

1
7
.3

A
,a

(2
.7
)

S
it
e
G

2
0
1
1

8
.4

A
,a

(<
0
.1
)

4
3
2
.3

A
,a

(1
2
9
.3
)

2
.4

A
,a

(0
.9
)

0
.2

B
,a

(<
0
.1
)

0
.1

B
,c

(<
0
.1
)

3
.4

C
,a

(<
0
.1
)

5
0
4
2
A
B
,b

(3
4
4
)

1
7
6
B
,b

(6
)

4
8
.5

B
,b

(2
.1
)

1
.3

B
,b

(1
.7
)

2
0
1
2

8
.4

A
,a

(0
.2
)

8
8
.1

B
,b

(5
.5
)

1
.6

C
,a

(0
.2
)

0
.2

C
,a

(<
0
.1
)

2
.6

B
,b

(0
.3
)

3
.0

B
,a

(<
0
.1
)

5
2
9
3

N
A

3
2
3

N
A

5
7
.0

N
A

5
.2

N
A

2
0
1
3

8
.3

A
,a

(<
0
.1
)

7
3
.0

C
,c

(2
.1
)

0
.8

C
,b

(<
0
.1
)

0
.1

B
,a

(<
0
.1
)

1
6
.8

A
,a

(1
.9
)

2
.4

C
,b

(0
.3
)

7
1
7
2
A
,a

(1
5
6
)

3
4
5
B
,a

(3
)

1
0
1
.9

B
,a

(4
.1
)

2
0
.6

A
,a

(3
.7
)

Tw
o
-W

a
y
A
N
O
V
A
(F

R
a
ti
o
s
)

S
ite

2
3
2
.9
1
**
*

2
9
.3
8
**
*

7
4
.0
1
**
*

6
6
.0
3
**
*

3
8
.0
0
**
*

5
4
4
.8
3
**
*

2
8
.9
5
**
*

3
1
0
.1
5
**
*

9
9
.7
9
**
*

6
.9
3
*

Y
e
a
r

1
6
.4
7
**
*

2
0
.8
0
**
*

1
9
.2
9
**
*

2
3
.6
9
**
*

2
1
1
4
.5
6
**
*

5
.4
3
*

8
3
.6
8
**
*

1
1
4
.4
9
**
*

3
6
4
.4
4
**
*

1
4
.5
5
**

S
ite

x
Y
e
a
r

n
s

3
1
.1
5
**
*

6
.4
3
**

n
s

1
7
.2
1
**
*

6
.8
7
**

4
.6
2
*

9
.3
5
**

2
8
.6
1
**
*

8
.8
9
**

S
a
m
e
le
tt
e
rs
in
d
ic
a
te
n
o
s
ta
ti
s
ti
c
a
ld
iff
e
re
n
c
e
b
e
tw
e
e
n
g
ro
u
p
s
a
c
c
o
rd
in
g
to
o
n
e
-w
a
y
A
N
O
V
A
fo
llo
w
e
d
b
y
Tu
ke
y’
s
p
a
ir
w
is
e
p
o
s
th
o
c
te
s
ts
(p

<
0
.0
5
):
(A
–
C
),
b
e
tw
e
e
n
s
it
e
s
a
t
th
e
s
a
m
e
ye
a
r;
(a
–
c
),
b
e
tw
e
e
n
ye
a
rs
w
it
h
in
e
a
c
h
s
it
e
.
Tw

o
-w
a
y

A
N
O
V
A
re
s
u
lt
s
s
h
o
w
F
ra
ti
o
s
.
F
o
r
C
a
,
M
g
,
K
,
a
n
d
N
a
,
tw
o
-w
a
y
A
N
O
V
A
w
a
s
d
o
n
e
o
n
ly
w
it
h
s
a
m
p
le
s
fr
o
m
2
0
1
1
a
n
d
2
0
1
3
.

**
*p

<
0
.0
0
1
,
**
p

<
0
.0
1
,
*p

<
0
.0
5
,
n
s
,
n
o
n
-s
ig
n
ifi
c
a
n
t.

N
A
m
e
a
n
s
th
a
t
th
re
e
s
o
il
s
a
m
p
le
s
w
e
re
m
ix
e
d
to
g
e
th
e
r
p
ri
o
r
m
e
a
s
u
re
m
e
n
ts
a
n
d
th
e
re
fo
re
S
D
is
n
o
t
a
va
ila
b
le
.

Frontiers in Ecology and Evolution | www.frontiersin.org 5 October 2019 | Volume 7 | Article 393

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles


Pushkareva et al. Microbial Phototrophs in Arctic Soils

at the highest elevated Site P between 2012 and 2013. During
the studied thawing periods, July was the warmest month in the
three sites and the highest mean ST was recorded at the Site G
(8.5◦C in July) (Supplementary Table 2b). The lowest mean ST
in the thawing period was reported in June at the Site P, reaching
only 0.7◦C.

The highest SWCs among the studied sites were recorded
during the thawing period of 2013, wherein the mean SWC
varied from 0.12 to 0.37 m3 m−3 (Supplementary Table 2a). The
maximum saturation level given by the highest SWC (up to 0.42
m3 m−3 at the Site T) was reached at the beginning of the thawing
period in the second half of June, only a few days after the
final snow melting (Supplementary Table 2b). The minimum
SWC (0.03 m3 m−3) occurred in Site G at the beginning of the
thawing season.

Large seasonal and day-to-day variations in both ST and SWC
were observed during each thawing period (Figure 2). In contrast
to other sites, a higher variability of the soil thermal regime
was observed at the Site G, where the lowest level of SWC was
also measured. Moreover, a high variation in ST was found at
the higher-elevation Site P composed of weathered sedimentary
rocks on unstable terrain slopes (average slope of 27◦) without
any presence of vegetation (see Table 1) though the SWC values
appear very stable during the same period.

Soil Properties
Chemical parameters of the soil crusts and vegetated soil samples
measured during three summers varied significantly between
the sites and years (Table 2). The pH fluctuated between 7.4
and 8.5 across the studied localities and was significantly lower
at Site T than in other sites. On the other hand, conductivity,
TOC and NH4-N contents were high at Site T. Low nutrient
concentrations were recorded in the poorly developed BSC from
the glacier foreland (Site G). The ammonium concentration
(NH4-N) was higher than the nitrate (NO3-N) concentration at
all sites and ranged from 0.8 to 15.5mg kg−1 soil while the nitrate
concentrations were negligible, except for the soil collected in
2012 at Site P (21.5mg kg−1 soil).

Biovolume of Microbial Phototrophs
Total cyanobacterial biovolume was the highest in Site P with
average values of 76.8 × 106 and 39.7 × 106 µm3 g−1 for
the samples collected in 2011 and 2012, respectively (Figure 3;
Supplementary Table 3). Lower cyanobacterial biovolumes were
observed in Site G (average of 12.5 and 9.9 × 106 µm3 g−1 in
2011 and 2012, respectively) and Site T (average of 17.6 and 3.9
× 106 µm3 g−1 in 2011 and 2012, respectively). Filamentous
cyanobacteria were the dominant cyanobacteria in all studied
sites and constituted a major fraction within each locality (29–
73% of total biovolume). In addition, they had higher biovolume
in site P than in the other sites (average of 39.0 and 25.6 ×

106 µm3 g−1 in 2011 and 2012, respectively) together with
heterocystous (average of 23.2 and 6.8 × 106 µm3 g−1 in 2011
and 2012, respectively) and unicellular cyanobacteria (average of
14.6 and 7.4× 106 µm3 g−1 in 2011 and 2012, respectively).

Eukaryotic coccoid microalgae together with diatoms had
higher biovolume in the samples collected in 2011 than in
those from 2012 (Figure 3; Supplementary Table 3). The highest

biovolume of eukaryotic coccoid microalgae was recorded in Site
T (average of 19.4 and 2.9 in 2011 and 2012, respectively). In
contrast, their lowest biovolume (average of 0.6 and 0.2 × 106

µm3 g−1 in 2011 and 2012, respectively) was observed at Site G
where diatoms were present only in one sample collected in 2011.
In addition, diatoms were very rare, but slightly more abundant
in Site P than in the other two sites.

Diversity of Microbial Phototrophs
A total of 141132 quality reads were obtained for six samples
using amplicon sequencing of the 16S rRNA gene. After
bioinformatic analysis, 69631 cyanobacterial sequences remained
and were later grouped into 137 OTUs. The majority of the
OTUs belonged to the order Synechococcales (78 OTUs) and
the rest of the OTUs were from the orders Chroococcales (19
OTUs), Oscillatoriales (12 OTUs), Nostocales (11 OTUs), and
Gloeobacterales (10 OTUs) (Figure 4). In addition, 7 OTUs were
not classified further than phylum.

To compare cyanobacterial community composition between
the study sites, the dataset was normalized to 1983 sequences
per sample. After the normalization, 128 OTUs remained and
an average of 92, 69, and 67 OTUs were observed in Sites P, T,
and G, respectively (Figure 4A; Supplementary Table 1). Good’s
coverage estimator was 98–99%, indicating that the largemajority
of the cyanobacterial diversity was captured in the analysis
(Supplementary Table 1). A total of 52 OTUs were shared
between the three studied localities (Supplementary Figure 2).
Furthermore, 27 OTUs were unique to Site P while 3 OTUs
were only found in the Sites T and G. The three localities were
dominated by cyanobacteria from the order Synechococcales
(84.4–88.2% of all sequences), where the genus Leptolyngbya
constituted a major fraction (52.6–74.0% of all sequences) and
was the most abundant in Site G (Figure 4B). Filamentous
cyanobacteria from the order Oscillatoriales ranged from 7.26 to
7.82% of all sequences in each site. Furthermore, Chroococcales
(1.36–3.31% of all sequences), Gloeobacterales (1.16–2.22% of
all sequences), and Nostocales (1.55–1.97 % of all sequences)
were also present in the three studied sites. OTU 1 (100%
similar to Phormidium sp. CYN64) was the most abundant in
Site T, whereas OTU 2 (99.5% similar to Leptolyngbya antarctica
ANT.L67.1) was dominant in Site P and quite abundant in
the other sites (Table 3). Additionally, OTU 6 (100% similar to
Leptolyngbya frigida ANT.L52B.3) dominated in Site G. These
three hits were filamentous cyanobacteria collected in Antarctic
lakes and ponds (Taton et al., 2006; Martineau et al., 2013).

WPGMA analysis showed that the cyanobacterial community
compositions in the three localities differed from each other
(Supplementary Figure 3). Moreover, the three replicates from
Site P formed a well-defined cluster based on the obtained
cyanobacterial OTUs, while the samples from Sites T and G
clustered erratically.

A total of 23 isolates of eukaryotic microalgae
including Chlorophyte (15 isolates) and Xanthophyceae (8
isolates) was obtained from the three localities (Table 4;
Supplementary Figure 4). The majority of the eukaryotic
microalgae (13 isolates) were isolated from Site T, while 6 and 4
isolates were obtained from Sites G and P, respectively. Moreover,
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FIGURE 3 | Biovolume of microbial phototrophs per 1 g of dry soil in the samples collected in 2011 (A) and 2012 (B).

FIGURE 4 | Cyanobacterial community composition in three studied localities based on Illumina sequencing of the 16S rRNA gene. Data were calculated after the

normalization to 1983 sequences per sample. (A) Richness expressed as the number of OTUs and (B) distribution of the reads expressed as relative abundance.

no yellow-green algae were isolated from Site P. Obtained
microalgal sequences (except from isolates 4, 5, and 7) were more
than 99 % similar to the sequences from NCBI database. Isolates
1 and 6 (Chloromonas-affiliated) as well as isolates 8, 9, 11, and 13
(Coccomyxa-affiliated) formed groups of related strains isolated
from two or three different sites (Supplementary Figure 4).
In contrast, strains related to Koliella/Stichococcus were only
isolated from site T. Xanthophyceae-affiliated strains related
to Heterococcus and Xanthonema were isolated from sites T
and G.

Relationship Between Biovolume of
Microbial Phototrophs and Soil Chemistry
Pearson correlation coefficient showed a positive effect of pH
and conductivity on biovolume of filamentous cyanobacteria
(p < 0.05; Table 5). On the other hand, there were negative
correlations (p < 0.05) between macroelements contents (Ca
and K) and cyanobacterial biovolumes. Furthermore, biovolume
of eukaryotic microalgae was positively correlated (p < 0.05)
to NH4-N, TOC, and Na, while diatoms were so rare that
correlations were not possible to calculate.
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TABLE 3 | The most abundant* cyanobacterial operational taxonomic units (OTUs) in the three sites.

OTU Relative abundance**, % Best SeqMatch isolate hit (Accession number, ID %)

Site T Site P Site G

OTU2 17.10 22.64 13.26 Leptolyngbya antarctica ANT.L67.1 (AY493572, 99.5%)

OTU1 32.17 3.68 8.32 Phormidium sp. CYN64 (JQ687330, 100%)

OTU6 2.24 5.56 27.69 Leptolyngbya frigida ANT.L52B.3 (AY493612, 100%)

OTU11*** 0.71 0.49 16.29 Phormidesmis priestleyi ANT.LG2.4 (AY493580.1, 100%)

OTU4*** 0.40 12.12 0.15 Leptolyngbya sp. LLi18 (DQ786166, 97.5%)

OTU10 5.82 3.26 2.72 Synechococcus sp. PS715 (AF216952, 99.7%)

OTU7*** 0.76 8.02 0.10 Calothrix sp. KVSF5 (EU022730, 95.1%)

OTU5 3.48 2.56 2.02 Leptolyngbya sp. ANT.L52.1 (AY493584, 97.5%)

OTU3 5.72 1.28 1.01 Arthronema africanum SAG 12.89 (AB115966, 93.1%)

OTU8 2.45 2.32 2.37 Microcoleus rushforthii UTCC 296 (AF218377, 100%)

OTU189 3.66 0.44 2.02 Phormidium sp. CYN64 (JQ687330, 96.4%)

OTU15*** 1.69 3.11 0.81 Leptolyngbya nostocorum UAM 387 (JQ070063, 97.8%)

OTU12*** 0.13 4.91 0.20 Calothrix sp. KVSF5 (EU022730, 94.5%)

OTU315 0.40 0.84 3.88 Arthronema africanum SAG 12.89 (AB115966, 93.4%)

OTUs are listed in decreasing order based on their total relative abundance.

*OTUs with more than 100 sequences in sum for six samples after the data normalization to 1983 sequences.

**Relative abundances obtained after data normalization to 1983 sequences.

***OTUs with 100% similarity to sequences of cyanobacterial crusts in Petunia Bay (Pushkareva et al., 2015).

Bold values correspond to the highest abundance within each site.

DISCUSSION

Microbial Phototrophs Inhabiting Arctic
Soil Environment
Themorphological andmolecular methods revealed conspicuous
differences in the phototrophic community composition in the
three studied localities. Site P had the highest biovolume of
microbial phototrophs and cyanobacterial OTU richness as well
as the highest number of unique OTUs in comparison to the
other sites (Figures 3, 4A; Supplementary Figure 2). Frequent
occurrence of snowfall events and the consequent fast snowmelt
during summer months at high altitude provided the liquid
water favoring the seasonal activity of soil microbial phototrophs
(Janatková et al., 2013; Pushkareva and Elster, 2013). It could
also be explained by the soil organic matter accumulated in the
mucilaginous BSC, which is subjected to little turn-over due to
the limited period of time where metabolic activity is possible
(about 3 months). Thus, the creation of a kind of “cocoon” could
mitigate the harsh conditions of a weathered rocky substrate
on a slope. Though the BSC from glacier foreland Site G was
also dominated by cyanobacteria, a much lower biovolume and
OTU richness were observed, probably, as a consequence of
frequent mechanical disturbances (cryoturbation, water erosion,
etc.) connected with the low availability of mineral nutrients
and organic carbon, which are the key parameters in shaping
BSC communities (Housman et al., 2006; Newsham et al., 2010;
Pietrasiak et al., 2013; Pushkareva et al., 2015).

Samples from Sites P and G were dominated by
cyanobacteria, where filamentous taxa constituted a major
fraction (Figures 3, 4) and, furthermore, sequences affiliated
to Leptolyngbya spp. were prevalent (Table 3). Besides, OTU 1

(100% similar to Phormidium sp. CYN64) was the dominant
cyanobacterial OTU in the Site T and similar sequences were
also found to prevail in the lichenized BSC in the coastal zone
of Petunia Bay in Svalbard (Pushkareva et al., 2015). Indeed,
filamentous cyanobacteria usually dominate polar terrestrial
ecosystem due to their motility and mucilage production
(Kaštovská et al., 2005; Pushkareva et al., 2016; Rippin et al.,
2018). Heterocystous cyanobacteria (Nostocales), which are an
important source of fixed nitrogen in Arctic soils, had a higher
biovolume in Site P than in the other sites. It has been shown that
heterocystous cyanobacteria increase in quantity with elevation,
because their biovolume is independent of the concentration
of organic matter, unlike filamentous cyanobacteria (Řeháková
et al., 2011). Moreover, at the OTU level, the majority of
Nostocales sequences were similar to Calothrix sp. (similarity
94–95%) and sequences affiliated to this genus represented
13% of the reads in Site P. In addition, they were identical to
sequences of the “OTU4” previously found in two BSCs in the
nearby coastal zone of Petunia Bay (Svalbard), one from poorly
developed cyanobacterial crust and one from a mid-developed
with a mixture of lichens and cyanobacteria, showing evidence
of a local distribution of this phylotype (Pushkareva et al.,
2015). This sequence represents a new phylotype that has not
yet been cultivated and thus, its precise identity is still elusive.
Similarly, biovolume of unicellular cyanobacteria was higher
in Site P than in other localities, possibly because they do not
require a stable substrate and high organic matter content
(Kaštovská et al., 2005; Řeháková et al., 2011).

In contrast, the nutrient-rich vegetated soils from Site T had a
lower cyanobacterial biovolume than in Site P as a result of light
deficiency, caused by overshadowing due to the dense presence
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TABLE 4 | Eukaryotic microalgae isolated from the three localities.

Microalgal

isolate

Site Most closely related GenBank isolate

sequence (Accession number, ID %)

Chlorophyte (Green Algae)

Isolate 1 P Chloromonas rosae SAG51.72 (AB624565.1,

99%)

Isolate 2 T Koliella antarctica SAG 2030 (AJ311569.1,

99%)

Isolate 3 T Chlamydomonas sp. ISBAL (JN903985.1,

99%)

Isolate 4 T Pseudomuriella aurantiaca SAG 249-1

(X91268.1, 92%)

Isolate 5 G Chloromonas macrostellata SAG 72.81

(JN903986.1, 98%)

Isolate 6 T Chloromonas rosae SAG51.72 (AB624565.1,

99%)

Isolate 7 P Bracteacoccus occidentalis ACSSI 221

(MG582203.1, 95%)

Isolate 8 P Coccomyxa sp. KGU-D001 (AB742451.1,

99%)

Isolate 9 G Coccomyxa sp. KGU-D001 (AB742451.1,

99%)

Isolate 10 P Mychonastes zofingiensis CCAP 211/14

(GU827478.1, 100%)

Isolate 11 G Coccomyxa subellipsoidea CCAP 812/3

(HG972972.1, 100%)

Isolate 12 T Stichococcus sp. SAG 2482 (KP081395.1,

99%)

Isolate 13 T Coccomyxa subellipsoidea CCAP 812/3

(HG972972.1, 100%)

Isolate 14 T Stichococcus sp. WB47 (KF144240.1, 99%)

Isolate 15 T Stichococcus jenerensis KP09HW3001

(KX094816.1, 99%)

Xanthophyceae (Yellow-Green Algae)

Isolate 16 T Heterococcus chodatii SAG 835-3

(AM490822.1, 100%)

Isolate 17 T Heterococcus chodatii SAG 835-3

(AM490822.1, 99%)

Isolate 18 T Tribonema ulotrichoides SAG 21.94

(AM490817.1, 99%)

Isolate 19 G Heterococcus caespitosus SAG 835-2a

(AM490820.1, 99%)

Isolate 20 G Xanthonema sp. A14 (AM491612.1, 99%)

Isolate 21 G Botrydiopsis constricta (AJ579339.1, 99%)

Isolate 22 T Xanthonema sessile IBSG-V98 (AM490818.1,

99%)

Isolate 23 T Xanthonema sp. A14 (AM491612.1, 99%)

of vascular plants (Kaštovská et al., 2007). The decrease of the
cyanobacterial OTU richness and biovolume in well-developed
soil crusts fully covered by lichens has been shown in Svalbard
(Pushkareva et al., 2015, 2017) and similar competition but with
plants was probably playing a role in the case of the vegetated
soils of Site T. Furthermore, the WPGMA analysis based on
sequencing results showed that the three subsamples from Site
P were well-grouped by their site of origin and thus were quite
homogeneous (Supplementary Figure 3). On the other hand, the
two subsamples from Site T were not grouped, whereas the only

TABLE 5 | Pearson correlation coefficient between the biovolume of microbial

phototrophs and soil physicochemical parameters.

Cyanobacteria Eukaryotic

microalgae

Filamentous Heterocystous Unicellular

pH 0.51*

Conductivity 0.48*

NH4-N 0.50*

NO3-N 0.60**

PO4-P

Organic C 0.56*

Ca −0.62** −0.54* −0.48*

Mg

K −0.68** −0.62** −0.53*

Na 0.58*

**p < 0.01, *p < 0.05.

sample from Site G shared more OTUs with site P than with
site T. It might be due to the unfavorable conditions in both
P and G sites. Moreover, the presence of several plant species
could strongly influence the composition and activity of the
rhizospheremicrobiota (Philippot et al., 2013) and this could lead
to the cyanobacterial community heterogeneities observed within
the vegetated site T.

Eukaryotic microalgae, including Chlorophyte and
Xanthophyceae, prevailed over other microbial phototrophs in
Site T. Besides, the majority of algal cultures, including green
algae Chlorophyceae and Trebouxiophyceae and yellow-green
algae Xanthophyceae, were isolated from this site (Table 4).
These algae are typical habitants of polar vegetated soils and
BSCs (Belnap et al., 2001; Borchhardt et al., 2017). Abundance
of green and yellow-green algae has been shown to decrease in
high altitude where vegetation is sparse or absent (Elster et al.,
1999; Čapková et al., 2016). This effect could explain why their
biovolume in Site P was lower than in Site T. Similarly, the
biovolume of eukaryotic microalgae was the lowest in Site G due
to an unfavorable microclimate, such as the low temperature
and water content in summer, which negatively influence their
growth and development (Elster et al., 1999).

Environmental Parameters and Their Effect
on Community Composition of Microbial
Phototrophs
The impact of microclimate and microenvironment around
individual organisms are very significant, especially in the
high-latitude regions (Elster, 2002). For example, water and
temperature fluctuations are one of the most important
ecological and physiological factors in the polar regions (Elster
and Benson, 2004) affecting the growth of microorganisms
and the biological activity of soils (Colesie et al., 2014). In
the studied sites, the mean soil temperature (ST) in the
period when liquid water was available, fluctuated from 4.1
to 6.7◦C. Colesie et al. (2014) suggested that temperature
alone is not the major controlling environmental factor in
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the Polar Regions. However, temporal changes in temperature
provoke a series of adaptive responses comprising resistance
and tolerance to cold, freezing, drought, desiccation, and salinity
stress (Tashyreva and Elster, 2012).

The highest and most stable soil water content (SWC) was
recorded in the vegetated soil from the Site T during the
thawing period (Figure 2; Supplementary Table 2), and could
correspond to the fact that the suction of water is usually
higher within the root zone of plant cover than that in bare
soil (Leung et al., 2015). On the contrary, the lowest SWC
with the highest seasonal variation was registered in the poorly-
developed BSC in the recently deglaciated areas (Site G). The
variability of soil temperature regime among the three sites
showed a close relation to the water content fluctuation and
saturation level of the soils. While the largest diurnal amplitudes
were found for the driest soil crust from Site G (up to 11◦C),
the vegetated soil at the well-saturated Site T showed a twice
lower temperature amplitude (Figure 2). On the other hand,
the diurnal temperature regime at the site P showed a much
smaller amplitude than lower-lying sites, as a consequence of the
altitude effect on air temperature (Ambrožová and Láska, 2017),
the increased snow cover occurrence and related insulation effect
on the active-layer thermal regime (Westermann et al., 2009;
Hrbáček et al., 2016). In addition, the microbial communities
responded to environmental drivers and changed over the years.
In this study, the total biovolume of microbial phototrophs was
higher in the samples collected in 2011 than in those from 2012.
It could be due to the lower soil temperatures in 2012 and
shorter thawing period (when the ST was above 0◦C), given the
negative impact of low temperatures on growth and development
of soil microorganisms.

Pearson correlation coefficient showed a positive relation
(p < 0.05) between pH and biovolume of filamentous
cyanobacteria (Table 5), which has been already shown in
several studies (e.g., Nayak and Prasanna, 2007; Pushkareva
et al., 2015). Furthermore, there were negative correlations
(p < 0.05) between macroelements, such as Ca and K, and
biovolume of all cyanobacterial types. Perhaps, the binding of Ca
to phosphate could limit P availability, which is important for
many soil ecophysiological processes (e.g., nitrogen fixation) that
require its high amount (Richardson and Simpson, 2011).

CONCLUSION

In this study, we compared the community composition of
microbial phototrophs in the three localities with different
soil chemistry and microclimatic conditions. The BSC located
at higher altitude (442m) hosted more diverse and abundant
cyanobacterial communities while eukaryotic microalgae
prevailed in the vegetated soil with a more stable soil water
content and temperature. Vegetation cover might be the limiting
factor for the community of microbial phototrophs due to
the competition and light shading. On the other hand, poorly
developed BSC in the glacier foreland with low soil water
content and nutrient concentrations harbored less diverse
and abundant communities of microbial phototrophs than in
other studied localities. Furthermore, our findings indicated a

negative relationship between macroelements (Ca and K) and
cyanobacterial biovolume, while a higher pH corresponded
to a higher abundance of the filamentous cyanobacteria.
The succession from phototrophic microbial communities
dominated by cyanobacteria in harsh environmental conditions
to a dominance by microalgae (green and yellow-green algae)
in vegetated soils could also be the future trajectory of these
High Arctic communities if higher temperatures in future are
coupled with sufficient precipitations to keep a stable humidity.
Therefore, our results could contribute to the understanding of
the phototrophic communities in Arctic soil ecosystems and its
relation to environmental factors. In comparison with future
observations in the Open Top Chambers, it could be useful to
predict climate change impact in the Arctic.
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