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The factors affecting prokaryotic and virus structure dynamics and bacterial commu-
nity composition (BCC) in aquatic habitats along a ca. 1500 m of the Brattegg Valley 
lake–stream system (SW Spitsbergen) composed of three postglacial lakes created by 
Brattegg Glacier meltwater were examined. A high number of small-volume prokaryotic 
cells were found in the recently-formed, deep, upper, subglacial lake. Bacterial taxonomic 
diversity assessed by PCR-DGGE indicated that the lakes’ BCC differed; with its rich-
ness decreasing down the system. Fluorescence in situ hybridisation (FISH) revealed a 
BCC increase; mainly in α-Proteobacteria, Cytophaga/Flavobacterium and Actinobacteria. 
We found increasing β-Proteobacteria and Actinobacteria numbers and a decrease in 
α-Proteobacteria down the system. Our results indicate that glacial meltwater sustains an 
active bacterial community which is then stimulated or partly eliminated by the proglacial 
lakes’ higher temperature and nutrient input. We conclude that the prokaryotic succession 
along this lake–stream system occurs through changes in the structure of dominant bacte-
rial communities, their replacement and elimination.

Introduction

Rapid glacier melting during the last decades 
in different areas of the globe have focused 
scientific attention on various aspects of global 
warming and its consequences for the polar 
regions (Jania and Hagen 1996, Oerlemans 1998 
Bernstein et al. 2007, Vincent et al. 2009).

River–lake systems

In favourable topography, accelerated glacier 
runoff results in the formation of new, previously 
nonexistent lakes from which the fluvio-lacus-
trine hydrological systems originate (Milner et 
al. 2008). The glacier-supplied lakes accumu-
late large amounts of water which transports 
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nutrients and microorganisms to newly-formed 
proglacial lakes, affecting the microbial com-
position of those lakes (Mindl et al. 2007). 
The newly-formed habitat colonization can also 
occur by transfer of organisms from other habi-
tats containing developed microbiota. Major 
roles are played by surface runoff (Crump et 
al. 2012), airborne transport (Shinn et al. 2003, 
Harding et al. 2011), animal migrations (Mindl 
et al. 2007, Van Geest et al. 2007) and sea aero-
sols (Bigg and Leck 2001).

The rivers flowing through the lakes form a 
fluvial–lacustrine system with combined lentic 
(lake) and lotic (river) landscape “patches”, 
together with the transitory zones between them. 
This system provides transport and exchange of 
matter and microorganisms. The lakes are spe-
cific places in this system where particle selec-
tion and transported matter sedimentation occur 
(Milner et al. 2008). These enable selection and 
exchange of planktonic organisms with different 
reproduction strategies.

Glaciers as a source of nutrients and 
microorganisms

Currently, glaciers are seen not only as an abi-
otic cryosphere component but also as envi-
ronments (ecosystems) inhabited by microbial 
life (Hodson et al. 2008) harbouring viruses, 
autotrophic and heterotrophic bacteria, protists 
and algae (Skidmore et al. 2000, Christner et 
al. 2003, Foong et al. 2010, Stibal et al. 2012, 
Cameron et al. 2012, Hell et al. 2013, Bellas et 
al. 2013, Mieczan et al 2013). Microorganisms 
in glaciers were found in many habitats: on 
glacial surfaces (Yoshimura et al. 1997, Zeng 
et al. 2013, Mieczan et al. 2013), in ice cores 
(Skidmore et al. 2000, Christner et al. 2003, 
Segawa et al. 2010), glacial streams (Elster et al. 
1997, Battin et al. 2001, Wilhelm et al. 2013), 
drainage systems of glaciers (Řehák et al. 1990), 
subglacial sediments (Foght et al. 2004, Bhatial 
et al. 2006) and glacier beds (Sharp et al. 1999). 
Abundant and active microbial communities are 
found in glacier’s cryoconite holes (Mueller et 
al. 2001, Hodson et al. 2008, Bellas et al. 2013). 
Glaciers are also places of accumulation of 
organic matter and nutrients (Hodson et al. 2004, 

Stibal et al. 2008, Hood et al. 2009). Melting 
glaciers mobilise ice-locked organic matter with 
implications for downstream carbon cycling 
(Singer et al. 2012) and heterotrophic activity 
(Milner et al. 2009). For proglacial microbial 
communities, besides meltwater an additional 
source of nutrients is glacial flour generated by 
glacial erosion (Hodson et al. 2004, 2005). In 
the summer, meltwater with fine-grained parti-
cles generated by glacial erosion and abrasion 
of solid material is introduced to nearby situated 
proglacial lakes (Priscu et al. 2002).

Bacterial community composition shift

One of the basic problems in microbial ecol-
ogy of the polar regions is to understand the 
processes that underpin the composition of com-
munities (Pavoine and Bonsall 2011, Barberán 
et al. 2014). Most studies of bacterial commu-
nity composition have focused only on single 
environment types, such as lakes or streams. 
Comparisons across environments are less 
common (Dolan 2005, Crump et al. 2007) and 
interactions among organisms populating these 
environments are rarely investigated (Crump et 
al. 2004, Adams et al. 2014). The data cur-
rently available suggest that bacterial commu-
nity composition in freshwater is controlled by 
dispersal (biogeography) or environmental fac-
tors (habitat quality), or both, and that these 
controls operate across a spatial range from 
local to regional. Variations in bacterioplankton 
community composition, assessed by PCR-based 
community fingerprinting techniques, often cor-
relate with physical, chemical and biological 
factors (Muylaert et al. 2002, Yannarell and 
Triplett 2004). Bacteria were identified as mem-
bers of globally-distributed freshwater phyloge-
netic clusters within the α- and β-Proteobacteria, 
the Cyto phaga–Flavobacteria–Bacteroides group 
and the Actinobacteria (Crump et al. 2003). 
Data on microbial succession in arctic fluvial-
lacustrine systems are rare (Mindl et al. 2007, 
Milner et al. 2009). The studies are mainly 
focused on the changes in bacterial community 
composition on a geographical scale (e.g. Crump 
et al. 2007). While glaciers in recent years have 
become increasingly recognized as a habitat for 
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diverse and active microbial communities, the 
microbial ecology of supraglacial lakes, against 
the background of the observed climate changes, 
remain poorly understood. It is particularly inter-
esting that deep mountain lakes are emerging at 
the foot of glaciers, and these rapidly-formed 
hydrologically-connected systems now provide 
a unique opportunity to study initial formation, 
colonization and development of microbial suc-
cession in a fluvio-lacustrine system along the 
chronosequences.

Arctic Brattegg Valley lake–stream 
system

The Brattegg Valley lake–stream system is an 
example of a multi-related system, with vari-
able hydrology, trophy and lake systems. The 
aim of this study was to assess the spatial shifts 
in prokaryotes abundance and diversity along a 
longitudinal transect down from the three progla-
cial lakes. We also evaluated the effects of bacte-
rial growth limiting factors, such as temperature 
and nutrient content along the valley transect. 
Our particular interest was centred on assessing 
the changes in the prokaryotic plankton of this 
ecologically diverse ecosystem and on the con-
tinuum of the supraglacial meltwater stream and 
pelagic communities in adjacent lakes along this 
transect.

We hypothesized that in a connected series 
of lakes, the lake communities changed with dis-
tance from the upstream lake and with changes in 
environmental conditions, considerably affecting 
the structure of the lakes’ microbiocenosis and 
their species richness.

Material and methods

Study area

The Brattegg river valley is located in Wedel 
Jarlsberg Land, near the SW coast of Spitsbergen. 
In summer, the valley is usually devoid of snow 
cover. Permanent snow cover is generally 
formed in the second half of September and lasts 
until the first decade of June (Przybylak and 
Araźny 2006). The area comprises a part of the 

coast belonging to the catchment of the Brattegg 
river. This catchment, with an area of 8.2 km2, 
represents a typical partly-glaciered arctic lake-
river system composed of three lakes (upper, 
middle and Lake Myrktjørna located below the 
first two) of different sizes (9.1, 1.3 and 13.6 ha, 
respectively) and depths (max. 40.3, 6.7 and 
6.9 m, respectively), connected by the Brattegg 
river (Fig. 1). Only a small part of the catchment 
(0.37 km2), is permanently ice-covered. Three 
of the lakes differ, not only in the morphometric 
parameters, but also in the time of formation. The 
Brattegg river originates in the upper (young, 
deep and cold) cirque lake recharged from gla-
cial ablation which is situated at an altitude of 
~234 m a.s.l. Farther down, having crossed the 
frontal moraine, it falls into the middle small 
lake situated at 139 m a.s.l. and then flows over 
dertitial massif rocks to the large (and oldest) 
Lake Myrktjørna (72 m a.s.l.). The first bathy-
metric measurements of these lakes were made 
in 2011 by D. Górniak and H. Marszałek. From 
Lake Myrktjørna, the river flows through the belt 
of the older moraine at 95 m a.s.l. into the valley 
to join the outflow from the Werenskiold glacier 
and flows into Nottingham Bay of the Greenland 
Sea. The length of the river, including the lakes, 
is only 4.05 km. The orographic borders of 
the catchment area are formed by the summits 
of Angellfjellet (590.6 m), Brattegg (645.0 m), 
Jahnfjellet (643.0 m) and Gullichsenfjellet 
(583.0 m). The slope of the river is substantial, 
with an average of 6% (Marszałek and Wąsik 
2013). Basic lake environmental parameters are 
given in Table 1.

Sample collection

Water samples were collected at 9 stations along 
the Brattegg Valley lake–stream system during 
the summers of 2010 and 2011 (in the first half of 
August) (Fig. 1). Each year, samples were taken 
twice at an interval of three weeks. Since the 
obtained values of microbiological parameters 
in both seasons were similar, average values are 
presented here. Samples from lake inlets and out-
lets were taken from a depth of ≤ 0.25–0.5 m and 
approximately 1.5 m from the shores. Samples 
of surface water (≤ 0.5 m) from above the deep-
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est points of the lakes were collected with a 5-l 
Niskin bottle cast from a small pontoon. All 
samples were transferred to sterile acid-washed 
polyethylene 2-l containers previously rinsed 
with distilled water, and immediately transported 
to the nearby field laboratory at the Wrocław 
University “Baranowski” summer research sta-
tion. The samples were processed within two 
hours after return to the field laboratory. Filtration 
for microscopic examination, as well as chloro-
phyll a, dissolved organic carbon (DOC) con-
centration and total suspended solids (TSS) were 
all analysed in the field laboratory and cells for 
molecular examination were deposited on poly-
carbonate membranes by vacuum filtration.

Environmental conditions

The surface water temperature, conductivity, dis-
solved oxygen (DO) and pH were measured in 
situ at the sampling sites using the WTW GmbH 
(Germany) equipment. Chlorophyll a (Chl a), 
dissolved organic carbon (DOC), total nitrogen 
(Ntot), N-NH4, N-NO3, P-PO4, and total suspended 
solids (TSS) contents were determined. Alkalinity 
was measured in the laboratory by colorimetric 
titration with HCl. The chemical composition of 

water, including major ions and trace elements, 
was determined using an atomic adsorption 
spectrometry (AAS) method with graphite tray 
(Perkin-Elmer GmbH, Germany) in triplicates.

Chlorophyll a concentration

Samples for chlorophyll-a estimation (500 ml) 
were filtered onto Whatman GF/F filters ( 25 
mm) and stored frozen at –20 °C. Chlorophyll a 
(corrected for phaeo-pigments) was then 
extracted with 96% ethanol and measured by 
the Shimadzu UV/VIS 1200 spectrophotometer 
according to Nusch (1980) using an excitation 
wavelength of 435 nm and an emission wave-
length of 675 nm. Standards (Spinach; C-5753) 
were obtained from Sigma (Germany).

Dissolved organic carbon (DOC) 
concentration

Forceps and plastics were soaked in 10% Decon 
90 (Decon Laboratories) detergent for > 2 days 
and thoroughly rinsed in Milli-Q water. Sam-
ples were vacuum-filtered through a  25 mm, 
0.2 µm pore-size polycarbonate membrane and 

Lake Myrktjørna (3)
Middle lake (2)

Upper lake (1) 

Brattegg glacier (4)

100 m 

50 m 

100 m 

1 km 

(3) 

(2) 

(1) 

(4) 

Svalbard 

Brattegg Valley  

Fig. 1. Brattegg Valley 
lake–stream system and 
locations of sampling sites 
(gray dots).
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the filtrate was collected directly into Falcon 
tubes and frozen at –20 °C for measurement. 
Analyses were performed with a Shimadzu TOC 
5000 total organic carbon analyser calibrated 
with a prepared potassium hydrogen phthalate 
solution (0 to 5.0 mg C l–1) in Milli-Q water, each 
of calibrating solution was acidified and sparged. 
A coefficient of variance < 2% of the concentra-
tion was obtained in 3 to 5 replicate analyses of 
each sample (Dunalska 2009). Samples for DOC 
(non-purgeable organic carbon, NPOC) deter-
mination were HCl acidified at pH 2 and blown 
with oxygen for 10 min to purge CO2. The DOC 
and CO2 concentrations were determined with a 
detection limit and accuracy of 650 mg C l–1 and 
coefficient of variation ≤ 1%.

Total suspended solids

Total suspended solid (TSS) concentration 
was measured by gravimetric analysis accord-
ing to Strickland and Parsons (1972). Known 
volumes of water were filtered through pre-
weighed Whatman GF/C glass fibre filters in the 
laboratory and the filters were then dried and 
re-weighed using standard laboratory practices. 
The suspended load concentration was then cal-
culated from weight differences.

Total cell number (TCN), average cell 
volume (ACV), prokaryotic biomass (PB) 
and cell morphotype diversity

Total cell numbers (TCNs) were calculated using 
the direct epifluorescent filter technique (DEFT). 
Sub-samples (2 ml) were fixed with buffered 
formalin to a final concentration of 2%. TCNs 
were determined by epifluorescence microscopy 
using 4´,6-diamidino-2-phenylindole (DAPI) on 
black Nuclepore polycarbonate 0.2-µm pore-size 
membrane filters (Porter and Feig 1980), under 
an Olympus BX41 microscope with a 100 W 
Hg lamp and 100/1.30 CFI 60 oil immersion 
objective, with a digital DS-Fi 1C camera and 
a filter block of wavelengths EX 360–380, DM 
400, BA 420. Between 300 and 400 DAPI-
stained cells in at least 20 digital images of 
each filter were counted and measured. The 

field images were analysed with Nikon NIS-
Elements F 3.0 and MultiScan ver. 14.02 (com-
puter scanning systems). Prokaryote number, 
cell volume and total bacterial biomass were 
evaluated through image analysis (Sieracki et al. 
1985, Świątecki 1997). The biomass was calcu-
lated by converting DAPI-stained cell volume to 
carbon units using the biomass conversion factor 
170 fg C µm3 (Norland 1993). To determine the 
cell morphotype diversity, frequencies of bacte-
rial morphological forms (cocci, rods and cylin-
drical curved) in the water samples were evalu-
ated (Nübel et al. 1999). Counts of the three 
independently-prepared replicate samples were 
averaged for the representative concentrations.

Photosynthetic picoplankton (FPP) 
enumeration

Buffered formalin-fixed samples without stain-
ing, were pelleted by low pressure (5–10 kPa) 
vacuum filtration on a Nucleopore filter mem-
brane with a porosity of 0.2 µm. The subsample 
volume was 5 ml. After filtration, the membrane 
was dried in the dark and mounted on slides 
using Citifluor (Agar scientific, UK) and was 
then frozen at –20 °C until microscopic analysis. 
Photosynthetic cells were counted using fluo-
rescence microscopy with blue EX 450–490 nm 
and 510–560 nm green light (Putland and Rivkin 
1999). Microscopic analysis was performed 
according to the methodology described above.

Virus-lake particles numbers (VLP)

Half millilitre subsamples were preserved in buff-
ered formalin (final concentration 2%) and stained 
with SYBR Gold (Invitrogen, Life Technologies, 
UK) for 15 min in the dark at room tempera-
ture. We used a concentrated 2.5 ¥ 10–3 ml–1 
(1:2500) commercial stock solution in DMSO 
diluted in MQ water deprived of viruses by fil-
tration (Chen et al. 2001). Samples were filtered 
through 0.02 µm pore-size membranes Anodisc 
(Whatman), air dried in room temperature in the 
dark, and mounted on glass slides. Green fluores-
cent particles in 20 randomly-selected fields were 
counted (max. 20 000 per sample).

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


BOREAL ENV. RES. Vol. 21 • Bacterial community succession in an Arctic lake–stream system 121

Fluorescence in situ hybridisation (FISH)

Water samples were fixed for a maximum of 
24 hours at 4 °C in a final concentration of 
4% paraformaldehyde, and for Actinobacteria 
in 1:1 EtOH/PFA. Resultant 20 ml subsamples 
were then vacuum-filtered onto 0.2-µm pore-
size ( 47 mm) white polycarbonate membrane 
filters (Millipore GTTP) mounted in a bottle-
top filter holder (Nalgene), rinsed with particle-
free sterile MiliQ water, air-dried and frozen at 
–20 °C for analysis (Pernthaler et al. 2001).

The Bacteria and Archaea target oligonucleo-
tide probes used in this study (see Table 2) were 
commercially-labelled with fluoresceinisothiocy-
anate at the 5´ end (Oligo, Poland). The filters, 
with deposited cells, were cut into sections and 
one section of each filter was tested in parallel 
with the NON 338-Cy3 (a probe complemen-
tary to EUB 338 probe) to control non-specific 
binding (Wallner et al. 1993). The hybridization 
buffer contained 0.9 M NaCl, 20 mM Tris/HCl, 
pH 7.3 and 0.01% SDS (Pernthaler et al. 2001). 
The concentration of formamide in the hybridiza-
tion buffer varied from 0%–35% (v/v), depend-
ing on the oligonucleotide probe used (Table 2). 
For each sample, 20 µl of hybridization buffer 
was mixed with 5 pmol of the oligonucleotide 

probe and applied to the filter sections. Samples 
were hybridized during 3.5 h in a dark humid 
chamber at 46 °C and sections were then rinsed 
for a few seconds with sterile MilliQ water, air-
dried in the dark and mounted on glass slides 
with 4:1 Citifluor:Vecta Shield (Citifluor UK, 
Vector Laboratories, Inc., CA, USA) containing 
1 µg ml–1 DAPI. An epifluorescence microscope 
was used to study the bacteria in hybridized 
sections processed for FISH. Total cell numbers 
were calculated by DEFT after DAPI staining, 
following the FISH procedure, and the results 
for each probe were averaged for each station. 
The FISH counts were compared with previous 
counts of DAPI-stained cells and calculated as 
percentages of the total cell number (TCN).

Extraction of total DNA and PCR 
amplification of the partial 16S rRNA 
gene

The 500 ml water samples were vacuum-filtered 
through a 0.2-µm pore-size ( 47 mm) white 
polycarbonate membrane filter (Millipore GTTP) 
mounted on a sterile bottle top filter holder 
(Nalgene). Membranes were stored at –20 °C 
until analysed. Total DNA was extracted using an 

Table 2. FISH (fluorescence in situ hybridization) oligonucleotide probes used in this study.

Probe Sequence (5´–3´) Specificity rRNA target FAa References
   site (E. coli (%)
   numbering)

EUB338 I–III GCTGCCTCCCGTAGGAGT Bacteria 16S 35 Daims et al. 1999
   (338–355)
ARCH915 GTGCTCCCCCGCCAATTCCT Archaea 16S 0 Stahl and Amann 1991
   (915–934)
ALF968 GGTAAGGTTCTGCGCGTT α-Proteobacteria 16S 35 Neef 1997
   (968–985)
BET42a GCCTTCCCACTTCGTTT β-Proteobacteria 23S 35 Manz et al. 1992
 GCCTTCCCACATCGTTTb  (1027–1043)
GAM42a GCCTTCCCACATCGTTT γ-Proteobacteria 23S 35 Manz et al. 1992
 GCCTTCCCACTTCGTTTb  (1027–1043)
HGC69a TATAGTTACCACCGCCGT Actinobacteria 23S 20 Roller et al. 1994
   (1901–1981)
CF319a TGGTCCGTGTCTCAGTAC Cytophaga– 16S 35 Manz et al. 1996
  Flavobacterium (319–336)
NON338 ACTCCTACGGGAGGCAGC Non nspecific 16S 35 Wallner et al. 1993
   (338–355)

a Formamide concentration in the hybridization buffer. b Unlabeled competitor.
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UltraClean™ Water DNA Isolation Kit (MoBio, 
Carlsbad, CA) in accordance with the manufac-
turer’s protocol. DNA quality and yield were 
measured with a NanoVueTM spectrophotometer 
(GE Healthcare Life Science, Germany). The 
extracted DNA was stored at –20 °C until further 
use. DNA quality and quantity were checked by 
electrophoresis in 1% (w/v) horizontal agarose 
gel run in 1% TBE (tris-borate-ethylenediami-
nete-triacetate, pH 8.3) buffer and stained with 
0.5 µg ml–1 ethidium bromide. A 1 kb ladder was 
used as a reference for molecular size marker.

Denaturing gradient gel-electrophoresis 
(DGGE)

To confirm bacterial taxonomic diversity in 
the three lakes, a DGGE analysis of samples 
was performed. Dominant bacterial phylotypes 
were distinguished by DGGE analysis, and 
electrophoresis was performed with a D-Code 
Universal Mutation Detection System (BioRad 
Laboratories, USA). Each PCR reaction con-
tained 35.2 µl of PCR-grade water, 5 µl of 
10¥ buffer (Sigma Aldrich Co.), 6.0 µl of 25 
mM MgCl2 (Sigma Aldrich Co.), 1.2 µl of 20 
mg ml–1 BSA (Sigma Aldrich Co.), 0.4 µl of 25 
mM dNTP (Sigma Aldrich Co.), 0.5 µl of 20 
µM in each primer, 0.2 µl of 5 U µl–1 Taq DNA 
polymerase (Sigma Aldrich Co.) and 1.0 µl of 
DNA template (approximately 1–2 ng µl–1), with 
a total volume of 50 µl. The primers used were 
341f with GC clamp (5´-GC-CC TAC GGG 
AGG CAG CAG-3´) complementary to posi-
tion 341 to 357 and 907r (CCG TCA ATT CMT 
TTG AGT TT) complementary to positions 926 
to 907 (Escherichia coli numbering) (Muyzer 
et al. 1993, 1998). The samples were loaded in 
6% acrylamide gels with a denaturing gradient 
of 35%–70% (where 100% denaturant is 7 M 
urea and 40% formamide). The gels were run 
at 60 V for 17 h at 60 °C. The electrophoretic 
products were stained by gently agitating the 
gel for 30 min in 100 ml of 1¥ TAE containing 
5 µl 1:10 000 dilution of SYBR Gold nucleic 
acid stain (Invitrogen, Life Technologies, UK) 
in DMSO and then rinsed with Milli-Q water for 
30 min. DGGE banding patterns were visualized 
with UV trans-illumination and photographed 

using the Gel Doc 2000 gel documentation 
system (BioRad Laboratories, USA). Gel bands 
were identified using a GelCompar software to 
create the presence–absence matrix as described 
by Crump and Hobbie (2005). Each band rep-
resents a bacterial Operational Taxonomic Unit 
(OTU). To analyse bacterial phylotypes, the 
presence or absence of band in each line of a 
DGGE gel was converted into binary matrix 
for statistical analysis, and a distance matrix of 
anti-similarity was calculated from this binary 
matrix.

Statistical analyses

Direct cell counts and measurement results are 
reported as means and standard deviations of all 
replicates.

To analyse cell morphotype diversity describ-
ing the frequency of morphological forms in 
each size class, based on cell shapes (cocci, 
rods, curved forms) in five classes of volumes 
(< 0.05, 0.05–0.1, 0.1–0.5, 0.5–1.0, > 1.0 µm3), 
a modified Shannon-Wiener index was used 
(Gurienowich 1995, Nübel et al. 1999). A modi-
fied Shannon-Wiener index was calculated for 
cell morphotypes determined by fluorescent 
microscopy. Spearman’s rank correlation was 
used to evaluate interdependences between stud-
ied microbial traits and environmental factors. A 
multiple stepwise regression analysis was con-
ducted for five main microbiological param-
eters (dependent variables): total cell number 
(TCN), prokaryote biomass (PB), average cell 
volume (ACV) and morphotype diversity (rods 
and curved cell percentages of TCN). The 
analysis identified the explaining variable for a 
model whose correlation with the explained vari-
able was the strongest and determined a model 
with significant parameters. Subsequent steps 
involved the selection of successive explain-
ing variables whose values were most strongly 
correlated with the rest from these steps. The 
extended model was characterised by the sig-
nificance of all parameters. The use of a regres-
sion model allowed for a function to be created 
which described how the expected value of an 
explained variable depended on the explaining 
variables.
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Canonical correspondence analysis (CCA) 
was conducted to determine species–environ-
ment relationships. In the analysis, microbiologi-
cal data (presence or absence of a band in each 
line of a DGGE gel) for each sample were ana-
lyzed in relation to all environmental parameters 
measured. The similarity between the DGGE 
band patterns was assessed by the Dice coef-
ficient, and clustering analysis was performed 
using the unweighted pair-group method and 
arithmetic averages (UPGMA) for dendrogram 
construction. Species richness was determined 
by the number of bands resolved by PCR-DGGE 
in one sample line.

All data were analysed statistically using 
Statistica version 10 (StatSoft Inc.) and Canoco 
ver. 4.5 for Windows (ter Braak and Šmilauer 
2002) for the correspondence analysis.

Results

Physico-chemical properties

Several environmental parameters in the Brat-
tegg lake–stream system varied considerably 
(Table 1). The water temperature measured in 
the upper lake’s initial and greatest subglacial 
inflow differed from that in the outflow from 
Lake Myrktjørna by more than 6 °C. In addition 
to temperature, the amount of total suspended 
solids (TSS) (8 and 190 mg l–1, respectively) 
and oxygenation (18.2% and 40%, respectively) 
of the system’s surface water also differed. pH 
of all surface-water samples was neutral, only 
glacier meltwater had a slightly lower pH. The 
water had low conductivity (22.9–34.7 μS cm–1), 
with the maximum recorded in Lake Myrk-
tjørna. TSS was the highest (99.7 mg l–1) in the 
water flowing into the upper lake. Because of 
its location and great depth, the upper lake traps 
glacial sediments, which results in low mean 
TSS (8 mg l–1) of the two lakes downstream. 
Although the studied lakes were poor in nutri-
ents, the upper lake’s surface water was richer 
in phosphates (0.06 mg l–1) than the surface 
water of Lake Myrktjørna’s (0.04 mg l–1), with 
the minimum found in the middle lake (0.02 
mg l–1). Lake Myrktjørna had the highest DOC 
(max. 0.780 mg l–1) and chlorophyll-a concen-

trations (max. 0.8 µg l–1). This lake also had the 
highest surface-water N-NO3 concentration (0.07 
mg l–1). Intermediate values of DOC, P-PO4, 
N-NH4 and N-NO3 were found in the upper 
lake, and the lowest in the middle lake. Both the 
upper- and middle-lake chlorophyll-a concentra-
tions were extremely low (0.1 µg l–1), eight times 
lower than those in Lake Myrktjørna (0.780 
µg l–1) (Tables 2 and 3). Canonical correspond-
ence analysis indicated that in the upper lake the 
strongest environmental factor was TSS, but in 
the middle lake N-NO3 content. The lowest lake 
was under the influence of pH, P-PO4 and the 
content of chlorophyll a (Fig. 2).

Microbial abundance, biomass, 
biovolume, morphotype diversity virus-
like particle numbers.

Prokaryotic cell abundance was the highest in 
Lake Myrktjørna, intermediate in the upper lake 
and the smallest in the middle lake (Tables 1 and 
3). The surface prokaryotic total cell number 
(TCN) means (± SD) were; 0.97 (± 0.26) ¥ 106 
cells ml–1 in the upper lake, 0.50 (± 0.23) ¥ 106 
cells ml–1 in the middle and 1.05 (± 0.41) ¥ 106 
cells ml–1 in Lake Myrktjørna. The prokaryotic 
biomass means (± SD) were: 16.39 (± 6.62) µg 
C l–1 in the upper lake, 13.78 (± 0.5) µg C l–1 in 
the middle and 30.28 (± 1.38) µg C l–1 in Lake 
Myrktjørna. The highest prokaryotic biomass 
recorded was 30.59 (± 1.45) µg C l–1 in the Lake 
Myrktjørna outflow. The prokaryotic average 
cell volume (ACV) was the lowest in the cold 
upper lake (0.05 ± 0.01 µm3), and the highest in 
Lake Myrktjørna (0.1 ± 0.02 µm3). Hence, cell 
biovolume increased two-fold down the lake–
stream system.

Prokaryotic cell morphotype diversity (per-
centage of forms in TCN) changed down the 
water system, with rods dominating in the upper 
lake 88.6% (± 1.32%) decreasing downstream to 
71.6% (± 2.38%) in the Lake Myrktjørna outlet. 
Surface-water curved cells increased from 2.4% 
in the upper lake to 15.7% in Lake Myrktjørna 
(Table 1). The FPP numbers in upper and middle 
lakes were similar [0.62 (± 0.07) ¥ 104 ml–1 and 
0.65 (± 0.03) ¥ 104 ml–1, respectively], in the 
upper lake they varied in a wider range, and in 
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Lake Myrktjørna they were the lowest [0.52 
(± 0.05) ¥ 104 ml–1].

The VLP number was intermediate in 
the upper lake [1.71 (± 0.25) ¥ 106 ml–1] and 
the lowest [0.62 (± 0.11) ¥ 106 ml–1] in the 
middle lake. VLP reached its maximum in Lake 
Myrktjørna [2.59 (± 0.89) ¥ 106 ml–1], i.e. it 
was more than four times the greater than in 
the middle lake. The VLP/TCN ratio was the 
highest in Lake Myrktjørna (2.5) and 1.2 in the 
middle lake. The chlorophyll-a/pheophytin ratio 
varied from 72 in the upper lake to 8.5 in Lake 
Myrktjørna (Tables 1 and 3).

Dependencies

Modified Shannon-Wiener’s index calculated for 
cell morphotypes ranged from 0.69 in the middle 
lake to 0.93 in Lake Myrktjørna and was cor-
related Spearman’s with TCN, ACV and the 
curved cell presence (r = 0.71, r = 0.68 and r = 
0.76, respectively). Strong positive Spearman’s 
correlations between TCN (r = 0.90), biomass 
(r = 0.73) and viral abundance were found, the 
number of viruses was also positively correlated 
with DOC (r = 0.83) and Chl a (r = 0.77) con-
centrations (p < 0.05, n = 36).

Table 3. Structure of prokaryoticcells, viruses and lim-
nological properties of the three study lakes; surface 
water in summer 2011. TCN = total cell number; PB = 
prokaryote biomass; ACV = average cell volume; FPP = 
photosynthetic picoplankton; VLP = virus-lake particles, 
DOC = dissolved organic carbon; Ntot = total nitrogen; 
Chl a = chlorophyll a; Cocci, curved, rods = cell mor-
photypes; Pheo = Pheophytin.

Variable Upper Middle Lake
 lake lake Myrktjørna

TCN (¥ 106 cells ml–1) 0.84* 0.92 1.19
PB (µg C l–1) 17.11 25.73 31.59
ACV (µm3) 0.06 0.10 0.11
Rods (% in TCN) 84.85 76.40 64.94
Cocci (% in TCN) 13.31 13.48 18.18
Curved (% in TCN) 1.84 10.11 16.88
FPP (¥ 105 cells ml–1) 0.62 0.65 0.52
VLP (106 ml–1) 1.22 1.12 2.68
VLP/TCN ratio 1.94 1.05 2.32
Chl a (µg l–1) 0.1 0.1 0.8
Pheo/Chl a ratio 72 25 7.5
DOC (mg l–1) 0.468 0.403 0.671
Ntot (mg l–1) 0.6 0.7 0.175
P-PO4 (mg l–1) 0.06 0.02 0.04
N-NH4 (mg l–1) 0.04 0.02 0.04
N-NO3 (mg l–1) 0.06 0.02 0.07
pH 6.9 7.0 7.2

* Mean values.

–1.5 1.50

0

–1.5

1.0

TCN

PB
ACV

Rods

Cocci

Curved

VLP

Upper lake

Middle lake

Lower lake

Temperature
Conductivity

DO

DOSat
pH

FPP

TSS

Pheo

Chl a

Chltot

Ntot
P-PO4

N-NH4

N-NO3

DOC

Fig. 2. Triplots (CCA) 
along the two main axes 
of variation for the prokary-
otic structure parameters 
(triangles), significant envi-
ronmental variables (p < 
0.05) and sampled lakes 
(squares). TCN = total cell 
number; PB = prokaryote 
biomass; cocci, curved, 
rods are cell morpho-
types; VLP = viruse lake 
particles; DOC = dissolved 
organic carbon; DO = dis-
solved oxygen, DOsat = 
dissolved oxygen satura-
tion; Chl a = Chlorophyll 
a; Chltot = total chlorophyll, 
Pheo = pheophytin; FPP 
= photosynthetic pico-
plankton; TSS = total sus-
pended solids; Ntot = total 
nitrogen.
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Spearman’s rank correlation revealed depend-
ences between prokaryotic abundance (TCN) and 
lake area, dissolved organic carbon (DOC), chlo-
rophyll a and P-PO4 concentrations, as well as 
number of phages (VLP). Positive correlations 
between prokaryotic biomass (PB) and lake area, 
dissolved oxygen saturation (DOsat), DOC, Chl 
a, and VLP number were also found. Correlations 
also existed between prokaryotic cell biovolume 
(ACV) and temperature, conductivity, dissolved 
oxygen (DO), and chlorophyll a concentration. 
Percentage of curved cells in TCN correlated 
with temperature, conductivity, DO, DOsat, and 
Chl a concentration. Negative correlations were 
found between TCN and N-NO3, PB and N-NO3, 
ACV and the elevation of the lakes a.s.l. and total 
suspended solids (TSS), percentage of curved 
cells in TCN and the elevation of the lakes a.s.l. 
and TSS (Table 4).

CCA (Fig. 2) revealed the strong influence 
of almost all environmental factors on microbio-
cenoses in Lake Myrktjørna.

Multiple stepwise regression analysis 
revealed factors affecting the main microbiologi-
cal parameters. The TCN was mainly affected by 
the DOC and the BB by DOsat, Chl a and DOC. 
Cells biovolume was determined by temperature, 
Chl a and TSS. The percentage of curved cells in 
TCN affect mainly temperature and the content 
of TN (Table 5).

Bacterial community composition

The DGGE banding pattern revealed 28 domi-
nant operational taxonomic units (OTUs) in the 
Brattegg Valley lake–stream system. The OTU 
numbers were 18 in the upper and middle lakes 
and 14 in Lake Myrktjørna. The meltwater flow-
ing into the upper lake contained 8 dominant 
OTUs, and there were the following fluctuations: 
19 in the upper lake outflow and 20 in the middle 
lake inflow, 17 in the middle lake outflow and 19 
in the Lake Myrktjørna inflow and 12 in the Lake 
Myrktjørna outflow. Our results showed a general 
decrease in dominant bacterial OTUs down the 
Brattegg Valley lake–stream system. In addi-
tion, OTU UPGMA cluster analysis revealed that 
dominant bacteria populations were quite similar 
in the upper and middle lakes, and rather different 

in Lake Myrktjørna (Fig. 3). Nine joint OTUs 
were present in all three lakes, with six being 
common for the upper and middle lakes, and 
only one common for the middle lake and Lake 
Myrktjørna. There were no joint OTUs for the 
upper lake and Lake Myrktjørna. We also found 
three unique OTUs in the upper lake, two in the 
middle and four in Lake Myrktjørna (Fig. 4).

CCA revealed the effects of environmental 
factors on dominant bacterial OTUs. While in 
the upper and middle lake communities were 
affected by TSS and Ntot, in Lake Myrktjørna 
they were affected by Chl a, conductivity and 
DO (Fig. 5).

FISH

The taxonomic structure of prokaryotic micro-
organisms along the system was quite diverse. 
Bacteria were the dominant group, with a maxi-
mum of 90.4% of the total prokaryotes in the 
middle lake and a minimum of 73.6% in the 
upper lake. Archaea averaged 4.3% in the middle 
lake and 7.9% in Lake Myrktjørna (Table 6). 
The dominant group of bacterioplankton were 

Table 4. Spearman’s rank correlations between total 
cell number (TCN), prokaryotes biomass (PB), average 
cell volume (ACV), percentage of curved cells in TCN 
and the environmental variables: dissolved oxygen 
(DO), dissolved oxygen saturation (DOSat), total sus-
pended solids (TSS), dissolved organic carbon (DOC), 
Chlorophyll a (Chl a), and virus-like particles (VLP). 
Significant results at the p < 0.05 are indicated with an 
asterisk (*), n = 36.

Variable TCN PB ACV Percentage
    of curved

Altitude –0.22 –0.17 –0.63* –0.83*
Area 0.66* 0.72* 0.11 0.26
Temperature 0.16 0.19 0.77* 0.83*
Conductivity 0.18 0.19 0.60* 0.85*
DO 0.17 0.24 0.57* 0.76*
DOsat 0.32 0.47* 0.44 0.64*
TSS –0.10 0.10 –0.76* –0.83*
DOC 0.89* 0.81* 0.51 0.42
Chl a 0.78* 0.79* 0.83* 0.77*
P-PO4 0.77* 0.69 0.03 0.13
N-NO3 –0.97* –0.92* –0.25 –0.50
VLP 0.90* 0.73* 0.41 0.41
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β-Proteobacteria (31.9% in Lake Myrktjørna), 
although the Actinobacteria cluster made up a con-
siderable portion of procaryotes. γ-Proteobacteria 
were very few (3.6%–3.8%) and none were 
found in the upper lake. α-Proteobacteria ranged 
between 19.5% in the upper lake and 11.1% 
in Lake Myrktjørna. While γ-Proteobacteria 
were not widely present, α-Proteobacteria, 
β-Proteobacteria and Acti nobacteria were charac-
teristic for the Brattegg Valley water system. The 
abundances of Actinobacteria and Cytophaga–

Flavo bac ter ium increased down the system while 
α-Proteobacteria numbers decreased.

Discussion

Environmental conditions

The upper lake in the Brattegg Valley lake–
stream system, receiving water directly from 
the Brattegg Glacier head, was a trap for glacial 
sediments due to its location and considerable 
depth, which significantly reduced deposition of 
solids in the reservoirs below. This large, deep, 
cold lake was relatively rich in nutrients and 
microorganisms. As described by Hodson et al. 
(2004), glacial sediments could support bacte-
rial growth due to the high phosphorus content 
of up to 1 mg g–1. Nevertheless, bioavailability 
of this phosphorus is highly correlated with 
rates of sediment delivery, which is composed 
of unweathered primary mineral phases (mainly 
apatite) (Hodson et al. 2004).

Microbial activity in polar freshwater ecosys-
tems is limited mainly by low temperatures and 
availability of organic and inorganic nutrients 
(Pomeroy and Wiebe 2001, Adams et al. 2010). 
Although a temperature increase from the start 
to the end of this system was recorded, the water 
temperature in the lowest lake did not exceed 
10 °C. As observed in other arctic lakes, prokar-
yote metabolic activity was limited by tempera-
ture (Adams et al. 2010). The water temperature 
increase causes more intensive growth of phy-

Table 5. Factors determined by the multiple regression that best explain variability in the five main microbiological 
parameters (dependent variables): total cell number (TCN), prokaryotes biomass (PB), average cell volume (ACV) 
and morphotype diversity (percentages of rods and curved cells in TCN), in the Brattegg Valley lake–stream system 
(n = 36). DOC = dissolved organic carbon, DOsat = dissolved oxygen saturation, Chl a = chlorophyll a, TSS = total 
suspended solids, Temp. = temperature, Ntot = total nitrogen.

Parameters Factors r 2 p
 
 DOsat Temp. Chl a DOC TSS N-NO3 Altitude Ntot
       (m a.s.l.)

TCN    81%     r 2 = 0.97 < 0.003
PB 72%  14% 11%     r 2 = 0.53 < 0.04
ACV  41% 23.7%  9%  5%  r 2 = 0.91 < 0.02
Percentage of rods  41%    7.6%   r 2 = 0.41 < 0.05
Percentage of curved  87%      8% r 2 = 0.87 < 0.002

100 80 60 40 20 0
Similarity (%)

Myrktjørna outlet

Myrktjørna surface

Myrktjørna inlet

Middle outlet

Middle lake surface

Middle lake inlet

Upper lake outlet

Upper lake surface

Meltwater inlet

Fig. 3. Results of the cluster analysis based on DGGE 
band position for the stations located along the transect. 
Banding patterns were subjected to GELCOMPAR clus-
ter analysis (UPGMA; Dice correlation coefficient).
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toplankton and, thus, more dissolved oxygen in 
the water. Anoxia is a common feature in these 
turbid environments, both under the ice in winter 
and in the hypolimnia in summer. All three lakes 
usually remain ice-covered for approximately 
six and a half months. Numerous studies have 
elucidated the strong relationship between bac-
terial-specific growth rate and temperature (Ram 
et al. 2005, Vrede 2005). Shiah and Duclow 
(1994) reported that temperature limitation is 
more important than substrate limitation for spe-
cific estuarine bacterial growth rates in cold 
seasons. It is possible that the relatively high 
abundance of prokaryotes in the upper lake was 
caused by the glacier supplying both nutrients 
and prokaryotic cells (Stibal et al. 2012, Bradley 
et al. 2014).

Nutrients

The link between bacterial biomass and chloro-
phyll-a content in Lake Myrktjørna also indicates 
an increase in the amount of easily assimilable 

Upper lake
18 (3)

Middle lake
18 (2)

Lake Myrktjørna
14 (4)

9

6

10

Fig. 4. Number of operational taxonomic units (OTUs) 
revealed by DGGE related to lakes. Black numbers: 
all (unique) OTUs in lakes water, bold numbers: OTUs 
shared with neighboring lake.
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Fig. 5. Bacterial com-
munities along Brattegg 
lake–stream system 
DGGE banding patterns 
and environmental fac-
tors. Canonical Cor-
respondence analysis 
(CCA), UP = upper lake, 
MI = middle lake, MY = 
Lake Myrktjørna (Outl = 
Outlet, Surf = Surface, Inl 
= Inlet), DOC = dissolved 
organic carbon, DO = dis-
solved oxygen, DOsat = 
dissolved oxygen satura-
tion, Chl a = chlorophyll a, 
Pheo = pheophytin, TSS 
= total suspended solids, 
Ntot = total nitrogen.
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organic matter and the strong impact of phyto-
plankton on the prokaryote communities. The 
chlorophyll-a-to-pheophytin ratio is regarded 
as an indicator of phytoplankton physiologi-
cal status (Cota et al. 1994, Janukowicz 2006). 
Considering this assumption, Lake Myrktjørna 
phytoplankton had the highest activity across 
the system and produced autochthonous organic 
matter available for heterotrophic bacteria. To 
some extent, this may explain the increase in 
activity and changes in the structure of the bac-
terioplankton in the lake. Dead microbes from 
the glacier meltwater, such as bacteria or micro-
algae, may also be a source of organic matter 
for live bacteria. Several authors reported the 
important role of glaciers as sources of organic 
matter; particularly DOC (Stibal et al. 2006, 
Stibal et al. 2008, Anesio et al. 2009), and others 
have described glaciers as places inhabited by 
diverse communities of microorganisms which 
colonize new habitats on melted glacier fore-
lands (Edwards et al. 2013).

Prokaryotic community shift

One of our most important findings was the 
clearly noticeable change in the prokaryote 
abundance and biomass along the studied lake–
stream system. Clear changes were also found 
in the cell biovolume, the value in warmer Lake 
Myrktjørna being twice that in the upper lake 
(0.11 µm3 and 0.05 µm3, respectively). Although 
in the entire Brattegg system, summer water 
temperatures do not exceed 10 °C, the 6.4 °C 
increase from 0.9 °C in the upper lake to 7.3 °C 
in Lake Myrktjørna resulted in prokaryote cell 
biomass growth. This eight-fold increase in the 
Lake Myrktjørna water temperature almost dou-

bled the biomass content. Here, even tempera-
tures under 10 °C stimulated prokaryotic com-
munity, and both cell size and microbiocenotic 
morphological structure provided indicators of 
prokaryotic cell structural changes throughout 
the Brattegg system.

The increase in plankton curved-cell percent-
age throughout the system indicates changes in 
substrate availability, particularly organic carbon 
(Dunalska et al. 2004). The availability of the 
organic matter (OM) is related to its age. The 
older, highly modified refractory OM originating 
from the glacier or soil is barely more metabo-
lized by heterotrophic microorganisms than 
younger, labile, freshly-produced OM (Hood et 
al. 2009). The curved cells are associated with 
a capacity to digest refractory DOC (RDOC) 
(Dunalska et al. 2004), which is unavailable for 
the majority of aquatic bacteria. RDOC origi-
nates in the catchment area, where soil bacteria 
exert specialized utilization (McLaughlin and 
Kaplan 2013). Similar observations were made 
by Roiha et al. (2012) and Crump et al. (2012), 
who reported that catchment runoff has a strong 
effect on biomass, productivity and community 
composition of microorganisms in sub-Arctic 
ponds and lakes.

Changes in the prokaryotic community cell 
size and morphological structure in the river 
and stream system of the Brattegg Valley may 
be caused by changes in the amount and qual-
ity of available organic matter. The effect of the 
drainage basin on the waters of the lowest lake 
in the system and making the microbioceno-
sis community grow by supplying more cells 
from the soil may also be an important factor. 
As described by Crump et al. (2003, 2007), the 
drainage basin could supply the lake with dead 
cells, but also nutrients, that stimulate autoch-

Table 6. Bacterial structure (phylotypes) in the surface water of the three studied Brattegg Valley lakes. Values are 
percentages (mean ± SD, n = 36) of hybridized cells in the total DAPI counts.

Lake Bacteria Proteobacteria Cytophaga– Actinobacteria Archaea
   Flavobacterium
  α β γ

Upper 73.6 ± 2.7 19.5 ± 3.5 19.0 ± 1.7 0 11.5 ± 1.6 18.2 ± 3.0 6.9 ± 1.2
Middle 90.4 ± 1.1 10.1 ± 0.9 18.7 ± 0.2 3.6 ± 0.1 16.4 ± 1.4 27.4 ± 3.3 4.3 ± 1.0
Myrktjørna 87.1 ± 1.6 11.1 ± 1.9 31.9 ± 4.4 3.8 ± 0.8 19.0 ± 2.2 29.3 ± 3.8 7.9 ± 0.8

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


BOREAL ENV. RES. Vol. 21 • Bacterial community succession in an Arctic lake–stream system 129

thonous bacterioplankton growth. Obviously, the 
transport of microorganisms from the glacier is 
also taking place. Due to low water retention, the 
short distance from the upper lake, the small size 
and a considerable inclination of the slope, the 
middle-lake inlet practically contains the upper 
lake water. For these reasons there were small 
changes in the bacterioplankton structure in the 
middle lake.

The Brattegg lake–stream system VLP 
number was correlated with prokaryote abun-
dance and DOC, thus highlighting biocenotic 
links. The results received by Säwström et al. 
(2007) suggest that virioplankton may be main-
tained in polar environments even though host 
density is low and often increases slowly. The 
metabolic state of the host cell is a critical factor 
in the phage life cycle (Weinbauer 2004, Ram et 
al. 2005, Säwström et al. 2008). In this regard, 
the high VLP/TCN ratio in Lake Myrktjørna 
may indicate higher activity of the community of 
prokaryotes in this lake.

Bacterial community composition shift

The bacterial community composition in the 
Brattegg lake–stream water system changed 
along the system. Specific environmental con-
ditions, primarily physical (temperature, UV) 
and chemical factors (organic and mineral com-
pounds) favour organisms originally adapted to 
other conditions (Kaštovská et al. 2005). Our 
findings suggest that bacterial succession in a 
high Arctic lake–stream system involves simpli-
fication of community composition. This con-
firms the results obtained by Sigler et al. (2002) 
in glacial forefield soils where the number of 
dominant bacterial types decreased with suc-
cession. Although little published information 
is available on prokaryotic-plankton structural 
changes in arctic lake–stream systems (Crump 
et al. 2007, Ylla et al. 2013), the small number 
of OTUs detected in the glacial water sug-
gests that these microbiocenoses vary greatly. 
However, the relatively high bacteria diversity 
in the upper lake, decreasing down the system, 
indicates elimination of bacteria poorly-adapted 
to environmental change. The strongest selection 
of community of glacial origin takes place in the 

middle lake. Moreover, greater bacteria diversity 
in the streams than in the lakes in the Arctic was 
previously described by Crump et al. (2012), 
Portillo et al. (2012) and Adams et al. (2014).

In the Brattegg Valley, greater bacteria 
diversity in the stream than in the lakes results 
from biologically-active microbial mats in the 
watercourses. The presence of microbial mats, 
phyto- and zooplankton (D. Górniak and H. 
Marszałek unpubl. data) and fish (D. Górniak 
and H. Marszałek pers. obs.) in Lake Myrktjørna 
affects food-network development by increas-
ing organic matter quantity and quality in these 
waters. This undoubtedly affects the structure 
and function of the lake’s microbiocenosis, as 
evidenced by the changes in the number and 
composition of dominant bacterial phylotypes.

Examination of the bacterioplankton struc-
ture indicated its re-development in the lake 
system. The increased percentage of Actino-
bacteria and β-Proteobacteria throughout the 
system suggests a clear link with the quality 
of organic matter and nutrient sources. This 
was accompanied by a simultaneous decrease 
in α-Proteobacteria. The increased amounts of 
Actinobacteria and Cytophaga–Flavobacterium 
throughout the system points to the soil being 
their primary source as Actinobacteria are con-
sidered typical colonizers of Arctic soil envi-
ronments (Yergeau et al. 2010, Schütte et al. 
2010). Recent bacterioplankton structure stud-
ies have also revealed their widespread occur-
rence in freshwater (Allgaier and Grossart 2006), 
where some members of this phylum can utilise 
humic substances. Cytophaga–Flavobacterium 
have also been reported in many habitat in 
the biosphere, including rocks and sea-ice in 
Antarctica, and sediments of lakes in addition 
to β-Proteobacteria, one of the most common 
heterotrophic bacteria in freshwater (Kirchman 
2002, Sommaruga and Casamayor 2009).

Summary

The microorganism growth in the studied arctic 
river-lacustrian system was determined by 
changing environmental conditions. Changes 
in nutrient content and water physicochemical 
conditions throughout the system caused strong 
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selection pressure on microorganisms moving 
from the upper lake to the lower-lying res-
ervoirs. Here, the upper lake was subject to 
the strong influence of ablation water, with a 
reduction in most measured water chemistry and 
microbial parameters in the middle lake, while 
Lake Myrktjørna is a typical example of ultra-
oligotrophic arctic lakes with a well-developed 
food web and ecological sustainment. However, 
this does not mean that microbiocenosis reach-
ing Lake Myrktjørna from the upper parts of 
the system did not affect microbial diversity, 
since this is achieved by explicit selection. It 
was also confirmed by the different dominant 
bacterial taxa in Lake Myrktjørna as compared 
with those in the upper and middle lakes. The 
abundance of prokaryotes and their higher taxo-
nomical biodiversity in the upper lake as com-
pared with that in the lower-lying reservoirs was 
noteworthy. It appears that the limited trans-
port of organic matter and nutrients down the 
Brattegg Valley system had no direct impact on 
changes in prokaryote structure, because these 
lakes are regulated by changing abiotic con-
ditions such as temperature, suspended solids, 
oxygen saturation which affect their colonization 
and the development of prokaryotic community. 
We conclude that succession in the Brattegg 
Valley lake–stream system comprised changes 
in bacterial structure, together with a decrease 
in species richness. The ecological succession 
of planktonic prokaryotes in the arctic fluvio-
lacustrine system consisted of two steps: (1) 
selection of glacial derived microorganisms by 
changing environmental conditions and (2) post-
adaptational colonization.

Acknowledgment: This work was founded by Polish Ministry 
of Science and Higher Education as grant N-N304-242237.

References

Adams H.E., Crump B.C. & Kling G.W. 2010. Temperature 
controls on aquatic bacterial production and commu-
nity dynamics in arctic lakes and streams. Environ. 
Microbiol. 12: 1319–1333.

Adams H.E., Crump B.C. & Kling G.W. 2014. Meta-
community dynamics of bacteria in antarctic lake: the 
impact of species sorting and mass effects on bacterial 
production and biogeography. Front. Microbiol. 5: 2–10.

Anesio A.M., Hodson J.A., Fritz A., Psenner R. & Sattler B. 
2009. High microbial activity on glaciers: importance 
to the global carbon cycle. Glob. Change Biol. 15: 
955–960.

Allgaier M. & Grossart H.P. 2006. Diversity and aeasonal 
dynamics of Actinobacteria populations in four lakes in 
Northeastern Germany. Appl. Environ. Microbiol. 72: 
3489–3497.

Barberán A., Casamayor E.O. & Fierer N. 2014. The micro-
bial contribution to macroecology. Front. Microbiol. 5: 
1–8.

Battin T.J., Wille A., Sattler B. & Psenner R. 2001. Phylo-
genetic and functional heterogeneity of sediment bio-
films along environmental gradients in a glacial stream. 
Appl. Environ. Microbiol. 67: 799–807.

Bellas C.M., Anesio A.M. Telling J., Stibal M., Tranter M. & 
Davis S. 2013. Viral impacts on bacterial communities in 
Arctic cryoconite. Environ. Res. Lett. 8: 45021–45029.

Bernstein L., Bosch P., Canziani O., Chen Z., Christ R., 
Davidson O., Hare W., Huq S., Karoly D., Kattsov 
V., Kundzewicz Z., Liu J., Lohmann U., Manning M., 
Matsuno T., Menne B., Metz B., Mirza M., Nicholls 
N., Nurse L., Pachauri R., Palutikof J., Parry M., Qin 
D., Ravindranath N., Reisinger A., Ren J., Riahi K., 
Rosenzweig C., Rusticucci M., Schneider S., Sokona Y., 
Solomon S., Stott P., Stouffer R., Sugiyama T., Swart R., 
Tirpak D., Vogel C. & Yohe G. 2007. Climate change 
2007: Synthesis report. Intergovernmental Panel on Cli-
mate Change. [Available at: https://www.ipcc.ch/pdf/
assessment-report/ar4/syr/ar4_syr.pdf].

Bhatial M., Sharp M. & Foght J. 2006. Distinct bacterial 
communities exist beneath a high Arctic polythermal 
glacier. Appl. Environ. Microbiol. 72: 5838–5845.

Bigg E.K. & Leck C. 2001. Properties of the aerosol over 
the central Arctic Ocean. J. Geophys. Res. D 106: 
32101–32109.

Bradley J.A., Singarayer J.S., Anesio A.M. 2014. Microbial 
community dynamics in the forefield of glaciers. Proc. 
R. Soc. B 281: 20140882, doi:10.1098/rspb.2014.0882.

Cameron A.K., Hodson A.J. & Osborn A.M. 2012. Structure 
and diversity of bacterial, eukaryotic and archaeal com-
munities in glacial cryoconite holes from the Arctic and 
the Antarctic. FEMS Microbiol. Ecol. 82: 254–267.

Chen F., Lu J.R., Binder B.J., Liu Y.C. & Hodson R.E. 2001. 
Application of digital image analysis and flow cytometry 
to enumerate marine viruses stained with SYBR gold. 
Appl. Environ. Microbiol. 67: 539–545.

Cota G.F., Smith W.O.Jr. & Mttchell B.G. 1994. 
Photosynthesis of Phaeocystis in the Greenland Sea. 
Limnol. Oceanogr. 34: 948–953.

Christner B.C., Mosley-Thompson E., Thompson L.G. & 
Reeve J.N. 2003. Bacterial recovery from ancient glacial 
ice. Environ. Microbiol. 5: 433–436.

Crump B.C., Kling G.W., Bahr M. & Hobbie J.E. 2003. 
Bacterioplankton community shifts in an Arctic lake 
correlate with seasonal changes in organic matter source. 
Appl. Environ. Microbiol. 69: 2253–2268.

Crump B.C., Hopkinson C.S., Sogin M.L. & Hobbie J.E. 
2004. Microbial biogeography along an estuarine salinity 
gradient: combined influences of bacterial growth and 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


BOREAL ENV. RES. Vol. 21 • Bacterial community succession in an Arctic lake–stream system 131

residence time. Appl. Environ. Microbiol. 70: 1494–1505.
Crump B.C. & Hobbie J.E. 2005. Synchrony and seasonality 

in bacterioplankton diversity of two temperate rivers. 
Limnol. Oceanogr. 50: 1718–1729.

Crump B.C., Adams H.E., Hobbie J.E. & Kling G.W. 2007. 
Biogeography of bacterioplankton in lakes and streams 
of an Arctic tundra catchment. Ecology 88: 1365–1378.

Crump B.C., Amaral-Zettler L.A. & Kling G. 2012. Microbial 
diversity in arctic freshwaters is structured by inoculation 
of microbes from soil. ISME J. 6: 1629–1639.

Daims H., Brühl A., Amann R., Schleifer K.H. & Wagner M. 
1999. The domain-specific probe EUB338 is insufficient 
for the detection of all Bacteria: development and evalu-
ation of a more comprehensive probe set. Syst. Appl. 
Microbiol. 22: 434–444.

Dolan J.R. 2005. An introduction to the biogeography of 
aquatic microbes. Aquat. Microb. Ecol. 41: 39–48.

Dunalska J., Górniak D., Teodorowicz M. & Gąsecka K. 
2004. Seasonal distribution of dissolved and particulate 
organic carbon in a water column of a meromictic lake. 
Pol. J. Environ. Stud. 13: 375–379.

Dunalska J. 2009. Variability of organic carbon forms in lake 
ecosystems of varying trophic state. Wyd. UWM Olsz-
tyn. [In Polish with English summary].

Edwards A., Rassner S.M.E., Anesio A.M., Worgan H.J., 
Irvine-Fynn T.D.L., Williams H. W. Sattler B. & Griffith 
G.M. 2013. Contrasts between the cryoconite and ice-
marginal bacterial communities of Svalbard glaciers. 
Polar. Res. 32: 19468, doi:10.3402/polar.v32i0.19468.

Elster J., Svoboda J., Komarék J. & Marvan P. 1997. Algal 
and cyanoprocaryote communities in a glacial stream, 
Sverdrup Pass, 79°N, Central Ellesmere Island, Canada. 
Arch. Hydrobiol. Suppl. Algol. Stud. 85: 57–93.

Foght J., Aislabie J., Turner S., Brown C.E., Ryburn J., Saul 
D.J. & Lawson W. 2004. Culturable bacteria in subgla-
cial sediments and ice from two southern hemisphere 
glaciers. Microb. Ecol. 47: 329–340.

Foong C.P., Wong Vui Ling C.M. & Gonzales M. 2010. 
Metagenomic analyses of the dominant bacterial com-
munity in the Fildes Peninsula, King George Island 
(South Shetland Islands). Polar Sci. 4: 263–273.

Gurienovich T. [Гуренович Т.] 1995. [Characteristic and 
development of bakterioplankton and benthic bacte-
rial communities in different types of fish pond]. Ph.D. 
thesis, The State Scientific Institute for Fisheries, Sankt-
Petersburg, Russia. [In Russian].

Harding T., Jungblut A.D., Lovejoy C. & Vincent W.F. 
2011. Microbes in high Arctic snow and implications 
for the cold biosphere. Appl. Environ. Microbiol. 77: 
3234–3243.

Hell K., Edwards A., Zarski J., Podmirseg S.M., Girdwood 
S., Pachebat J.A., Insam H. & Sattler B. 2013. The 
dynamic bacterial communities of a melting high Arctic 
glacier snowpack. ISME J. 7: 1814–1826.

Hodson A.J., Mumford P.N. & Lister D. 2004. Suspended 
sediment and phosphorus in proglacial rivers: bioavaila-
bility and potential impacts upon the P status of ice-mar-
ginal receiving waters. Hydrol. Process. 18: 2409–2422.

Hodson A.J., Mumford P.N., Kohler J. & Wynn P.M. 2005. 
The high Arctic ecosystem: new insights from nutrient 

budgets. Biogeochemistry 72: 233–256.
Hodson A., Anesio A.M., Tranter M., Fountain A., Osborn 

M., Priscu J., Laybourn-Parry J. & Sattler B. 2008. 
Glacial ecosystems. Ecol. Monogr. 78: 41–67.

Hood E., Fellman J., Spencer R.G.M., Hernes P.J., Edwards 
R., D’Amoren D. & Scott D. 2009. Glaciers as a source 
of ancient and labile organic matter to the marine envi-
ronment. Nature 462: 1044–1047.

Jania J. & Hagen J.O. (eds.) 1996. Mass balance of Arctic 
glaciers. IASC Report no. 5, University of Silesia, 
Sosnowiec, Poland.

Janukowicz H. 2006. Content of chlorophyll a and phaeopig-
ments as an element of the water monitoring. Water-
Environment-Rural Areas 6: 133–138.

Kaštovská K., Elster J., Stibal M. & Santrůcková H. 2005. 
Microbial assemblages in soil microbial succession after 
glacial retreat in Svalbard (high Arctic). Microb. Ecol. 
50: 396–407.

Kirchman D.L. 2002. The ecology of Cytophaga–Flavo-
bacteria in aquatic environments. FEMS Microbiol. 
Ecol. 39: 91–100.

Manz W., Amann R., Ludwig W., Vancanney M. & Schleifer 
K.H. 1996. Application of a suite of 16S rRNA-specific 
oligonucleotide probes designed to investigate bacteria 
of the phylum cytophaga-flavobacter-bacteroides in the 
natural environment. Microbiology 142: 1097–1106.

Manz W., Amann R., Ludwig W., Wagner M. & Schleifer 
K.H. 1992. Phylogenetic oligodeoxynucleotide probes 
for the major subclasses of Proteobacteria: problems and 
solutions. Syst. Appl. Microbiol. 15: 593–600.

Marszałek H. & Wąsik M. 2013. Some physico-chemi-
cal features of water in suprapermafrost zone in the 
Hornsund region (SW Spitsbergen). Bull. PIG 456: 
397–404.

McLaughlin C. & Kaplan L.A. 2013. Biological lability of 
dissolved organic carbon in stream water and contribut-
ing terrestrial sources. Freshw. Sci. 32: 1219–1230.

Mieczan T., Górniak D., Świątecki A., Zdanowski M. & 
Tarkowska-Kukuryk M. 2013. The distribution of ciliates 
on Ecology Glacier (King George Island, Antarctica): 
relationships between species assemblages and environ-
mental parameters. Polar Biol. 36: 249–258.

Milner A.M., Robertson A.E., Monaghan K., Veal, A.J. & 
Flory E.A. 2008. Colonization and development of a 
stream community over 28 years; Wolf Point Creek in 
Glacier Bay, Alaska. Front. Ecol. Environ. 6: 413–419.

Milner A.M., Brown L.E. & Hannah D.M. 2009. Hydro-
ecological response of river systems to shrinking gla-
ciers. Hydrol. Process. 23: 62–77.

Mindl B., Anesio A.M., Meirer K., Hodson A.J., Laybourn-
Parry J., Sommaruga R. & Sattler B. 2007. Factors 
influencing bacterial dynamics along a transect from 
supraglacial runoffˇto proglacial lakes of a high Arctic 
glacier. FEMS Microbiol. Ecol. 59: 307–317.

Mueller D.R., Vincent W.F., Pollard W.H. & Fritsen C.H. 
2001. Glacial cryoconite ecosystems: a bipolar compari-
son of algal communities and habitats. Nova Hedwig. 
Beih. 123: 173–197.

Muyzer G., De Waal E.C. & Uitterlinden A.G. 1993. 
Profiling of complex microbial populations by denatur-

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


132 Górniak et al. • BOREAL ENV. RES. Vol. 21

ing gradient gel electrophoresis analysis of polymerase 
chain reaction-amplified genes coding for 16S rRNA. 
Appl. Environ. Microbiol. 59: 695–700.

Muyzer G., Brinkhoff T., Nübel U., Santegoeds C., Schäfer 
H. & Waver C. 1998. Denaturing gradient gel electro-
phoresis (DGGE) in microbial ecology. In: Akkermans 
A.D.L., van Elsas J.D. & de Bruijn F.J. (eds.), Molecular 
microbial ecology manual, Kluwer Academic Publishers, 
Dordrecht, pp. 1–27.

Muylaert K., Van der Gucht K., Vloemans N., Meester L.D., 
Gillis M. & Vyverman W. 2002. Relationship between 
bacterial community composition and bottom-up versus 
top-down variables in four eutrophic shallow lakes. 
Appl. Environ. Microbiol. 68: 4740–4750.

Neef A. 1997. Anwendung der in situ Einzelzell-Identifizierung 
von Bakterien zur Populationsanalyse in komple-
xen mikrobiellen Biozönosen. Ph.D. thesis, Technische 
Universität, München.

Norland S. 1993. The relationship between biomass and 
volume of bacteria. In: Kemp P.F., Sherr B.F., Sherr E.B. 
& Cole J.J. (eds.), Aquatic microbial ecology, Lewis 
Publishers, Boca Raton, pp. 303–307.

Nübel U., Garcia-Pichel F., Kühl M. & Muyzer G. 1999. 
Quantifying microbial diversity: morphotypes, 16SrRNA 
genes, and carotenoids of oxygenic phototrophs in micro-
bial mats. Appl. Environ. Microbiol. 65: 422–430.

Nusch E.A. 1980. Comparison of different methods for 
chlorophyll and phaeopigments determination. Arch. 
Hydrobiol. 14: 14–36.

Oerlemans J. 1998. Modelling glacier fluctuations. In: 
Haeberli W., Hoelzle M. & Suter S. (eds.), Into the 
second century of worldwide glacier monitoring: pros-
pects and strategies. Studies and reports in hydrology 
vol. 56, World Glacier Monitoring Service, UNESCO, 
Paris, pp. 85–94.

Pavoine S. & Bonsall M.B. 2011. Measuring biodiversity to 
explain community assembly: a unified approach. Biol. 
Rev. 86: 792–812.

Pernthaler J., Glöckner F.O., Schonhuber W. & Amann R. 
2001. Fluorescence in situ hybridization with rRNA-
targeted oligonucleotide probes. In: Paul J. (ed.), 
Methods in microbiology: marine microbiology, vol. 30, 
Academic Press, London, pp. 207–210.

Pomeroy L.R. & Wiebe W.J. 2001. Temperature and sub-
strates as interactive limiting factors for marine hetero-
trophic bacteria. Aquat. Microb. Ecol. 23: 187–204.

Porter K.G. & Feig Y.S. 1980. The use of DAPI for identify-
ing and counting aquatic microflora. Limnol. Oceanogr. 
25: 943–948.

Portillo M.C., Anderson S.P. & Fierer N. 2012. Temporal 
variability in the diversity and composition of stream 
bacterioplankton communities. Environ. Microbiol. 14: 
2417–2428.

Priscu J.P., Adams E.E., Pearl H.W., Fritsen C.H., Dore J.E., 
Lisle J.T., Wolf C.F. & Mikucki J.A. 2002. Perennial 
Antarctic lake ice: a refuge for cyanobacteria in an 
extreme environment. In: Rogers S. & Castello J. (eds.), 
Life in ancient ice, Princeton Press, Princeton, pp. 22–49.

Przybylak R. & Araźny A. 2006. Climatic conditions of the 
north-western part of Oscar II Land (Spitsbergen) in 

the period between 1975 and 2000. Pol. Polar Res. 27: 
133–152.

Putland J.N. & Rivkin R.B. 1999. Influence of storage 
mode and duration on the microscopic enumeration of 
Synechococcus from a cold coastal ocean environment. 
Aquat. Microb. Ecol. 17: 191–199.

Ram A.S.P., Boucher D., Sime-Ngando T., Debroas D. & 
Romagoux J.C.C. 2005. Phage bacteriolysis, protis-
tan bacterivory potential, and bacterial production in a 
freshwater reservoir: coupling with temperature. Microb. 
Ecol. 50: 64–72.

Roiha T., Tiirola M., Cazzanellin M. & Rautio M. 2012. 
Carbon quantity defines productivity while its quality 
defines community composition of bacterioplankton in 
subarctic ponds. Aquat. Sci. 74: 513–525.

Roller C., Wagner M., Amann R., Ludwig W. & Schleifer 
K.H. 1994. In situ probing of Gram-positive bacteria 
with high DNA G+C content using 23S rRNA targeted 
oligonucleotides. Microbiology 140: 2849–2858.

Řehák J., Ouhrabka V. & Braun M. 1990. New informa-
tion about the interior drainage of a subpolar glacier 
and the structure of medial moraines of the southwest 
Spitsbergen. Stud. Carstol. 1: 15–56.

Säwström C., Granéli W., Laybourn-Parry J. & Anesio A.M. 
2007. High viral infection rates in Antarctic and Arctic 
bacterioplankton. Environ. Microbiol. 9: 250–255.

Säwström C., Pearce I., Davidson A.T., Rosén P. & 
Laybourn-Parry J. 2008. Influence of environmental 
conditions, bacterial activity and viability on the viral 
component in 10 Antarctic lakes. FEMS Microbiol. Ecol. 
63: 12–22.

Schütte U.M.E., Abdo Z., Foster J., Ravel J., Bunge J., 
Solheim B. & Forney L.J. 2010. Bacterial diversity in a 
glacier foreland of the high Arctic. Mol. Ecol. 19: 54–66.

Segawa T., Ushida K., Narita H., Kanda H. & Kohshima S. 
2010. Bacterial communities in two Antarctic ice cores 
analyzed by 16S rRNA gene sequencing analysis. Polar 
Sci. 4: 215–227.

Sharp M., Parkes J., Cragg B., Fairchild I.J., Lamb H. & 
Tranter M. 1999. Widespread bacterial populations at 
glacier beds and their relationship to rock weathering 
and carbon cycling. Geology 27: 107–110.

Shiah F.K. & Ducklow H.W. 1994. Temperature and sub-
strate regulation of bacterial abundance, production and 
specific growth-rate in Chesapeake Bay, USA. Mar. 
Ecol. Prog. Ser. 103: 297–308.

Shinn E.A., Griffin D.W. & Seba D.B. 2003. Atmospheric 
transport of mold spores in clouds of desert dust. Arch. 
Environ. Health 58: 498–504.

Sigler W.V., Crivii S. & Zeyer J. 2002. Bacterial succession 
in glacial forefield soils characterized by community 
structure, activity and opportunistic growth dynamics. 
Microb. Ecol. 44: 306–316.

Sieracki M.E., Johnson P.W. & Sieburth J.McN. 1985. 
Detection, enumeration, and sizing of planktonic bac-
teria by image-analyzed epifluorescence microscopy. 
Appl. Environ. Microbiol. 49: 799–810.

Singer G.A., Fasching C., Wilhelm L., Niggemann J., Steier 
P., Dittmar T. & Battin T.J. 2012. Biogeochemically 
diverse organic matter in Alpine glaciers and its down-

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


BOREAL ENV. RES. Vol. 21 • Bacterial community succession in an Arctic lake–stream system 133

stream fate. Nat. Geosci. 5: 710–714.
Skidmore M.L., Foght J.M. & Sharp M.J. 2000. Microbial 

life beneath a high Arctic glacier. Appl. Environ. 
Microbiol. 66: 3214–3220.

Sommaruga R. & Casamayor E.O. 2009. Bacteria “cosmo-
politanism” and importance of local environmental fac-
tors for community composition in remote high-altitude 
lakes. Freshwater Biol. 55: 994–1005.

Stahl D.A. & Amann R. 1991. Development and applica-
tion of nucleic acid probes. In: Stackebrandt E. & 
Goodfellow M. (eds.), Nucleic acid techniques in bacte-
rial systematics, John Wiley & Sons Ltd., Chichester, 
pp. 205–248.

Stibal M., Šabacká M. & Kaštovská K. 2006. Microbial 
communities on glacier surfaces on Svalbard: Impact 
of physical and chemical properties on abundance and 
structure of cyanobacteria and algae. Microb. Ecol. 52: 
644–654.

Stibal M., Tranter M., Benning L.G. & Řehák J. 2008. 
Microbial primary production on an Arctic glacier is 
insignificant in comparison with allochthonous organic 
carbon input. Environ. Microbiol. 10: 2172–2178.

Stibal M., Šabacká M. & Žárský J. 2012. Biological pro-
cesses on glacier and ice sheet surfaces. Nat. Geosci. 5: 
771–774.

Strickland J.D.H. & Parsons T.R. 1972. A practical hand-
book of seawater analysis. Fisheries Research Board 
Canada.

Świątecki A. 1997. Zastosowanie wskaźników bakterio-
logicznych w ocenie wód powierzchniowych. WSP, 
Olsztyn.

ter Braak C.J.F. & Šmilauer P. 2002. CANOCO reference 
manual and CanoDraw for Windows user’s guide: soft-
ware for canonical community ordination (version 4.5). 
Microcomputer Power, Ithaca.

Wallner G., Amann R. & Beisker W. 1993. Optimizing 
fluorescent in situ hybridization of suspended cells with 
rRNA-targeted oligonucleotide probes for the flow cyto-
metric identification of microorganisms. Cytometry 14: 

136–143.
Wilhelm L., Singer G.A., Fasching C., Battin T.J. & Besemer 

K. 2013. Microbial biodiversity in glacier-fed streams. 
ISME J. 7: 1651–1660.

Van Geest G.J., Hessen D.O., Spierenburg P., Danl-Hansen 
G.A.P., Christensen G., Faerovig P.J., Brehm M., Loonen 
M.J.J.E. & Van Donk E. 2007. Goose-mediated nutrient 
enrichment and planktonic grazer control in arctic fresh-
water ponds. Oecologia 153: 653–662.

Weinbauer M.G. 2004. Ecology of prokaryotic viruses. 
FEMS Microbiol. Rev. 28: 127–81.

Vincent W.F., Whyte L.G., Lovejoy C., Greer C.W., Laurion 
I., Suttle C.A., Corbeil J. & Mueller D.R. 2009. Arctic 
microbial ecosystems and impacts of extreme warm-
ing during the International Polar Year. Polar Sci. 3: 
171–180.

Vrede K. 2005. Nutrient and temperature limitation of bac-
terioplankton growth in temperate lakes. Microb. Ecol. 
49: 245–256.

Yannarell A.C. & Triplett E.W. 2005. Geographic and envi-
ronmental sources of variation in lake bacterial com-
munity composition. Appl. Environ. Microbiol. 71: 
227–239.

Yergeau E., Hogues H., Whyte L.G. & Greer C.W. 2010. The 
functional potential of high Arctic permafrost revealed 
by metagenomic sequencing, qPCR and microarray 
analyses. ISME J. 4: 1206–1214.

Ylla I., Peter H., Romaní A.M. & Tranvik L.J. 2013. 
Different diversity-functioning relationship in lake and 
stream bacterial communities. FEMS Microbiol. Ecol. 
85: 95–103.

Yoshimura Y., Koshima S. & Ohtani S. 1997. A community 
of snow algae on a Himalayan glacier: change of algal 
biomass and community structure with altitude. Arct. 
Antarc. Alp. Res. 29: 126–137.

Zeng Y.X., Yan M., Yu Y., Li H.R., He J.F., Sun K. & Zhang 
F. 2013. Diversity of bacteria in surface ice of Austre 
Lovénbreen glacier, Svalbard. Arch. Microbiol. 195: 
313–322.

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl

