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ABSTRACT

Microbial communities in the glacier forefield of Styggedalsbreen, Norway, were investigated along a chronosequence from
newly exposed soil to vegetated soils using next-generation sequencing of the 16S rRNA gene. In order to monitor the
short-term effect of temperature on community successions along the soil gradient, the soil samples were incubated at
three different temperatures (5◦C, 10◦C and 22◦C). The microbial community composition along the chronosequence
differed according to distance from the glacial terminus and incubation temperature. Samples close to the glacier terminus
were dominated by Proteobacteria at 5◦C and 10◦C, while at 22◦C members of Chloroflexi, Acidobacteria and Verrucomicrobia in
addition to Proteobacteria accounted for most of the diversity, indicating that sites close to the glacier terminus are more
closely related to former subglacial environments. Within the Archaea domain, members of the phylum Euryarchaeota
dominated in samples closer to the glacier terminus with a shift to members of the phyla Thaumarchaeota—Crenarchaeota
with increased soil age. Our data indicate that composition and diversity of the microbial communities along the glacier
forefield depend not only on exposure time but are also to a large degree influenced by soil surface temperature and soil
maturation.
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INTRODUCTION

The global temperature change has proven to be most pro-
nounced in the Arctic region with an average winter tempera-
ture increase of 4◦C in the last 50 years. Temperatures in the
Arctic areas have increased approximately twice as fast as in
temperate regions during the last century (Bernstein et al. 2007;
Schütte et al. 2010; Mernild et al. 2014), and model calculations
predict a rise in temperature of 6◦Cduring the 21st century (ACIA
2004). This increase in temperature has dramatic consequences
for Arctic ecosystems, such as the loss in area and volumeof Arc-
tic glaciers (Bárcena, Finster and Yde 2011; Zumsteg et al. 2013a;
Bradley, Singarayer and Anesio 2014), a trend that will continue
into the future (IPCC 2013).

As glaciers retreat, new bare soils appear, and as these gradu-
ally become exposed they represent ideal environments to study
processes such as: (i) primary bacterial colonization of bare soils
(Nicol et al. 2005; Zumsteg et al. 2012; Bajerski and Wagner 2013;
Bradley, Singarayer and Anesio 2014); (ii) the effect of changes in
environmental conditions along gradients such as the transition
from subglacial anoxic to proglacial oxic conditions, the transi-
tion from restricted to increased nutrient availability, the effect
of UV radiation, the contribution of atmospheric deposition of
organic and inorganic compounds and changes in soil tempera-
ture (Schmidt et al. 2008; Schütte et al. 2010; Bárcena, Finster and
Yde 2011); and (iii) the biotic–abiotic evolution of the exposed
glacier forefield as a function of exposure time (Bernasconi et al.
2011). Therefore, glacier forefields provide excellent environ-
ments to study the effect of deglaciation on micro- and mac-
robiotal succession in polar and alpine regions.

There are approximately 200 000 land-based glaciers on Earth
that all have distinct forefields (Pfeffer et al. 2014). This huge
variety allows researchers to study the microbial communities
along differing soil chronosequences and to determine similar-
ities and differences between these forefields by identifying, for
example, the patterns of microbial colonization and the drivers
behind them (Rime et al. 2015). An understanding of the role of
microbes in the succession and evolution of glacier forefields is
necessary for several reasons; microorganisms are pioneer col-
onizers of proglacial areas (Hodkinson, Coulson and Webb 2003;
Bradley, Singarayer and Anesio 2014), and are therefore impor-
tant in primary succession processes in barren soils (Bardgett
et al. 2007); in addition, microorganisms are the main drivers in
pedogenesis and key players in biogeochemical cycling provid-
ing the foundation for plant growth (Lazzaro, Abegg and Zeyer
2009; Schütte et al. 2010). Most glacier forefield studies cover the
period encompassing the last 250 years; this is when the Lit-
tle Ice Age (LIA) ended and the glaciers were at their maximum
expansion (Bernasconi et al. 2011; Rime et al. 2015). At present,
these studies have focused primarily on glaciers in Greenland
(Bárcena, Yde and Finster 2010; Bárcena, Finster and Yde 2011),
Svalbard (Kastovska et al. 2005, 2007), Austria (Tscherko et al.
2003; Bardgett et al. 2007) and Switzerland (Bernasconi et al.
2011; Zumsteg et al. 2012; Frey et al. 2013; Guelland et al. 2013;
Rime et al. 2015), with a particular emphasis on abiotic factors
(Tscherko et al. 2003; Bardgett et al. 2007; Bárcena, Finster and
Yde 2011; Bernasconi et al. 2011; Frey et al. 2013) and on the devel-
opment of soils (Guelland et al. 2013). The features of the micro-
bial communities along these chronosequences have been ana-
lyzed using a number of different molecular fingerprinting tech-
niques such as DGGE (Denaturing Gradient Gel Electrophoresis)
(Bárcena, Yde and Finster 2010), T-RFLP (Zumsteg et al. 2012)
and 454-pyrosequencing (Rime et al. 2015). The predominant
focus of these studies was the bacterial diversity, although in

the case of Zumsteg et al. (2012) fungal, archaeal and bacterial
diversity.

There are certain properties of glacial soils that have been
analyzed. Studies have shown that the carbon and nitrogen con-
tent increase with soil age from 0.1 to 40 mg g−1, and 0.1 to 2 mg
g−1, respectively (Tscherko et al. 2003; Bardgett et al. 2007; Laz-
zaro, Abegg and Zeyer 2009; Bradley, Singarayer andAnesio 2014)
and soil pH has been found to becomemore acidic as soil age in-
creases (Tscherko et al. 2003; Bajerski andWagner 2013). A num-
ber of studies have analyzed themicrobial communities present
along chronosequences in glacier forefields. Zumsteg et al. (2012)
found changes in fungal communities from Ascomycota to Ba-
sidiomycota, and from Euryarchaeota to Crenarchaeota in archaeal
communities; the overall presence and variability in contribu-
tion to the total community of certain bacterial phyla including
Actinobacteria, Acidobacteria, Chloroflexi, Cyanobacteria, Gemmati-
monadetes, Proteobacteria and Verrucomicrobia have also been ob-
served (Nemergut et al. 2007; Bajerski andWagner 2013; Zumsteg
et al. 2013a).

Herewe present the first study ofmicrobial samples obtained
from a forefield in front of the glacier Styggedalsbreen (central
Norway), focusing on the putative short term effects of increas-
ing temperature, usingmassive sequencing to detect changes in
the whole community.

Samples were incubated at three different temperatures
(5◦C, 10◦C and 22◦C) for one week to detect short-term popula-
tion changes in the whole community. Incubation temperatures
were chosen according to seasonal variation at the field site. Dur-
ing winter, temperatures at Styggedalsbreen are below 0◦C but
in early and later summer, soil temperatures may be up to 10◦C
within a 100 m distance of the glacier snout (Haugland 2004).
In this study, we also wanted to know how a dramatic increase
in soil temperatures may affect the microbial community struc-
ture. Glacier forefields are ideal environments for psychrophilic
and psychrotolerant microorganisms that can live at low tem-
peratures. In selecting for 5◦C, 10◦C and 22◦C, we hope to bet-
ter distinguish the psychrophilic community (considered as mi-
croorganisms that grow optimally at temperatures below 15◦C
with a maximum growth temperature of around 20◦C) from the
psychrotolerant community (considered as microorganisms ca-
pable to grow at low temperatures that grow optimally at tem-
peratures above 20◦C) (Morita 1975), since we expect most of the
psychrophilic fraction of the community to die off or reduce in
number at 22◦C.

We used Illumina barcoded primers to amplify the 16S rRNA
gene to assess the composition of microbial communities along
different chronosequence stages of the glacier forefield. We
addressed a number of relevant questions relating to the ef-
fects of increasing temperature on the performance of Arctic
ecosystems under rapidly changing temperature regimes. (i) Is
there a relation between microbial community diversity along
a chronosequence in the Styggedalsbreen forefield area and the
age and pedogenesis of the uncovered area and how does that
relate to previous findings? (ii) Do themicrobial communities re-
spond to changes on short time scales (such as modifications in
the soil temperature depending on the growth temperature) and
what effects would these changes have on the ecosystem?

MATERIALS AND METHODS
Study area

The glacier Styggedalsbreen (61.5◦N; 8.3◦E) is located in the
western part of the alpine landscape of Jotunheimen in central
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(a)  

(b)  

Figure 1. (a) Location map of the Styggedalsbreen glacier zone. Picture: Google

Maps; (b) aerial view of Styggedalsbreen; the different moraines are marked
with black color and numbered. The sampling sites are marked with blue stars
(S1–S6). LIA moraine is shown in red color (number 9).

Norway, ranging from 1295 to 1785 m a.s.l. (meters above sea
level) (Fig. 1a). The glacier front has retreated around 800m since
the LIA, which ended circa 1750 CE (Common Era) with an ap-
proximate recession rate of 5 m year−1 in the 20th century. How-
ever during the last five years, the recession rate has been ap-
proximately 15 m year−1 (Norwegian Water Resources and En-
ergy Directorate, NVE). The region has a typical northern hemi-
spheric alpine climate, with a short growing season between
June and September, strong winds with precipitation of snow

during autumn andwinter, andwet summers resulting in an av-
erage annual precipitation of 860mm (Matthews 2005). The local
mean air temperature is approximately –3.1◦C, with amaximum
of 5.7◦C in July (Matthews 2005). The bedrock is composed of
pyroxene granulite gneiss with inclusions of mylonite and rare
peridotite intrusions (Matthews 2005). On the Styggedalsbreen
forefield there are nine distinct moraines that formed at the ter-
mination of and after the LIA (Fig. 1b), in addition to numerous
minor moraine ridges. In front of the LIAmoraine, there are sev-
eral older moraines of Holocene origin (Fig. 1b).

Samples S1–S6 (Fig. 1b) were collected from six locations:
(i) 3 m in front of the ice margin (S1); (ii) the youngest moraines
(S2 and S3); (iii) the highest post-LIA moraine (S4); (iv) the LIA
moraine (S5); and (v) an older Holocenemoraine (S6). Vegetation
on the top of themoraines starts withmoraine 4 (sample site S4)
with a dominance of cyanobacterial mats, mosses and lichens.
Sample sites S5 and S6 were fully covered by vegetation.

Sampling procedure

Samples were collected on the top of the moraines (S2–S6), with
sampling site S1 being collected at the front of the glacial ter-
minus (Fig. 1b). From each sampling point the top 15 cm were
excavated with an ethanol-cleaned spade and the soil sample
was transferred into sterile plastic bags (LDPEmodel, Norlip A/S,
Denmark). Samples were homogenized to detect the total vari-
ability of each sampling point and stored at 5◦C prior to trans-
portation to the University of Bergen for further analyses. To
study the effect of short term temperature changes on the mi-
crobial community composition, each soil sample (S1–S6) was
divided into three different subsamples, of which one was incu-
bated at 5◦C, one at 10◦C and the remaining subsample at 22◦C
for a time period of a week. Taking into account the original six
soil samples and nine subsamples from each (three tempera-
tures in triplicates), this gives a total of 54 samples (Fig. S1, Sup-
porting Information). Finally samples were stored at –80◦C prior
to further analyses.

Lichenometric measurements

Lichenometry techniques have been used frequently to date
moraines ridges younger than 500 years (Porter 1981). Differ-
ent approaches to lichenometric dating can be used: (i) the sin-
gle largest lichen-spot used to date other lichens (McCarroll
1994), (ii) the fixed-area largest lichen (Bull and Brandon 1998) or
(iii) the lichen cover approach (Grab, Van Zyl and Mulder 2005).
We have used the mean of the largest five lichens approach,
which is a modification of the single largest lichen-spot method
developed by Beschel (1950) from the Rhizocarpon geographicum
species because of its ability to survive stressful climatic con-
ditions, its longevity and its characteristic green–yellow color,
which makes it easy to distinguish from other lichens in the
field (Jomelli et al. 2007; Osborn et al. 2015). Based on the aver-
age diameter of the five largest R. geographicum spots, a calibra-
tion curve as described by Erikstad and Sollid (1986) and recently
applied by Matthews (2005) was used to date the moraines. The
relationship between lichen diameter and age at Jotunheimen
is expressed by the equation: log (y + 150) = 5.0309 + 0.0074x,
where ‘x’ is the mean size (in mm) of the five largest lichens per
moraine, and ‘y’ is the calculated age of the moraine in years
(Matthews 2005). Two different approaches were used to cali-
brate the relationship: (i) the moraine or glacier position based
on photographs, maps and historical measurements, and (ii) the
age of the local termination of the LIA (1750 CE). Styggedalsbreen
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Table 1. Oligonucleotide primers used in this study for PCR and real-time qPCR.

Primer Target Sequence (5′ – 3′) Annealing t◦ (◦C) Reference

519F 16S rRNA gene CAGCMGCCGCGGTAA 55 Øvreås et al. (1997)
806R 16S rRNA gene GGACTACHVGGGTWTCTAAT 55 Caporaso et al. (2011)

Bac338F Bacterial 16S rRNA gene ACTCCTACGGGAGGCAGCAG 56 Sheik et al. (2012)
Eub518R Bacterial 16S rRNA gene ATTACCGCGGCTGCTGG 56 Sheik et al. (2012)
Arch349F Archaeal 16S rRNA gene GYGCASCAGKCGMGAAW 51 Swan et al. (2010)
Arch806R Archaeal 16S rRNA gene GGACTACVSGGGTATCTAAT 51 Swan et al. (2010)

has two moraines dated based on historical reports (moraines 3
and 4; Fig. 1b) with ± 1 year of accuracy and one moraine as-
sumed to have originated during LIA (moraine 9; Fig. 1b) (Erik-
stad and Sollid 1986; Matthews 2005).

Soil characterization

Aliquots containing 1 g of homogenized soil were weighed and
transferred into tin capsules and dried overnight at 80◦C for
quantification of total carbon (TC) and nitrogen (TN) contents
using the CHN analyzer Flash 2000 EA (Thermo Scientific, USA).
The current and potential acidity of the soil pH was determined
from soil samples obtained from each sampling site (S1–S6). The
pH was measured after suspension of 10 g soil in 10 mL of dis-
tilled water (current) and also in 10mL of KCl (1 M) (potential),
using a glass electrode connected to a MP220 pH-meter (Mettler
Toledo, USA). The suspensions were stirred for 30 min and left
to settle for 30 min, and this process was repeated four times
(a total of 120 min) following the procedure of Bárcena, Yde and
Finster (2010). All the assays were performed in triplicate.

DNA extraction, PCR amplification
and Illumina sequencing

0.25 g from each of the 54 soil subsamples (Fig. S1, Support-
ing Information) were carefully weighed and used for DNA
isolation using the UltraClean Soil DNA extraction kit (MoBio,
Carlsbad, CA, USA), following the protocol provided by the man-
ufacturer. The extracted DNA was quantified using a QuBit Flu-
orometer (Invitrogen, USA) and stored at –20◦C for further anal-
yses. 16S rRNA genes were PCR-amplified using the HotStar PCR
MasterMixKit (Qiagen, Hilden, Germany)with Illumina prokary-
otic primer-pair: (FAdapter) 519F/(RAdapter) 806R (Table 1) tar-
geting the variable V4 region. Amplification was performed us-
ing a dual indexing approach modified from Caporaso et al.
(2012). Two PCR steps were performed to reduce the variability
in the samples and increase its reproducibility (Berry et al. 2011),
for the first PCR-amplification two replicates (per sample) were
made, comprising 19 μL master mix and 1 μL extracted DNA, for
the second PCR step, the protocol was as previously indicated,
but using 18.5 μL of master mix, 2 μL of the specific primer pair
(1 μM) and 2.5 μL of DNA (pooled from both replicates).

For the first PCR reaction, an initial denaturation step (95◦C,
15 min) was followed by 25 cycles of denaturation (95◦C for
20 s), annealing (55◦C for 30 s) and extension (72◦C for 30 s)
and a final extension of 7 min at 72◦C. In the second PCR only
10 cycles were run. Amplicons were purified using the GenElute
PCR Clean-Up Kit (Sigma-Aldrich, USA), eluted in 25 μL DEPC-
treated water and the DNA was quantified using the Qubit Fluo-
rometer (Invitrogen). Finally the purified samples were mixed in
equimolar amounts and sent for sequencing analyses using the

Illumina ‘MiSeq sequencing system’ (Illumina, USA) at the Nor-
wegian High-Throughput Sequencing Centre, Oslo (Norway).

Quantitative/real-time PCR

The extractedDNAwas used to determine the abundance of bac-
terial and archaeal 16S rRNA genes in triplicate by quantitative
real-time PCR (qPCR) on a C1000 Thermocycler (BioRad, USA).
For bacterial 16S rRNA gene quantification, 2 μL of the primer-
pair Bac338F/Eub518R (Table 1; Sheik et al. 2012), were added to
17 μL of the IQ SYBR Green Supermix (BioRad) and 1 μL of DNA.
The PCR reaction conditions were as follows: initial activation
for 5 min at 95◦C, followed by 40 cycles of amplification (30 s de-
naturation at 95◦C, annealing at 56◦C for 30 s, extension at 72◦C
for 30 s) and final extension 10 min at 72◦C (Sheik et al. 2012). For
the archaeal 16S rRNA gene, the primer-pair Arch349F/Arch806R
was used (Table 1; Swan et al. 2010) with the same reagent con-
centration as described above. During the qPCR program an ini-
tial activation at 95◦C for 10 min was followed by 40 cycles of
amplification (30 s at 95◦C, annealing at 51◦C for 30 s and 72◦C
for 30 s) and final extension 10min at 72◦C (Swan et al. 2010). The
fluorescence was measured at the end of each cycle and a melt-
ing curve obtained from 65◦C to 95◦C with increments of 0.2◦C.
Dilution of plasmids containing bacterial or archaeal 16S rRNA
gene were used to obtain the standard curves and the Ct val-
ues, and the assays were performed in triplicate. The archaeal
and bacterial 16S rRNA genes used as controls were cloned into
pCR 2.1 Topo TA (Invitrogen, USA), transformed into Escherichia
coli strains and the recombinant clones selected for plasmid pu-
rification using the GenElute PCR Clean-Up Kit (Sigma-Aldrich,
USA). Finally, quantification of plasmid DNA was performed us-
ing QuBit (Invitrogen, USA) in order to adjust the amount of plas-
mid DNA used for quantitative comparison with our microbial
samples (Stoddard et al. 2015). The efficiency of the obtained
qPCR was between 97% and 108% with R2 values > 0.99 in all
runs.

Statistical and multivariate analyses

16S rRNA gene sequences were processed using QIIME (Quanti-
tative Insights intoMicrobial Ecology; Caporaso et al. 2010) at 97%
pairwise identity of theOTUs (Operational TaxonomicUnits) and
taxonomy classified using the SILVA database (Quast et al. 2013)
(see Supporting Information for details). Shannon diversity (H′)
was estimated for the prokaryotic community based on OTU
abundances using the statistical software environment R (R Core
Team 2013). The evenness index Evar (Smith and Wilson 1996)
was used to quantify evenness of the microbial community at
each sampling point along the chronosequence.

Relationships at phylum level between environmen-
tal parameters and microbial community structures for
three different temperatures were assessed by non-metric
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Table 2. Lichenometric dating of Styggedalsbreen moraines com-
pared with the historical dates. ND indicates non-defined values.

Moraine Lichen Historical Estimated
ridge size (mm) date (CE) date (CE)

9 125 ± 4.3 1750 1758
8 101.2 ± 5.4 ND 1825
7 97.8 ± 7.6 ND 1834
6 85.3 ± 4.7 ND 1864
5 70.2 ± 6.9 ND 1896
4 72.2 ± 3.4 1906 1892
3 52.3 ± 5.8 1931 1930
2 8.2 ± 1.4 ND 1997
1 0 ± 0 ND 2007

multidimensional scaling (NMDS; Kruskal 1964) using the pack-
age vegan (Oksansen et al. 2013) with the Bray–Curtis coefficient
used as a dissimilarity measure and 999 permutations. NMDS
solutions differ depending on the dimensions (Rydgren 1993).
For this study, the solution 2D was the one shown in graphs.
The environmental variables (pH, Total Nitrogen (TN), Organic
Carbon (OC) and soil age) were plotted using the function envfit
with 999 permutations to determine how the variables affect
the community composition. One-way ANOVA was used to test
for differences in the environmental variables with distance
from the glacier terminus being the categorical variable. For
some physicochemical parameters such as acidity (KCl), OC,
TN, archaeal copy numbers (qPCR) and bacterial copy numbers
(qPCR) data were transformed into base 10 logarithms before
analyses (Table S1, Supporting Information). Post-hoc analyses
were performed to check for normal distribution and constant
variance of the residuals. Permutational multivariate analyses
of variance (PerMANOVA) were used to test differences in the
microbial communities with temperature and distance from
the glacier using the function adonis with a Monte-Carlo test
and 9999 unrestricted permutations (Table S2, Supporting
Information).

RESULTS AND DISCUSSION
Lichenometric dating of moraines

Despite the fact that Matthews (2005) dated the oldest
Styggedalsbreen moraines in 1978, a new dating effort had to
be conducted as new moraines have been formed since then. A
total of nine moraines (including the LIAmoraine at Styggedals-
breen forefield) were dated (Table 2). The means of the max-
imum diameter of the five largest lichens found on boulders
on each moraine were combined with the historical dating of

moraines 3, 4 and 9 (Fig. 1b) to perform the dating calibration.
For example, the year of formation of moraine 9 was set to be
1750 CE based on historical observations at Nigardsbreen (lo-
cated 40 km away; e.g. Matthews 2005), whereas the licheno-
metric methods estimated the year of formation to be 1758 CE.
The new dating differ by up to 16 years from the previous dat-
ings byMatthews (2005). Beyond the LIAmoraine there are some
moraines that cannot be dated by lichenometry, as they are
older than 500 years (Matthews 2005). The validity of lichenom-
etry has been under discussion ever since the method was pro-
posed mainly due to its lack of reproducibility and questions
about thallus diameter as an age index, but despite the dis-
puted accuracy of the method, lichenometry has been shown
to yield reliable results in the Arctic and alpine environments
(Armstrong 2004) and dating of lichens from rocks has been fre-
quently used in glacial moraines. Although the use of lichens
to date surfaces can be controversial in some situations, we
have used the lichenometric analyses to date young surfaces
(250 years old) where other dating methods such as radiocar-
bon analyses could not be trusted, and we have used a regional
calibration curve that has been described and used before avoid-
ing different microclimatic conditions. Despite the hypothetical
low reproducibility of the method, we obtained similar results
to the ones previously published (Matthews 2005). Error esti-
mates of this method can vary depending on the publication,
with certain authors assuming an error range of 30–45 years for a
150 year old surface, while others assume 10% accuracy on LIA
or ± 20 years for older moraines (Osborn et al. 2015). Matthews
(2005) estimated differences of –11.4 ± 17.1 years for the same
Western Jotunheimen curve we have used in the present study,
between the control points and the predicted ages. We underes-
timated the LIA moraine in 8 years, whereas we overestimated
moraines 3 and 4 in 1 and 14 years, respectively, compared to
the historical dates.

Soil characterization

The amounts of organic carbon (OC) and total nitrogen (TN) sig-
nificantly increased (P ≤ 0.001) with increasing soil age (Table 3).
Measurements showed low concentrations of both OC and TN
in bare soil, for OC we obtained 0.4 mg g−1 in sample S1, which
gradually increased to 53.1 mg g−1 at S6. Quantification of the
amount of total carbon (TC) showed that an average of more
than 99% of the TC was present in the form of OC (data not
shown). The amount of TN was below the detection limit of our
method for samples S1–S3, and increased to approximately 3mg
g−1 in the oldest soils. The pH values also indicated an environ-
mental change along the chronosequence; the pH significantly
decreased (P ≤ 0.001) from slightly alkaline (pH = 7.8) in the bare
soil close to the glacier terminus, to acidic values (pH = 4.7) on

Table 3. pH, Organic Carbon (OC) and Total Nitrogen (TN) in soil samples from the different sampling sites at Styggedalsbreen forefield. b.d.
indicates values below detection limit.

Sample name OC (mg g−1) TN (mg g−1) Ratio OC/TN pH 1 M KCl

S1 0.40 ± 0.02 b.d. – 7.8 ± 0.6 7 ± 0.1
S2 0.45 ± 0.04 b.d. – 7.6 ± 0.3 6.9 ± 0.5
S3 0.50 ± 0.05 b.d. – 7.1 ± 0.6 5.6 ± 0.3
S4 1.29 ± 0.61 0.09 ± 0.04 14.79 7.0 ± 0.2 5.1 ± 0.6
S5 14.5 ± 1.9 0.72 ± 0.00 20.12 5.9 ± 0.3 4.2 ± 0.1
S6 53.1 ± 8.6 2.98 ± 0.84 17.84 4.7 ± 0.2 3.7 ± 0.1
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Table 4. Total DNA content and qPCR 16S rRNA gene abundance
data (archaeal and bacterial members) at the different sampling sites
along the Styggedalsbreen chronosequence.

Sample Archaea 16S rRNA Bacteria 16S rRNA DNA content
name gene copies (g soil−1) gene copies (g soil−1) (μg g−1 soil)

S1 3.6×104 ± 0.3×104 13.4×105 ± 7.5×105 0.35 ± 0.08
S2 1.5×104 ± 0.8×104 3.6×105 ± 1.7×105 0.15 ± 0.02
S3 26.5×104 ± 16.2×104 103.3×105 ± 83.8×105 3.66 ± 1.71
S4 25.4×104 ± 5.9×104 95.7×105 ± 33.2×105 4.5 ± 0.66
S5 93.2×104 ± 67.4×104 411.3×105 ± 314.6×105 11.61 ± 2.20
S6 378.7×104 ± 161×104 1893.3×105 ± 193×105 23.33 ± 2.86

the vegetated moraines. The pH value in soil suspended in KCl
(1 M) was 1 to 2 units lower than the pH of the same soil when
it was suspended in distilled water.

The results obtained for OC and TN in our soil samples are
consistent with results reported in previous studies at other
alpine glaciers (Frey et al. 2013; Bradley, Singarayer and Anesio
2014). The obtained pH values in our soil samples showed equiv-
alent value to those reported by Frey et al. (2013) from the Alps
and by Bajerski and Wagner (2013) from Antarctica. In all cases,
more acidic pH values were observed in samples furthest away
from the glacier terminus.

Determination of gene copy numbers by qPCR

qPCR-based determination of bacterial and archaeal 16S rRNA
gene abundances showed that bacterial gene copy numbers
were 10–100 times higher than the archaeal copy numbers (106–
108 g soil−1 for bacteria versus 104–106 g soil−1 for archaea)
(Table 4). The total numbers of bacteria and archaea were lowest
at the most recently exposed sampling site (S1) and increased

significantly with age (P ≤ 0.001) thus following the same trends
as observed for soil OC and TN. The bacterial and archaeal
copy numbers were not affected by increasing temperatures.
The obtained results were similar at each sampling site (data
not shown), and this was the case for the community structure
(Fig. 2). These results indicate that the relative abundances of the
community members changed as a response to increasing tem-
peratures, while size of the community represented by commu-
nity gene copy was unaffected by a rise in temperature (Table 4).

The trend seen in bacterial 16S rRNA gene copy numbers
is consistent with the findings reported by Frey et al. (2013)
on an alpine glacier forefield. To the best of our knowledge,
trends in archaeal 16S rRNA gene copy numbers along proglacial
chronosequences have not been reported so far. Our results indi-
cate thatmembers of the archaeal group follow the samepattern
as bacteria with a 100-fold increase along the chronosequence.
Similar results were found for the different incubation tempera-
tures per sampling site, indicating that increased temperatures
can change the relative abundances of different groups, modify-
ing the dominance of distinct groups in the community without
increasing the absolute value of copy number. The standard de-
viations of the gene copy numbers were high but in concordance
with the results obtained from other glacier forefields (Philippot
et al. 2010; Bajerski and Wagner 2013; Frey et al. 2013).

Diversity of the microbial communities

The microbial diversity present was addressed by next-
generation Illumina sequencing. A mean of 130 000 reads per
sample was obtained (Table S3, Supporting Information). The di-
versity bar charts revealed that the results for triplicate subsam-
ples (Fig. S1, Supporting Information) were almost identical, and

Figure 2. Taxonomic assignment of prokaryotic 16S rRNA gene at phylum level along the different stages of soil development at three different temperatures. Each
colour represents the relative abundance in percentage (%) of a specific phylum. ‘Cre’ refers to Crenarchaeota, ‘Eur’ to Euryarchaeota, ‘Tha’ to Thaumarchaeota, ‘AD3’ to

candidate division AD3, ‘Aci’ to Acidobacteria, ‘Act’ to Actinobacteria, ‘Bac’ to Bacteroidetes, ‘Chl’ to Chloroflexi, ‘Cya’ to Cyanobacteria, ‘Gem’ to Gemmatimonadetes, ‘Pla’ to
Planctomycetes, ‘Pro’ to Proteobacteria, ‘Ver’ to Verrucomicrobia, ‘WPS2’ to candidate divisionWPS2, ‘Una’ to unassigned, which represents all the sequences that were not
possible to assign, and ‘Oth’ to others, which represents sequences with lower abundances than 1%.
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Figure 3. Taxonomic assignment of bacterial 16S rRNA gene within phylum Proteobacteria at class level at 5◦C, 10◦C and 22◦C along the chronosequence. ‘APro’ refers
to Alphaproteobacteria, ‘BPro’ refers to Betaproteobacteria, ‘DPro’ refers to Deltaproteobacteria and ‘GPro’ refers to Gammaproteobacteria.

Figure 4. Taxonomic assignment of bacterial 16S rRNA gene of the two most abundant families within class Betaproteobacteria along the chronosequence. ‘Com’ refers

to Comamonadaceae and ‘Oxa’ to Oxalobacteraceae.

thus we pooled the triplicates for the following analyses in 18 fi-
nal bar charts (Fig. 2).

Diversity analyses for samples incubated at 5◦C and 10◦C
showed a significant effect of distance from the glacier (P= 0.037
and P = 0.014 for 5◦C and 10◦C, respectively; Table S2, Support-
ing Information) with dominance of members from the bacte-
rial phylum Proteobacteria for young soils (72% and 69%, for 5◦C
and 10◦C, respectively, in sample S1) (Fig. 2). The relative contri-
bution of sequences affiliated with this phylum decreased with
soil age (17% and 25%, for 5◦C and 10◦C, respectively, in sam-
ple S6). Other abundant phyla were Chloroflexi (3%), Verrucomi-
crobia (3%), Actinobacteria (3%) and Bacteroidetes (2%). For these
phyla we observed the opposite trend as their fraction increased
with soil age (up to 18%, 12%, 10% and 11%, respectively, in sam-
ple S6). Candidate phylum AD3 contributes to the diversity of
the community only in the mature soils, such as 17% at sam-
ple site S5 (LIA moraine). Among the Proteobacteria, members of
the class Betaproteobacteria were the most abundant (50% in S1)
(Fig. 3) with a decrease in dominance with soil age (4% in S6),
thus reflecting the same trend as the phyla. The most abun-
dant families of the Betaproteobacteriawere Comamonadaceae and

Oxalobacteraceae, accounting for 16% and 15%, respectively, of
the diversity at sampling site S1 (Fig. 4). Methylibium and Po-
laromonas were the most abundant genera of Comamonadaceae
(3.6% and 1.5%, respectively; Table S4, Supporting Information),
whereas Janthinobacterium,was themost abundant genus within
the Oxalobacteraceae family (2.8% in S1; Table S4, Supporting
Information).

Incubations at 22◦C had a strong impact on the microbial
community structure, with a dramatic decrease in members of
the Proteobacteria (Fig. 2), resulting in a more homogenous com-
munity composition with no significant differences along the
chronosequence (Table S2, Supporting Information). Compared
to results obtained at 5oC and 10◦C significant differences were
only found with the results at 10◦C (Table S2, Supporting Infor-
mation). Also after incubations at 22◦C the phylum Proteobacte-
riawas the most prominent (28% in S1) with a slight decrease in
dominance along the chronosequence (20% at the oldest sam-
pling site, S6). Members of Chloroflexi followed Proteobacteria in
dominance, expressing a similar trend as in the samples that
were incubated at lower temperatures (10% for S1 up to 20%
for S5), followed by the Verrucomicrobia (up to 12% in S4) and
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Figure 5. Taxonomic assignment of archaeal 16S rRNA gene at phylum level. Each site is represented (S1–S6) and each color shows the abundance within the domain

Archaea of the phyla adjusted to 100%. ‘Cre’ refers to Crenarchaeota, ‘Eur’ refers to Euryarchaeota and ‘Tha’ refers to Thaumarchaeota.

the Acidobacteria (up to 11% in S6). Similarly to the low temper-
ature incubations, candidate phylum AD3 increased in abun-
dance along the chronosequence (up to 14% in S5). Within the
Proteobacteria, we observed a dominance ofmembers of the class
Alphaproteobacteria (an average of 9% of the relative abundance),
while members from the Beta-, Gamma- and Deltaproteobacteria
accounted for equivalent fractions of approximately 4% of all se-
quences along the chronosequence (Fig. 2). The remaining phyla
accounted for a mean of 2% of all sequences.

Members of the domain Archaea were found at all sites of
the chronosequence, albeit they only represented around 0.7%
of the total amount of the sequences. Our results showed a
clear dominance of the Euryarchaeota phylum members (around
2% of the relative abundance) in the young soils (Fig. 5) and a
co-dominance of the Thaumarchaeota/Crenarchaeota phyla mem-
bers at the oldest sites of the chronosequence (S5–S6). The
most abundant group was the order Thermoplasmatales (phy-
lum Euryarchaeota), with increased abundance next to the glacial
snout (up to 2.3% of the total sequences; Table S5, Support-
ing Information), followed bymembers of orderNitrososphaerales
(Thaumarchaeota) that were found in most of the samples, with
increased numbers with increasing soil age (up to 0.2% of
all the sequences; Table S5, Supporting Information). Orders
Methanomicrobiales andMethanobacterialeswere also detected but
with lower abundances. They accounted for less than 0.1%
of the total prokaryotic sequences (Table S5, Supporting In-
formation). A mean of 9% of the sequences were unassigned
(Fig. 2).

Our results revealed different patterns in the microbial com-
munities. At low and mid temperatures (where psychrophiles
and psychrotolerants coexist), Proteobacteria dominated the
community in samples from recently exposed soils. Schütte et al.
(2010) reported similar results from glacier forefields on Svalbard
(Norway). The phylum Proteobacteria encompassesmetabolically

diverse groups of microorganisms such as chemolithotrophs,
heterotrophs and phototrophs. Many members of that phylum
are well adapted to ecosystems with limited access to nutri-
ents (Hodkinson, Coulson and Webb 2003; Zumsteg et al. 2012)
suggesting that Proteobacteria are favored during the first phase
after the glacial retreat and during the transition from anoxic
to oxic conditions (Skidmore et al. 2005). Within the phylum
Proteobacteria, representatives of the class Betaproteobacteria in-
cluding the families Comamonadaceae and Oxalobacteraceae (of
the order Burkholderiales) were prevalent. Abundance of Betapro-
teobacteria decreased along the glacial chronosequence. Our re-
sults are in agreement with the results of Nemergut et al. (2007),
who studied bacterial abundance in a Peruvian glacier forefield.
Skidmore et al. (2005) suggest that the decrease in Proteobacte-
ria abundance is due to increased temperatures and distance
from the glacier, as some of their members are adapted to live
in low temperature habitats and subglacial areas with low or-
ganic matter content. Oligotrophic environments, such those
that can be found underneath and in front of the glacier, fa-
vor members of the family Comamonadaceae that utilize H2 or
CO as energy sources (Willems et al. 1991). H2 is produced in
subglacial ecosystems by rockweathering and together with for-
mate, acetate and oxalate is used as an energy and carbon source
by subglacial bacteria under anaerobic conditions (Mader et al.
2006; Telling et al. 2015). Among members of the Oxalobacter-
aceae, there are nitrogen-fixing organisms that are favored in
nitrogen-limited environments. At Styggedalsbreen, represen-
tatives of the chemoorganotrophic genus Janthinobacteriumwere
themost numerous. Isolates belonging to this genus are adapted
to growth at low temperatures and neutral pH (De Ley, Segers
and Gillis 1978). These properties of Janthinobacterium may ex-
plain why members of this genus were more abundant in the
youngest soils of the chronosequence (S1–S3) at 5◦C and 10◦C
than in the older soils and at higher temperatures.
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In contrast to the Proteobacteria, the proportion of members
of the phyla Acidobacteria, Actinobacteria and Verrucomicrobia in-
creased in abundance along the chronosequence. This may be
caused by increasing acidity of the soil, as has previously been
reported (Lauber et al. 2009; Philippot et al. 2010; Schütte et al.
2010). Members from the Acidobacteria are frequently involved in
cellulose decomposition in oligotrophic soils (Zumsteg, Schmutz
and Frey 2013b). Members from Actinobacteria catabolize organic
carbon, which is present at higher concentrations in older soils
(Heuer et al. 1997), whereas representatives of theVerrucomicrobia
are often found in cold habitats, and their abundance can be as-
sociated with their ability to oxidizemethane, which is provided
by the atmosphere as well as by methanogenesis in the deeper
anoxic soil layers (Wagner, Kobabe and Liebner 2009; Bergmann
et al. 2011).

The phylum Chloroflexi shows the same trend as the
phyla Acidobacteria, Actinobacteria and Verrucomicrobia along the
chronosequence and the relative abundance of the Chloroflexi
members increased with higher incubation temperatures, as it
would be expected. Our results are in agreement with what has
been reported previously from sites in Antarctica (Pearce et al.
2013) but contrasts with other studies that demonstrated the
presence of Chloroflexi in proglacial environments but at low rel-
ative abundances (Shivaji et al. 2011; Srinivas et al. 2011). These
results may be related to differences in soil nitrogen concentra-
tion and organic matter composition (Dini-Andreote et al. 2014).

The phylum Bacteroidetes also showed a similar trend to the
phylaAcidobacteria,Actinobacteria and Verrucomicrobiawith an in-
creased abundance with increasing soil age and increasing pH.
In the 5◦C incubations, members of the Bacteroidetes increased
in abundance in samples S1–S3, followed by a decrease in rela-
tive abundance in the remaining samples. However, in the 10◦C
incubations, a high Bacteroidetes abundance was only observed
in the oldest soils of the chronosequence (Fig. 2). This result is
not in agreement with previous findings that correlate this phy-
lum with increasing pH and neighborhood to the glacier termi-
nus (Lauber et al. 2009; Philippot et al. 2010; Bajerski and Wag-
ner 2013), despite temperature being cited as the main factor
affecting Bacteroidetes survival. This distribution was explained
by the physiological properties of Bacteroidetes that thrive un-
der anoxic conditions by performing fermentation on inorganic
substrates resulting from weathering of subglacial ecosystems
(Sheik et al. 2015). In the 22◦C incubation, the relative abundance
of Bacteroidetes decreased with increasing soil age (Fig. 2), as re-
ported in previous studies.

Members of the phylum Cyanobacteriawere generally present
at low relative abundance along the chronosequence, al-
though their presence increased in abundance in the interme-
diate stages of the chronosequence. Cyanobacteria are photoau-
totrophic organisms, which often have the ability to fix nitrogen.
Therefore they produce organic carbon and biologically avail-
able nitrogen to the organisms along chronosequence and pre-
pare the sites for later succession (Schmidt et al. 2008; Stibal
et al. 2008). Our results are in accordance with what has been
reported previously (Nemergut et al. 2007; Zumsteg et al. 2012),
where the relative abundances of Cyanobacteria increased in the
transitional stages and decreased with increasing soil age, as a
result of reduced light availability due to increased vegetation
and competition for nutrients with plants and other microor-
ganisms (Frey et al. 2013).

The domain Archaea was represented by members of the
phyla Euryarchaeota, Thaumarchaeota and Crenarchaeota in all
samples. As was observed with the domain Bacteria (Lauber
et al. 2008; Rousk, Brookes and Bååth 2009), changes in archaeal

Table 5. Coefficients for Shannon diversity index (H′) and evenness
(Evar) of the 16S rRNA genes at Styggedalsbreen.

Sample name OTUs Shannon (H′) Evenness (Evar)

S1 597 ± 81.7 4.2 ± 0.4 0.57 ± 0.05
S2 470.6 ± 33.6 4.2 ± 0.3 0.62 ± 0.01
S3 579.6 ± 103.9 4.2 ± 0.2 0.63 ± 0.06
S4 522 ± 61.5 4.1 ± 0.4 0.62 ± 0.02
S5 416.3 ± 27.9 4.0 ± 0.4 0.63 ± 0.02
S6 495 ± 54.5 4.0 ± 0.3 0.57 ± 0.01

populations are correlated with pH and shifts in OC content
(Dong et al. 2015). The only difference between low and mid-
temperatures compared to high temperatures was the absence
of Euryarchaeota in intermediate age soils (S3–S4). In young soil
(S1–S4) Euryarchaeota showed the highest relative abundance of
all archaeal phyla. Euryarchaeota include methanogens, such as
members of the order Methanomicrobiales and Methanobacteriales
that are dominant in subglacial ecosystems (Stibal et al. 2012;
Dieser et al. 2014) but also typically found in environments with
high water content (as found close to the glacier snout) and low
access to oxygen (Angel, Claus and Conrad 2012), as is the case
at the terminus of the Styggedalsbreen. In the oldest soils (S5–
S6) the archaeal community showed higher relative abundances
of Thaumarchaeota—Crenarchaeota. Thaumarchaeota constitute a
recently described phylum (Brochier-Armanet et al. 2008) that
comprise members with the ability to thrive on the oxidation
of ammonia to nitrite and that often can also fix CO2 (Schleper,
Jurgens and Jonuscheit 2005; Spang et al. 2010) such as mem-
bers of the order Nitrososphaerales that grow with NH3 as energy
and CO2 as carbon sources (Pessi et al. 2015). By combining these
properties theymay play an important role in the cycling of both
nitrogen and carbon (Nicol et al. 2008; Spang et al. 2010). The in-
crease in relative abundance of the Thaumarchaeota community
along the chronosequence is also strongly linked with soil pH.
This is in concordance with observations reported by Hu et al.
(2013) and Nicol et al. (2008).

Our results are also in agreement with results reported by
Zumsteg et al. (2012) where population changes of Euryarchaeota
or Crenarchaeota dominated communities in young soils or in-
termediate and old soils, respectively. In our study, members
of the Thaumarchaeota were more frequently present than those
of Crenarchaeota and we suggest that a major fraction of Crenar-
chaeota members (Zumsteg et al. 2012) actually belong to Thau-
marchaeota, but have been wrongly classified in the taxonomic
database due to the mixed nomenclature (Hu et al. 2013). Within
the Euryarchaeota, Zumsteg et al. (2012) found that only 4% of all
the archaeal sequences belong toMethanomicrobialeswhich sup-
ports our findings suggesting that other taxa (such as Thermo-
plasmatales) may be more abundant in glacier forefields, as de-
scribed previously (Pessi et al. 2015).

Shannon and evenness index of the microbial
communities along the chronosequence

The number of OTUs in our samples did not follow a clear trend,
as the largest number of OTU’s was found in sample S1while the
lowest number was found in sample S5 (Table 5). The Shannon
diversity (H′) index is used to assess the species diversity in a
community. In our case indices indicate a high diversity along
the chronosequence (4.2–4), with the LIA moraine (S5) affiliating
with the lowest H′ index (4.01). Evar was calculated to determine
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Figure 6. NMDS showing the relationship between community structures and sampling points at different temperatures. Prokaryotic phyla are represented with black
color and environmental variables are shown with blue arrows. ‘OC.TN’ refers to the ratio C to N. Circles show the representation of the points at 5◦C, triangles at 10◦C
and squares at 22◦C. Archaeal phyla are shown with capital letters. Due to the amount of samples the x-axis explains the 100% of the variation.

whether diversity changes of the prokaryotic communities were
higher in intermediate soils (0.62) compared with the youngest
and oldest soils (0.57).

Our H′ indices results showed a difference between samples
at different stages of the chronosequence (4.2–4), as reported by
Zumsteg et al. (2012). However, Nemergut et al. (2007) found an
increased diversity in older soils. The high values of the Shan-
non index are in agreement with those from previous studies
in other glacier forefields (Shivaji et al. 2011; Srinivas et al. 2011;
Pessi et al. 2015), but conflict with other observations where
Shannon indices were between 2.3 and 3.4 (Bernasconi et al.
2011; Zumsteg et al. 2012).

Non-metric multidimensional scaling

NMDS ordination visualized the relationship between the com-
munity structures and sampling site at three different tempera-
tures (Fig. 6). The outcomepoints showed a strong positive corre-
lation between soil exposure time and the presence of members
of the phylum Euryarchaeota (sequences of Euryarchaeota were
only found in young soils) and a negative relationship between
soil exposure time and the presence of members of the phyla
Thaumarchaeota and Crenarchaeota. There were also positive cor-
relations between acidity (KCl) and members of phylum Thau-
marchaeota and positive correlations between the candidate di-
visions WPS2 and AD3 and soil pH. Proteobacteria and Gemma-
timonadetes showed a positive correlation with the C to N ratio
and Cyanobacteria and Acidobacteria a positive relationship with
soil age but this correlation was less strong than the relation
of Euryarchaeota. In summary our results showed that a variety
of environmental factors controls the microbial communities in
the glacier forefields: (i) older soils are often found to be more
acidic than newly formed soils; (ii) we found that the archaeal
phyla are strongly correlated with soil age, with a shift from a
Euryarchaeota dominated community in young soils to a Crenar-

chaeota – Thaumarchaeota dominated community in older soils;
(iii) certain bacterial phyla such as Proteobacteria and Gemmati-
monadetes showed a positive correlation with increased OC and
TN.

Microorganisms are ubiquitous in cold environments, as we
confirm in the present study. However the microbial diversity of
the soil samples depends on various nutritional and/or environ-
mental factors, such as the presence of carbon, nitrogen, oxy-
gen, soil pH and temperature. As temperature is a very impor-
tant factor for microbial community development, we analyzed
how the microbial communities present in glacier moraines dif-
fer based on two factors: distance from the glacier forefront
and the effects of incubation temperature. Glacier forefields
have received increasing attention in recent years with focus on
studying abiotic and biotic factors including microbial survival,
colonization and the diversity of the microbial communities.
However, the study of microbial population changes associated
with soil samples obtained from glacier forefields based on in-
creased incubation temperatures, has not been described yet.
For this reason, we incubated our samples at three different
temperatures (i) 5◦C (the soil temperature during early and late
summer), (ii) 10◦C (the soil temperature inmid-summer) and (iii)
22◦C, as a conservative estimate of a future increase in temper-
ature, and how these temperature regimes would affect those
microbial communities comprising psychrophilic and psychro-
tolerant microorganisms. Our results showed that the proglacial
area of Styggedalsbreen represents a successional gradient es-
tablishing a diverse microbial community along the chronose-
quence. The community is dominated by Proteobacteria (mainly
Betaproteobacteria) and Euryarchaeota in younger soil samples
next to the glacier terminus, with a decrease in abundance
with increasing soil age. Phyla such as Chloroflexi, Acidobacteria,
Actinobacteria, Verrucomicrobia, Crenarchaeota and Thaumarchaeota
may be found along the chronosequence with increased abun-
dance with increasing soil age. We suggest that the changes
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in community composition observed are due to variation in
soil composition along the chronosequence, as OC and TN con-
tent increases, whilst pH decreases. In addition, this analysis
indicates that a strong increase in temperature (22◦C) would
modify the forefield microbial communities by altering the
dominance of the differentmicrobial groups along the chronose-
quence and we assume that their adaptation to higher temper-
ature would allow them grow faster. Our results also indicate
that despite the high temperature the community size was not
affected as the higher temperature did not affect the amount
of DNA that we could extract from the samples (Table 4); how-
ever, the higher temperature did affect the community composi-
tion. These data suggest that at low and mid temperatures (5◦C
and 10◦C, respectively), the community is primarily constituted
of psychrophilic and psychrotolerant microorganisms, while at
higher temperatures (22◦C), most of the psychrophiles would
disappear while the psychrotolerant microorganisms would in-
crease in number and thereby dominate the community. These
considerations are also supported by the fact that the num-
ber of 16S rRNA gene copies did not change with incubation
temperature, indicating that increasing temperatures favor cer-
tain microbial groups along the chronosequence. We conclude
that the shifts in microbial diversity in proglacial environments
to a large degree depend on environmental conditions and re-
veal that temperature changes will have a strong influence on
the development of microbial communities of glacier forefields.
Linking the response of the communities to the modeled future
increase in temperatures is crucial to fully appreciate the con-
sequences of climate change. Glacial forefields are dynamic
environments that are highly influenced by increasing tem-
perature in the Arctic and so detailed research in proglacial
areaswith contrasting climatic, geological and glaciological con-
ditions is required to address this issue more thoroughly. In
the next phase of the investigations, we will address whether
the effect that follows change in community composition is
buffered by the metabolic redundancy of the indigenous micro-
bial community or whether central steps in element cycling are
eliminated.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.
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