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Abstract Global climate change produces impor-
tant shifts in the glacial runoff, modifying the relative
contributions of meltwater and glacial clay discharges
into headwater streams. Physical and chemical fac-
tors of glacier-fed streams are affected, such as total
suspended solids (TSS), and nutrient concentrations.
Here, we analyze the composition of the biofilm bac-
terial community by 16S rRNA sequencing along a
glacier-fed network (Upper Rio Manso) located in
North Patagonian Andes (Argentina). We also ana-
lyzed changes in environmental factors in relation to
the bacteria composition in different seasons (spring,
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summer, and autumn). Our results showed that the
dominant phyla were Proteobacteria, Cyanobacteria,
Bacteroidota, Actinobacteriota, and Acidobacteriota.
Bacterial community composition changes longitu-
dinally and seasonally in relation to glacial influence
(TSS and phosphorus concentrations). We identified
phylotypes of Proteobacteria (Polaromonas, Rho-
doferax, and Methylotenera) that were only present in
headwaters of the fluvial systems. In addition, Cyano-
bacteria also presented substantial changes along the
main course of Manso River and among seasons. The
increase of Cyanobacteria abundance was favored by
the glacial influence both longitudinally and season-
ally. Overall our results contribute to the understand-
ing of the patterns of biodiversity and bacterial com-
position under a constant glacial retreat.

Keywords Microbial diversity - Network - Glacial
influence - Seasons - Cyanobacteria

Introduction

Glacier-fed streams are dynamic ecosystems that have
an important ecological role because they link glacial
ecosystems with downstream habitats (Battin et al.,
2003; Wilhelm et al.,, 2013). These environments
are characterized by high conductivity, low tempera-
ture, and high turbidity (Ren et al., 2017; Martyniuk
et al., 2022). Seasonal fluctuations in glacier retreat
produce changes in the runoff, shifting the relative
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contribution of melting and glacial clay that are dis-
charged into the headwaters (Brown et al., 2007; Mil-
ner et al., 2009). Changes in glacial clay inputs can
produce sudden changes in turbidity in glacier-fed
streams affecting primary producers, due to transient
light protection for attached algae (Martyniuk et al.,
2014) or, to an increase in the availability of P (Hod-
son et al., 2004; Simpson et al., 2021). As a result
of climate change, many mountain basins show an
accelerated retreat of their glaciers (Huss et al., 2017,
Beniston et al., 2018), which, in turn, causes changes
in physicochemical, and temperature dynamics of
glacial streams due to variation in the rate, timing
and volume of ice melt contributions (Milner & Petts,
1994; Milner et al., 2009; Huss & Hock, 2018).

The microbiome of glacial ecosystems is poorly
known (Bourquin et al., 2022) and is expected to
harbor a particular community composition, that
would influence downstream communities (Ren et al.,
2019). Microbial life in glacier-fed streams is remark-
ably diverse, including bacteria, archaea, fungi, proto-
zoa, and viruses (Battin et al., 2001; Besemer, 2015),
and is represented mainly by biofilms that colonize
the sediment and rock surfaces (Battin et al., 2016).
Local environmental conditions (abiotic environ-
ment, biotic interactions) are key mechanisms that
would affect biofilm biodiversity and, in particular,
headwaters are important for maintaining the micro-
bial biodiversity in fluvial networks (Besemer et al.,
2012). In addition, the longitudinal nature of stream
ecosystems (i.e. differences in landscape) will also
provide changes in resources (differences in nutrients,
light exposure) that would affect community structure
(Wilhelm et al., 2014) and microbial functional traits
(Martyniuk et al., 2022).

Biofilms are hotspots for microbial activity, con-
tributing substantially to the metabolism and the bio-
geochemical cycles of glacial-stream ecosystems with
potential implications for downstream biodiversity
(Wilhelm et al., 2013; Ren et al., 2017). As moving
away from the glacier, the contribution of melted ice
and snow decreases (Brown et al., 2007; Gao et al.,
2017). Thus, changes in water temperature, channel
stability, conductivity, and dissolved nutrients will
occur, affecting biofilm communities (Milner et al.,
2001; Hannah et al., 2007; Kuhn et al., 2011). Indeed,
Wilhelm et al. (2013) found that biofilm diversity in
glacier-fed streams increases downstream. In addi-
tion, Martyniuk et al. (2022) showed that changes in
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hydrological factors in glacial-fed streams of Patago-
nia resulted in shifts in enzymatic activities along the
river. However, Malazarte et al. (2022) indicated that
biofilm bacterial richness was unrelated to network
position in Finland’s glacier-fed streams.

In the North Patagonian Andes, the glaciers of
Mount Tronador (3481 m above sea level, m a.s.l.)
have exhibited a constant retreat over the last four
decades (Ruiz et al., 2017; Masiokas et al., 2020).
Meltwater from these glaciers is transported by
streams that constitute the headwaters for the Upper
Manso River that drains to Lake Mascardi. These
headwaters have more than 50% of their area covered
by glaciers (Martyniuk et al., 2019). Along 24 km,
Upper Manso River receives different tributaries that
differ in turbidity and canopy and a recent study has
shown that biofilm elemental limitation switches
from C-limitation in headwaters to P-limitation
downstream (Martyniuk et al., 2022). Based on these
evidences, we hypothesized that glacial influence will
also drive biofilm bacterial community composition
due to changes in turbidity and nutrients. Thus, the
objectives of the present study were: 1- to analyze the
bacterial community composition in biofilms of this
glacier-fed network based on 16S ribosomal RNA
sequencing. 2- to compare the bacterial community
composition on three different occasions, spring,
summer, and autumn, corresponding to the early,
middle, and end of the ablation period, respectively.

Material and methods
Study site

Mount Tronador (3481 m a.s.l.) is located at 41° 10’
S, 71° 52" W in Chile and Argentina and constitutes
the largest ice-cap of Andean-North Patagonia. This
important glacial system includes 13 glaciers that
occupy a total area of about ~57 km? (Ruiz et al.,
2017). The meltwater from these glaciers is trans-
ported by several streams that drain the Mount Trona-
dor (Fig. 1), among which are Negro and Blanco
streams. Negro stream originates from the drainage
of the recently formed proglacial Lake Ventisquero
Negro, which remains in contact with the Ventisquero
Negro glacier (Modenutti et al., 2018). On the other
hand, Blanco stream is formed by the south end of
Castafio Overo glacier (2100 m a.s.l.). Both rivers
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Fig. 1 Map of Upper Rio Manso Basin. M1 to M9: sampling sites in the main course of Upper Rio Manso. T1-T4: sampling sites in

the tributary streams (Blanco, Nalcas, Alerce and Césares)

converge in the Upper Manso River that transports
meltwater to Lake Mascardi. Along its catchment,
Upper Manso River receives several tributaries (gla-
cial or forested). Alerce stream is supplied by meltwa-
ter coming from Alerce and Castafio Overo glaciers.
Nalcas and Césares streams are forested tributary
streams of Upper Manso River. Nalcas Stream is fed
by seasonal snowmelt and a shallow lake (Lake La
Rosada), and runs through a Nothofagus dombeyii
(Mirb.) Oerst. forest (Bianchi & Ariztegui, 2012).
Finally, Césares stream receives water from Lake Los
Césares located at 1200 m.a.s.l. (Fig. 1). This stream
is surrounded by a mixed forest of N. dombeyi and N.
antarctica (G. Forst.) Oerst. (Bianchi & Ariztegui,
2012).

Field sampling procedures

The analysis of the entire network was carried out in
13 sampling points (Fig. 1). On the main course of

Upper Manso River, we sampled nine sites (M1 to
M9) and we also sampled four tributaries (T1 to T4):
Blanco, Alerce, Nalcas, and Césares streams (Fig. 1).
This sampling was conducted on the same day in
spring (November 28th, 2018).

To analyze seasonal differences we performed two
additional samplings in summer and autumn (January
and April 2019, respectively). These samplings were
carried out in three sites (M1, M3, and MS8) of the
main course of Manso River (Fig. 1). Based on these
data we determined the differences in environmental
conditions and bacterial composition between Spring,
Summer, and Autumn.

On each sampling occasion, we measured tempera-
ture, conductivity, and dissolved oxygen concentra-
tion with a YSI 85 (OH, USA). Also, we randomly
collected three stones from each site. Stones were
stored individually in sterile plastic bags and trans-
ported to the laboratory in darkness and thermally
insulated conditions (at 4 °C) for biofilm analysis.
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Also, in each site, we collected three water samples
using sterile 2-1 Nalgene ® bottles for nutrient con-
centration determination and other laboratory pro-
cedures. All the water samples were stored in dark
conditions in a cooler and were transported to the
laboratory to be processed within three hours of
sampling.

Laboratory procedures

We quantified the total suspended solids (TSS) by fil-
tering 250 mL of stream water through pre-weighed
and pre-combusted GF/F filters, then dried for at
least 48 h at 60 °C and then reweighed. Filtered water
was utilized to determine total dissolved phospho-
rus (TDP), total dissolved nitrogen (TDN), and dis-
solved organic carbon (DOC) concentrations. We
digested the TDP samples with potassium persulphate
at 125 °C and 1.5 atm for 1 h and then determined
their concentrations according to the ascorbate-
reduced molybdenum method (APHA, 2005). DOC
was measured in 40 mL samples with a high-temper-
ature combustion analyzer (Shimadzu TOC-VCSH),
and the TDN was determined using the TNM-1 unit
on the Shimadzu TOC-VCSH. The biofilm from each
stone was removed using a new and sterilized nylon
brush (changed for each sample). The removed bio-
film was led to a volume of 150 mL extract with ster-
ile MilliQ water.

DNA extraction, and amplicon sequencing

Bacterial 16S rRNA genes were analyzed to assess
biofilm community structure and diversity. For
genomic DNA extraction from biofilm, 2 mL of the
biofilm extract was centrifuged to concentrate cells
(10,000 g Eppendorf refrigerated centrifuge). Then,
the excess water was carefully removed, and the pellet
was stored at — 80 °C until DNA extraction. Extrac-
tion was performed with DNeasy PowerSoil Kit
(Qiagen®, Hilden, Germany), following the manu-
facturer’s instructions. The quantity and purity of
DNA samples were analyzed spectrophotometrically
using a Synergy™ HTX Multi-Mode Microplate
Reader, equipped with a Take3 Micro-Volume Plate
(BioTek® Instruments, Inc., Winooski, VT, USA).
The extracted DNA was stored at — 80 °C until further
processing. Extracted DNA was sent to Novogene
Bioinformatics Technology Co. (Beijing, China) to
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be processed using [llumina NovaSeq 6000 platform
(250 bp paired-end).

Amplicons of the V3-V4 hypervariable region
of the bacterial 16S rRNA gene were used to deter-
mine the bacterial community diversity and struc-
ture in each of the samples. PCR amplifications
were obtained using the barcoded primer pair 341f
(CCTAYGGGRBGCASCAG) and 806r (GGA
CTACNNGGGTATCTAAT) (Muyzer et al., 1993;
Caporaso et al., 2011). The PCR conditions informed
by Novogene Bioinformatics Technology Co. were: a-
an initial denaturation at 98 °C for 1 min, b- 30 cycles
of denaturation at 98 °C for 10 s, annealing at 50 °C
for 30 s and extension at 72 °C for 30 s, and c- a final
extension at 72 °C for 5 min. The PCR products were
purified with GeneJET Gel Extraction Kit (Thermo
Scientific). Sequencing libraries were generated using
NEB Next® Ultra™ DNA Library Prep Kit for Illu-
mina (NEB, USA) following manufacturer’s recom-
mendations and index codes were added.

Processing of Illumina sequencing data

Amplicon sequences provided by Novogene Bio-
informatics Technology Co. were processed using
DADA?2 v1.22.0. The entire sequencing project was
analyzed with the same filtering parameters follow-
ing Callahan & collaborators (Callahan et al., 2016).
We used the filterAndTrim function from DADA?2
with the following quality values: maxEE=c(2,2)
and truncLen=c(220,200). The chimera sequences
were excluded using the function removeBimeraD-
enovo. Sequences were identified as unique amplicon
sequence variants (ASV) based on single nucleotide
differences. The taxonomic classification was per-
formed using the SILVA database (version 138.1) as a
reference. Finally, chloroplasts, mitochondria, eukar-
yotes, and singletons were removed. The sequenc-
ing data have been deposited in NCBI BioProject
PRINA901989 with the Biosample accessions
SAMN31743636-SAMN31743660.

Data analysis and calculations

To estimate the glacier influence at each sampling
site we calculated de Glacial Index (GI) following
Ilg & Castella (2006). The variables used were tem-
perature, electrical conductivity, TSS, and Pfankuch
index (PFAN) as an estimation of streambed stability
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(Pfankuch, 1975; Snook & Milner, 2001). We used
the reciprocal of TSS (1/TSS), and PFAN (1/PFAN)
so that all parameters decreased with increasing gla-
cier influence (Ilg & Castella (2006). All parameters
were rescaled between 0 and 1 and processed using
a non-centered principal component analysis (nPCA,
Supplementary Information, Figure S1). The GI val-
ues were the ordination scores along the first axis;
lower values of GI indicate higher glacial influence.

Differences in DOC, TDN, and TDP concentration
were tested with one-way ANOVA with the site as a
factor for the network analysis, and two-way ANOVA
with season and site as factors for seasonality anal-
ysis. In those cases, where normality or homogene-
ity of variance were not fulfilled, a Kruskal Wallis
One-way ANOVA on Ranks was performed. In the
case of nutrients in the seasonal analysis, where the
dataset could not be normalized, we applied a Gen-
eralized Linear Model (GLM) with gamma distribu-
tion; then we applied ANOVA type III. When the
results showed significant differences, we performed
post hoc multiple comparisons by the Holm-Sidak
method and multiple pairwise comparisons to esti-
mated marginal means (EMMs) for the seasonal data-
set. The same tests were used to analyze the alpha-
diversity metrics. These statistical analyses were
carried out with vegan v.2.6.4 (Oksanen et al., 2013)
and emmeans v.1.8.1.1 packages (Lenth et al., 2018)
in R 4.1.2 (R Core Team, 2013). Alpha diversity met-
rics (Chaol, Shannon Index) were calculated with
the microbiome v.1.16.0 package in the R (Shetty &
Lahti, 2019). The heatmaps of bacterial most abun-
dant genera were drawn using pheatmap v.1.0.12
package in the R (Kolde, 2019).

To visualize differences in bacterial composi-
tion among sites in the network, we used non-metric
multidimensional scaling (NMDS) analysis based
on Bray-Curtis distance with the package ampvis2
v.2.7.17 in the R (Andersen et al., 2018). ANOSIM
was used to analyze significant differences among
groupings in the network in ordination analysis
(Clarke, 1993). To visualize differences in bacterial
composition among seasons we use a matrix of Bray
Curtis distance of each season and two-way ANOSIM
was applied to analyze significant differences in the
seasonal analysis using vegan package. The correla-
tions between abiotic factors and community dissimi-
larities based on Bray—Curtis distance were tested
by overlaying a canonical correspondence analysis

(CCA). This analysis was carried out with the pack-
age vegan in the R program.

The environmental heterogeneity in the network
was calculated as the average of dissimilarity of abi-
otic variables (DOC, TDN, TDP, TSS, and conductiv-
ity). We computed the Euclidean distance matrix and
estimated the dissimilarity among them using vegan
package in R, and calculated the dissimilarity (Ed)
(Huber et al., 2020) for sectors or seasons as:

Euc
Euc,,,,

Ed =

Where Euc is the Euclidean distance between two
samples and Euc,,, corresponds to the maximum
Euclidean distance considering all the pairwise dis-
tances in the overall dataset. Then, we calculated
the Ed of each computed dissimilarity matrix and
used it as an index of environmental heterogeneity in
each sampling site. Values of 0 and 1 indicated mini-
mum and maximum environmental heterogeneity,
respectively.

Results

Bacterial composition, physical and chemical
variables in the network

After the quality control, we obtained a total of
1636,750 high-quality sequences, with an average of
125,903 sequences per sample for the network dataset
including tributaries (spring sampling), correspond-
ing to a total of 3958 ASVs. The rarefaction curves
at each sampling point indicated that most bacterial
taxa have been covered (Supplementary Informa-
tion, Figure S2). The non-metric multidimensional
scale (NMDS) analysis identified three sectors, and
with the ANOSIM analysis we verified significant
differences among them (ANOSIM, Global R=0.88
P=0.01; pairwise test, P <0.018 for all comparisons)
(Fig. 2A). Sector 1 included three sampling sites: the
first reach of Manso river (M1), the glacier-fed stream
Blanco (T1), and the junction of the two streams
(M2). Sector 2 included four sites in the middle reach
of the Manso river (M3, M4, M5, M6), and the gla-
cier-fed stream Alerce (T3). Sector 3 included three
sites in the downstream reach of the Manso river
(M7, M8, M9), and two forested tributaries (T2, T4)
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Fig. 2 A Non-metric multi-
dimensional analysis based
on Bray—Curtis dissimilar-
ity of bacterial community
composition with minimum
convex polygons encom-
passing the three groups
identified as sectors 1, 2,
and 3. B Venn diagram
showing the number of
shared and unique ASVs
among sectors
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that are the outlet of two mountain shallow lakes. The
three sectors shared 1,304 ASVs (32.9%) (Fig. 2B).
The percentage of unique ASVs in the sector 1 was
8.4%, while in sectors 2 and 3 were 7.5% and 11.6%,
respectively.

The environmental dissimilarity (Ed) between
sampling sites in the three sectors indicated a clear
trend to decrease internal heterogeneity from sector 1
to 3 (Fig. 3). However, the environmental heterogene-
ity increased among sectors from sector 1 to 3 (Fig. 3)
coinciding with a decrease in glacial influence along
the main course of Manso river (Supplementary
Information, Table S1). Sector 1 showed high internal
heterogeneity (Fig. 3), probably due to low values of
TSS and TDP in the tributary Blanco stream. Sector
3 exhibited a low internal heterogeneity while sec-
tor 2 has an intermediate situation (Fig. 3). The TSS
concentration showed a significant decrease from sec-
tor 1 to sector 3 (Kruskal Wallis One-way ANOVA
on Ranks: P=0.014, d.f.=2, H=8606) (Supple-
mentary Information, Table S2). The same pattern
was observed for conductivity values (Kruskal Wal-
lis One-way ANOVA on Ranks: P=0.032, d.f.=2,
H=06,856) (Supplementary Information, Table S2).
Consequently, we observed a decrease in the gla-
cial influence (GI) along the main course of Manso
river (Table S2). Nutrient concentration also varied
along the Manso river course. A decreasing pattern
was observed for phosphorus concentration, while
DOC concentration increased significantly from
sector 1 to sector 3 (Supplementary Information,
Table S3). Finally, the TDN concentration varied
among sectors, with the highest values in sectors 1
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and 3 (Supplementary Information, Table S3). Gla-
cial and forested tributaries also differed in TDP and
DOC concentrations (Supplementary Information,
Table S1). Phosphorus concentration was higher in
glacial tributaries while DOC concentration increased
in forest ones. In particular, Nalcas stream (T2) was
included in sector 3 according to its high DOC and
low TSS concentrations.

Proteobacteria was the dominant phylum in the
network with 60.98% of the relative abundance,
followed by Cyanobacteria, Bacteroidota, Act-
inobacteriota, and Acidobacteriota which exhib-
ited differences in the different sectors (Fig. 4A).
Sector 1 showed the highest proportion of Bacte-
roidota and Actinobacteriota, and the lowest pro-
portion of Cyanobacteria. On the contrary, sec-
tors 2 and 3 showed an increase in Cyanobacteria
relative abundance, and a decrease in Bacteroidota
and Actinobacteriota (Fig. 4A). We observed that
ASVs relative abundances clustered in three groups
(sectors 1, 2 and 3) supporting the previous NMDS
analysis (Fig. 4B). Considering the first 21 ASVs
in the heatmap (Fig. 4B) we observed a clear con-
tribution to the three sectors. From Methylotenera
(ASV2581) to Polaromonas (ASV711) are ASVs
shared by sector 1 and sector 2, and from Methy-
loglobulus (ASV2454) to Calothrix PCC-6303
(ASV 3591) are ASVs shared by sectors 2 and 3.
These distributions suggest that sectors 1 and 3
have particular bacterial communities while sector
2 is a transition sector since phylotypes are shared
by sectors 1 and 3. The alpha-diversity, estimated
by both Chaol and Shannon Index, showed an
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SECTOR 1

Fig. 3 Environmental

SECTOR 2 SECTOR 3

heterogeneity (Ed) in the -
network. The environ- =
mental heterogeneity is
expressed as the relative
environmental dissimilarity
between sampling sites of
the environmental sectors.
For more explanation on the
Ed estimation, see Methods.
Green and black lines show
comparison within and
among sectors, respectively

SECTOR 1

SECTOR 2

SECTOR 3

T4

M8

0.40

M9

0.29 0.16

T2

0.19 0.40 0.35

increasing trend towards sector 3 although these
differences were not significant differences among
sectors (One-way ANOVA, Chaol, P=0.205,
df=2, F=1.83; Shannon, P=0.402, df=2,
F=0.99) (Fig. 4C).

Finally, we observed that the more abundant
ASVs (Fig. 4B) correlated with environmental var-
iables. Polaromonas (ASV710 and 711), CL500-29
marine group (ASV 2192), Pseudarcicella (ASV
5024), Methylotenera (ASV 2581) are negatively
correlated with DOC concentration and the dis-
tance to Ventisquero Negro, and positively corre-
lated with TDP. On the contrary, Scytonema UTEX
2349 (ASV 3588), correlated positively with DOC
concentration and the distance to Ventisquero
Negro, and negatively with TDP (Supplementary
Information, Table S4).

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Seasonal study in the main course of Manso River

For the seasonal study, we only analyzed the sites M1,
M3, and M8, corresponding to sectors 1 (S1), 2 (S2),
and 3 (S3), respectively, located in the main course of
Manso river. Although we observed changes in abso-
lute values, a similar decreasing pattern in TSS, con-
ductivity, and TDP and the increase in DOC prevailed
in the three studied seasons (Fig. 5). Conductivity,
TDP, and DOC concentrations showed the highest
values in spring, while TSS in summer. We did not
observe any significant change in TDN concentration
(Supplementary Information, Table S5).

We observed important differences in bacte-
rial community composition in the three sampling
seasons (Fig. 6A). In particular, in spring more
phyla were detected. The relative abundance of
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Cyanobacteria and Proteobacteria increased in sum-
mer and autumn, particularly in sector 1. These dif-
ferences were observed also for specific ASVs such
as Polaromonas, Calotrix, and Aphanizomenon that
change seasonally in sector 1 (Fig. 6B). Consider-
ing the beta-diversity (Bray Curtis dissimilarity)
we observed differences in the three sectors with
maximum dissimilarities between sector 1 and 3. In
addition, maximum dissimilarities were observed in
summer and an increase in dissimilarities between
sectors 2 and 3 in autumn (Fig. 7). The ANOSIM
analysis indicates significant differences for both
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indexes in the three sectors. References: M1 to M9: sampling
sites in the main course of Upper Rio Manso. T1-T4: sam-
pling sites in the tributary streams (Blanco, Nalcas, Alerce and
Césares)

sectors and seasons (Season R=0.96 P=0.0003;
Sectors R=1 P=0.0003).

We conducted a canonical correspondence analy-
sis (CCA) to identify possible relationships between
microbial community composition and environmen-
tal variables in the three studied seasons (Fig. 8).
The first two ordination axes explained 41.10% of
the observed variance. The first axis was related to
DOC and TDP and separates spring from autumn-
summer samples. The second ordination axis was
related to TSS.
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Fig. 5 Physical and chemical parameters of the sampled sites
and seasons. References: 7SS total suspended solids, DOC dis-
solved organic carbon, TDP total dissolved phosphorus, and

Discussion

Mountain glaciers are rapidly retreating as a result
of climate change, affecting the runoff of glacier-fed
streams (Huss & Hock, 2018). The melting of gla-
ciers increases the flow, discharge, and transport of
sediments (Milner et al., 2017), altering the dynam-
ics of streams fed by glaciers and, consequently, their
biofilms. In the last decades, glaciers in Patagonia are
increasingly retreating (Masiokas et al., 2020). In par-
ticular, Mount Tronador which is the largest ice cap
in North Patagonia Andes is exhibiting a negative
overall mass budget of glaciers (Ruiz et al., 2017).
Under this scenario, we investigated the biofilm bac-
terial composition in streams of a glacier-fed network
(River Manso) from Monte Tronador. Proteobacteria,
Cyanobacteria, Bacteroidetes, Actinobacteria, and
Acidobacteria were the most abundant phyla and are
common in glacier-fed ecosystems (Wilhelm et al.,
2013; Ren et al., 2017).

Proteobacteria dominated the community all along
the network and seasons. This phylum comprises phy-
lotypes involved in biogeochemical processes of car-
bon, nitrogen, iron and sulfur cycling (Friedrich et al.,
2005; Meyer et al., 2016). The most abundant genus
were Methylothenera, Massilia, and Rhodoferax. In
particular, Massilia has a soil origin since it is a root-
colonizing bacteria (Ofek et al., 2012) while Methy-
lotenera is very abundant in nature and common in
lake sediments (Kalyuzhnaya et al., 2010). Finally,
the purple nonsulfur bacteria Rhodoferax is wide-
spread in environments affected by glacial recession
(Garcia-Lopez et al., 2021; Modenutti et al., 2023).

TDN total dissolved nitrogen. The different letters above each
point indicate significant differences (ANOVA type III, post
hoc Tukey, alfa=0.05)

We identified three different bacterial communi-
ties (sector 1, sector 2, and sector 3) along the net-
work of decreasing glacial influence, suggesting that
different mechanisms occur. Migration processes
of bacteria from tributaries and the surrounding
environment, as well as the strong environmental
selection, have previously been proposed as fac-
tors that influence the assemblage of communities
(Ruiz-Gonzalez et al., 2015; Nifo-Garcia et al.,
2016; Hassell et al., 2018). In glacier-fed streams,
microbial communities differed longitudinally along
the stream in relation to hydrological, biogeochemi-
cal, and physicochemical factors (Ren et al., 2017).
The analyses carried out in our study suggest that
communities of sector 1 would reflect the habitat of
origin (closeness to Ventisquero Negro) while com-
munities of sector 3 would result from downstream
communities combined with the bacteria assem-
blages coming from forested tributaries. In addi-
tion, sector 2 showed an intermediate situation that
reflects the transition from upstream to downstream
communities. Furthermore, the obtained cluster and
the NMDS and ANOSIM analyses of the entire net-
work support this pattern of biofilm communities.
In particular, the cryophilic Polaromonas (Proteo-
bacteria) dominated sector 1 with a strong glacial
influence that grouped the sampling sites close to
the Ventisquero Negro glacier. On the contrary,
Scytonema (Cyanobacteria) dominated sector 3
which grouped downstream sites and forested tribu-
taries (Nalcas and Los Césares) with higher DOC
concentration and comparatively low glacial influ-
ence. In this sense, forested tributaries may play
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Fig. 8 Canonical cor-

relation analysis (CCA)
of bacterial community
composition by season,
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an important role in supplying DOC from the sur-
rounding environment. This subsidy of terrestrial
DOC may promote the growth of heterotrophic bio-
film bacteria (Battin & Sengschmitt, 1999; Risse-
Buhl et al., 2012). Accordingly, previous work car-
ried out in this network found that the enzymatic
activity of the biofilm is limited by carbon in the

-0.5 0.0 0.5 1.0 1.5 2.0

CCA1

headwaters, while downstream sites are limited by
phosphorus (Martyniuk et al., 2022).

Studies in glacier-fed streams in the Alps and Asia
have found an increase in downstream diversity (Mil-
ner et al., 2001; Wilhelm et al., 2013; Ren & Gao,
2019). We also observed a similar trend, and this
pattern has been associated with increased channel
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stability and water temperature (Milner et al., 2001),
and distance from the glacier (Ren et al., 2017), indi-
cating the important role of hydrological factors and
the cumulative increase in catchment size on the
microbial communities of these environments. The
glacier-fed stream ecosystems are subjected to marked
seasonal changes (Busi et al., 2022). As was observed
in Manso river, studies have reported changes in the
composition and diversity of communities in stream
biofilms associated with a strong seasonal dynamic
(Wilhelm et al., 2014; Ren et al., 2017). Here, we
found a clear differentiation in bacteria community
composition among seasons. In particular, there was
a shift in Cyanobacteria (although with different gen-
era) from downstream sites in spring to upstream in
summer. In autumn, cyanobacteria showed a more
even distribution in the three sectors. Although TSS
varied among seasons the pattern of decreasing TSS
along the main course of Manso River was consistent
in the three seasons. In summer and autumn in sec-
tor 1, we observed higher TSS concentration with an
increase in the relative contribution of cyanobacteria.
Light is an important factor affecting biofilm pri-
mary producers in Patagonia (Martyniuk et al., 2016).
Light attenuation by glacial clay can have great eco-
logical importance affecting biofilm communities that
are unable to change their position on the stone sur-
face (Martyniuk et al., 2014).

In glacial ecosystems, Cyanobacteria have an
important role as atmospheric nitrogen fixers (Que-
sada & Vincent, 2012). In this sense, the N:P relation-
ship emerges as an important driver of Cyanobacteria
abundance (Noges et al.,, 2007; Ipek & Jeyasingh,
2021). The chemical reactions involved in N fixa-
tion process are highly endergonic and phosphorus-
demanding, since, reducing one molecule of N,
demands 16 molecules of ATP (Paerl, 2017). In addi-
tion, this metabolic path uses iron as a cofactor (Kim
& Rees, 1994). Glacial runoff transports P-rich sedi-
ments (Chillrud et al., 1994; Martyniuk et al., 2022),
and is a potential source of iron (Hodson et al., 2017;
Raiswell et al., 2018; Kanna et al., 2020). Thus, the
observed increase in the abundance of Cyanobacteria
in the upstream sector with higher glacial influence
can be also due to an increase in P availability relative
to Nitrogen (N:P atomic ratio: spring 12, summer:
5.5, autumn: 6.4) and the higher availability of Fe
(Martyniuk and Modenutti unpublished data) inter-
acting with light as discussed previously.
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Summarizing, our results indicate that in the gla-
cial network of Manso River bacteria community
composition changes longitudinally and seasonally.
The variables that have a higher contribution to the
observed variation are highly related to glacial influ-
ence (TSS concentration /light and phosphorus) or
the effect of the input of forested tributaries (DOC).
In this sense, for certain phylotypes of Proteobacte-
ria (Polaromonas, Methylotenera, Rhodoferax) and
Cyanobacteria we observed substantial changes along
the main course of Manso River and also among sea-
sons that have important consequences for ecosystem
functioning. Glacier-fed streams are environments
subjected to constant change due to glacial runoff,
showing a high environmental heterogeneity as was
observed in our study. Consequently, identifying pat-
terns of biodiversity and bacterial composition in bio-
films of such dynamic habitats constitutes a valuable
tool to understand the effect of climate change on
mountain glaciers, which, in North Patagonia, are at
risk to disappear.

Funding Sampling was conducted with permission IF-2022-
07173030-APN-DRPN#APNAC by Administracién Parques
Nacionales, Argentina. This work was supported by grants
FONCyT2017-1940 to EB, FONCyT2018-1563 to BM and
FONCyT2020-0383 to EB and UNComahue B-236.

Data availability All the data generated during and/or ana-
lyzed during the current study will be available at the data
repository of Universidad del Comahue http://rdi.uncoma.
edu.ar/. The sequencing data have been deposited in NCBI
BioProject PRINA901989 with the Biosample accessions
SAMN31743636-SAMN31743660.

Declarations

Conflict of interest The authors have not disclosed any com-
peting interests.

References

Andersen, K. S., R. H. Kirkegaard, S. M. Karst & M. Albert-
sen, 2018. ampvis2: an R package to analyse and visualise
16S rRNA amplicon data. BioRxiv299537.

APHA, 2005. Methods for the Examination of Water and
Wastewater. Washington, DC, USA: American Public
Health Association, American Water Works Association,
Water Environment Federation.

Battin, T. & D. Sengschmitt, 1999. Linking sediment biofilms,
hydrodynamics, and river bed clogging: evidence from a
large river. Microbial Ecology 37: 185-196.


http://rdi.uncoma.edu.ar/
http://rdi.uncoma.edu.ar/

Hydrobiologia (2023) 850:3965-3979

3977

Battin, T. J., A. Wille, B. Sattler & R. Psenner, 2001. Phy-
logenetic and functional heterogeneity of sediment bio-
films along environmental gradients in a glacial stream.
Appl Environ Microbiol 67: 799-807. https://doi.org/10.
1128/AEM.67.2.799-807.2001.

Battin, T. J., L. A. Kaplan, J. D. Newbold, X. Cheng & C.
Hansen, 2003. Effects of current velocity on the nascent
architecture of stream microbial biofilms. Appl Envi-
ron Microbiol 69: 5443-5452. https://doi.org/10.1128/
AEM.69.9.5443-5452.2003.

Battin, T. J., K. Besemer, M. M. Bengtsson, A. M. Romani
& A. 1. Packmann, 2016. The ecology and biogeochem-
istry of stream biofilms. Nature Reviews Microbiology
14: 251-263.

Beniston, M., D. Farinotti, M. Stoffel, L. M. Andreassen, E.
Coppola, N. Eckert, A. Fantini, F. Giacona, C. Hauck &
M. Huss, 2018. The European mountain cryosphere: a
review of its current state, trends, and future challenges.
The Cryosphere 12: 759-794.

Besemer, K., 2015. Biodiversity, community structure and
function of biofilms in stream ecosystems. Res Micro-
biol 166: 774-781. https://doi.org/10.1016/j.resmic.
2015.05.006.

Besemer, K., H. Peter, J. B. Logue, S. Langenheder, E. S.
Lindstrom, L. J. Tranvik & T. J. Battin, 2012. Unrave-
ling assembly of stream biofilm communities. The
ISME Journal 6: 1459-1468.

Bianchi, M. M. & D. Ariztegui, 2012. Vegetation history
of the Rio Manso Superior catchment area, Northern
Patagonia (Argentina), since the last deglaciation. The
Holocene 22: 1283-1295.

Bourquin, M., S. B. Busi, S. Fodelianakis, H. Peter, A. Wash-
burne, T. J. Kohler, L. Ezzat, G. Michoud, P. Wilmes
& T. J. Battin, 2022. The microbiome of cryospheric
ecosystems. Nat Commun 13: 3087. https://doi.org/10.
1038/s41467-022-30816-4.

Brown, L. E., D. M. Hannah & A. M. Milner, 2007. Vulnera-
bility of alpine stream biodiversity to shrinking glaciers
and snowpacks. Global Change Biology 13: 958-966.

Busi, S. B., M. Bourquin, S. Fodelianakis, G. Michoud,
T. J. Kohler, H. Peter, P. Pramateftaki, M. Styllas, M.
Tolosano & V. De Staercke, 2022. Genomic and meta-
bolic adaptations of biofilms to ecological windows of
opportunity in glacier-fed streams. Nature Communica-
tions 13: 1-15.

Callahan, B. J., P. J. McMurdie, M. J. Rosen, A. W. Han, A.
J. A. Johnson & S. P. Holmes, 2016. DADA?2: high-res-
olution sample inference from Illumina amplicon data.
Nature Methods 13: 581-583.

Caporaso, J. G., C. L. Lauber, W. A. Walters, D. Berg-Lyons,
C. A. Lozupone, P. J. Turnbaugh, N. Fierer & R. Knight,
2011. Global patterns of 16S rRNA diversity at a depth
of millions of sequences per sample. Proceedings of the
National Academy of Sciences 108: 4516-4522.

Chillrud, S., F. Pedrozo, P. Temporetti, H. Planas & P. Froelich,
1994. Chemical weathering of phosphate and germanium
in glacial meltwater streams: effects of subglacial pyrite
oxidation. Limnology and Oceanography 39: 1130-1140.

Clarke, K. R., 1993. Non-parametric multivariate analyses of
changes in community structure. Australian Journal of
Ecology 18: 117-143.

Friedrich, C. G., F. Bardischewsky, D. Rother, A. Quentmeier
& J. Fischer, 2005. Prokaryotic sulfur oxidation. Current
Opinion in Microbiology 8: 253-259.

Gao, H., T. Han, Y. Liu & Q. Zhao, 2017. Use of auxiliary data
of topography, snow and ice to improve model perfor-
mance in a glacier-dominated catchment in Central Asia.
Hydrology Research 48: 1418-1437.

Garcia-Lopez, E., A. Moreno, M. Bartolomé, M. Leunda, C.
Sancho & C. Cid, 2021. Glacial ice age shapes microbi-
ome composition in a receding southern European glacier.
Frontiers in microbiology3297.

Hannah, D. M., L. E. Brown, A. M. Milner, A. M. Gurnell,
G. R. McGregor, G. E. Petts, B. P. Smith & D. L. Snook,
2007. Integrating climate—hydrology—ecology for alpine
river systems. Aquatic Conservation: Marine and Fresh-
water Ecosystems 17: 636—656.

Hassell, N., K. A. Tinker, T. Moore & E. A. Ottesen, 2018.
Temporal and spatial dynamics in microbial community
composition within a temperate stream network. Environ-
mental Microbiology 20: 3560-3572.

Hodson, A., P. Mumford & D. Lister, 2004. Suspended sedi-
ment and phosphorus in proglacial rivers: bioavailability
and potential impacts upon the P status of ice-marginal
receiving waters. Hydrological Processes 18: 2409-2422.

Hodson, A., A. Nowak, M. Sabacka, A. Jungblut, F. Navarro,
D. Pearce, M. L. Avila—Jiménez, P. Convey & G. Vieira,
2017. Climatically sensitive transfer of iron to maritime
Antarctic ecosystems by surface runoff. Nature Commu-
nications 8: 1-7.

Huber, P., S. Metz, F. Unrein, G. Mayora, H. Sarmento & M.
Devercelli, 2020. Environmental heterogeneity determines
the ecological processes that govern bacterial metacom-
munity assembly in a floodplain river system. The ISME
Journal 14: 2951-2966.

Huss, M. & R. Hock, 2018. Global-scale hydrological response
to future glacier mass loss. Nature Climate Change 8:
135-140.

Huss, M., B. Bookhagen, C. Huggel, D. Jacobsen, R. S. Brad-
ley, J. J. Clague, M. Vuille, W. Buytaert, D. R. Cayan &
G. Greenwood, 2017. Toward mountains without perma-
nent snow and ice. Earth’s Future 5: 418-435.

Ilg, C. & E. Castella, 2006. Patterns of macroinvertebrate traits
along three glacial stream continuums. Freshwater Biol-
ogy 51: 840-853.

Ipek, Y. & P. D. Jeyasingh, 2021. Growth and ionomic
responses of a freshwater cyanobacterium to supplies of
nitrogen and iron. Harmful Algae 108: 102078.

Kalyuzhnaya, M. G., D. A. Beck, D. Suciu, A. Pozhitkov, M. E.
Lidstrom & L. Chistoserdova, 2010. Functioning in situ:
gene expression in Methylotenera mobilis in its native
environment as assessed through transcriptomics. The
ISME Journal 4: 388-398.

Kanna, N., S. Sugiyama, Y. Fukamachi, D. Nomura & J. Nish-
ioka, 2020. Iron Supply by Subglacial Discharge Into a
Fjord Near the Front of a Marine-Terminating Glacier in
Northwestern Greenland. Global Biogeochemical Cycles
34: doi:https://doi.org/10.1029/2020gb006567.

Kim, J. & D. C. Rees, 1994. Nitrogenase and biological nitro-
gen fixation. Biochemistry 33: 389-397.

Kolde, R., 2019. pheatmap: Pretty Heatmaps. R package ver-
sion 1.0. 12. CRAN. R-project. org/package= pheatmap.

@ Springer


https://doi.org/10.1128/AEM.67.2.799-807.2001
https://doi.org/10.1128/AEM.67.2.799-807.2001
https://doi.org/10.1128/AEM.69.9.5443-5452.2003
https://doi.org/10.1128/AEM.69.9.5443-5452.2003
https://doi.org/10.1016/j.resmic.2015.05.006
https://doi.org/10.1016/j.resmic.2015.05.006
https://doi.org/10.1038/s41467-022-30816-4
https://doi.org/10.1038/s41467-022-30816-4
https://doi.org/10.1029/2020gb006567

3978

Hydrobiologia (2023) 850:3965-3979

Kuhn, J., P. Andino, R. Calvez, R. Espinosa, L. Hamerlik, S.
Vie, O. Dangles & D. Jacobsen, 2011. Spatial variabil-
ity in macroinvertebrate assemblages along and among
neighbouring equatorial glacier-fed streams. Freshwater
Biology 56: 2226-2244.

Lenth, R., H. Singmann, J. Love, P. Buerkner & M. Herve,
2018. Emmeans: estimated marginal means, aka least-
squares means. R Package Version 1: 3.

Malazarte, J., T. Muotka, J. Jyvasjarvi, K. Lehosmaa, J.
Nyberg & K. L. Huttunen, 2022. Bacterial communities
in a subarctic stream network: spatial and seasonal pat-
terns of benthic biofilm and bacterioplankton. Mol Ecol.
https://doi.org/10.1111/mec.16711.

Martyniuk, N., B. Modenutti & E. G. Balseiro, 2014. Can
increased glacial melting resulting from global change
provide attached algae with transient protection against
high irradiance? Freshwater Biology 59: 2290-2302.

Martyniuk, N., B. Modenutti & E. Balseiro, 2016. For-
est structure affects the stoichiometry of periphyton
primary producers in mountain streams of Northern
Patagonia. Ecosystems 19: 1225-1239.

Martyniuk, N., B. Modenutti & E. G. Balseiro, 2019. Light
intensity regulates stoichiometry of benthic grazers
through changes in the quality of stream periphyton.
Freshwater Science 38: 391-405. https://doi.org/10.
1086/703441.

Martyniuk, N., M. S. Souza, M. Bastidas Navarro, E. Bal-
seiro & B. Modenutti, 2022. Nutrient limitation affects
biofilm enzymatic activities in a glacier-fed river.
Hydrobiologial—18.

Masiokas, M. H., A. Rabatel, A. Rivera, L. Ruiz, P. Pitte,
J. L. Ceballos, G. Barcaza, A. Soruco, F. Bown & E.
Berthier, 2020. A review of the current state and recent
changes of the Andean cryosphere. Frontiers in Earth
Science 8: 99.

Meyer, D. D., P. A. M. de Andrade, A. Durrer, F. D. Andreote,
G. Cor¢ao & A. Brandelli, 2016. Bacterial communities
involved in sulfur transformations in wastewater treatment
plants. Applied Microbiology and Biotechnology 100:
10125-10135.

Milner, A. M. & G. E. Petts, 1994. Glacial rivers: physical hab-
itat and ecology. Freshwater Biology 32: 295-307.

Milner, A. M., J. E. Brittain, E. Castella & G. E. Petts, 2001.
Trends of macroinvertebrate community structure in gla-
cier-fed rivers in relation to environmental conditions: a
synthesis. Freshwater Biology 46: 1833-1847.

Milner, A. M., L. E. Brown & D. M. Hannah, 2009. Hydro-
ecological response of river systems to shrinking glaciers.
Hydrological Processes: an International Journal 23:
62-77.

Milner, A. M., K. Khamis, T. J. Battin, J. E. Brittain, N. E.
Barrand, L. Fureder, S. Cauvy-Fraunie, G. M. Gislason,
D. Jacobsen, D. M. Hannah, A. J. Hodson, E. Hood, V.
Lencioni, J. S. Olafsson, C. T. Robinson, M. Tranter & L.
E. Brown, 2017. Glacier shrinkage driving global changes
in downstream systems. Proc Natl Acad Sci U S A 114:
9770-9778. https://doi.org/10.1073/pnas.1619807114.

Modenutti, B., M. Bastidas Navarro, N. Martyniuk & E. Bal-
seiro, 2018. Melting of clean and debris-rich ice differen-
tially affect nutrients, dissolved organic matter and bacte-
ria respiration in the early ontogeny of the newly formed

@ Springer

proglacial Ventisquero Negro Lake (Patagonia Argentina).
Freshwater Biology.

Modenutti, B., N. Martyniuk, M. Bastidas Navarro & E. Bal-
seiro, 2023. Glacial Influence Affects Modularity in Bac-
terial Community Structure in Three Deep Andean North-
Patagonian Lakes. Microbial ecology1-12.

Muyzer, G., E. C. De Waal & A. Uitterlinden, 1993. Profiling
of complex microbial populations by denaturing gradient
gel electrophoresis analysis of polymerase chain reaction-
amplified genes coding for 16S rRNA. Applied and Envi-
ronmental Microbiology 59: 695-700.

Nifio-Garcia, J. P., C. Ruiz-Gonzalez & P. A. Del Giorgio,
2016. Interactions between hydrology and water chem-
istry shape bacterioplankton biogeography across boreal
freshwater networks. The ISME Journal 10: 1755-1766.

Noges, T., R. Laugaste, P. Noges & 1. Tonno, 2007. Critical
N: P ratio for cyanobacteria and N 2-fixing species in the
large shallow temperate lakes Peipsi and Vortsjérv, North-
East Europe European Large Lakes Ecosystem changes
and their ecological and socioeconomic impacts. Springer,
77-86.

Ofek, M., Y. Hadar & D. Minz, 2012. Ecology of root coloniz-
ing Massilia (Oxalobacteraceae). PloS One 7: e40117.
Oksanen, J., F. G. Blanchet, R. Kindt, P. Legendre, P. R.
Minchin, R. O’hara, G. L. Simpson, P. Solymos, M. H. H.
Stevens & H. Wagner, 2013. Package ‘vegan.” Commu-

nity Ecology Package, Version 2: 1-295.

Paerl, H., 2017. The cyanobacterial nitrogen fixation paradox
in natural waters. F1000Research 6.

Pfankuch, D., 1975. Stream reach inventory and channel sta-
bility evaluation. Report of United States Department of
Agriculture Forest Service, Region 1, Missoula. Montana,
USA.

Quesada, A. & W. F. Vincent, 2012. Cyanobacteria in the cryo-
sphere: snow, ice and extreme cold Ecology of cyanobac-
teria II. Springer, 387-399.

R Core Team, R., 2013. R: A language and environment for
statistical computing.

Raiswell, R., D. S. Hardisty, T. W. Lyons, D. E. Canfield, J. D.
Owens, N. J. Planavsky, S. W. Poulton & C. T. Reinhard,
2018. The iron paleoredox proxies: a guide to the pitfalls,
problems and proper practice. American Journal of Sci-
ence 318: 491-526.

Ren, Z. & H. Gao, 2019. Ecological networks reveal contrast-
ing patterns of bacterial and fungal communities in gla-
cier-fed streams in Central Asia. Peer] 7:¢7715 https://doi.
org/10.7717/peerj.7715.

Ren, Z., H. Gao & J. J. Elser, 2017. Longitudinal variation of
microbial communities in benthic biofilms and association
with hydrological and physicochemical conditions in gla-
cier-fed streams. Freshwater Science 36: 479-490. https://
doi.org/10.1086/693133.

Ren, Z., N. Martyniuk, I. A. Oleksy, A. Swain & S. Hotaling,
2019. Ecological stoichiometry of the mountain cryo-
sphere. Frontiers in Ecology and Evolution 7: 360.

Risse-Buhl, U., M. Karsubke, J. Schlief, C. Baschien, M.
Weitere & M. Mutz, 2012. Aquatic protists modulate the
microbial activity associated with mineral surfaces and
leaf litter. Aquatic Microbial Ecology 66: 133-147.

Ruiz, L., E. Berthier, M. Viale, P. Pitte & M. H. Masiokas,
2017. Recent geodetic mass balance of Monte Tronador


https://doi.org/10.1111/mec.16711
https://doi.org/10.1086/703441
https://doi.org/10.1086/703441
https://doi.org/10.1073/pnas.1619807114
https://doi.org/10.7717/peerj.7715
https://doi.org/10.7717/peerj.7715
https://doi.org/10.1086/693133
https://doi.org/10.1086/693133

Hydrobiologia (2023) 850:3965-3979

3979

glaciers, northern Patagonian Andes. The Cryosphere 11:
619-634.

Ruiz-Gonzilez, C., J. P. Niflo-Garcia & P. A. Del Giorgio,
2015. Terrestrial origin of bacterial communities in com-
plex boreal freshwater networks. Ecology Letters 18:
1198-1206.

Shetty, S. A. & L. Lahti, 2019. Microbiome data science. Jour-
nal of Biosciences 44: 1-6.

Simpson, Z. P., R. W. McDowell, L. M. Condron, M. D.
McDaniel, H. P. Jarvie & J. M. Abell, 2021. Sediment
phosphorus buffering in streams at baseflow: a meta-anal-
ysis. Journal of Environmental Quality 50: 287-311.

Snook, D. L. & A. M. Milner, 2001. The influence of glacial
runoff on stream macroinvertebrate communities in the
Taillon catchment, French Pyrénées. Freshwater Biology
46: 1609-1623.

Wilhelm, L., G. A. Singer, C. Fasching, T. J. Battin & K. Bese-
mer, 2013. Microbial biodiversity in glacier-fed streams.
ISME J 7: 1651-1660. https://doi.org/10.1038/ismej.2013.
44,

Wilhelm, L., K. Besemer, C. Fasching, T. Urich, G. A. Singer,
C. Quince & T. J. Battin, 2014. Rare but active taxa con-
tribute to community dynamics of benthic biofilms in
glacier-fed streams. Environ Microbiol 16: 2514-2524.
https://doi.org/10.1111/1462-2920.12392.

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement
and applicable law.

@ Springer


https://doi.org/10.1038/ismej.2013.44
https://doi.org/10.1038/ismej.2013.44
https://doi.org/10.1111/1462-2920.12392

	Glacial recession in Andean North-Patagonia (Argentina): microbial communities in benthic biofilms of glacier-fed streams
	Abstract 
	Introduction
	Material and methods
	Study site
	Field sampling procedures
	Laboratory procedures
	DNA extraction, and amplicon sequencing
	Processing of Illumina sequencing data
	Data analysis and calculations

	Results
	Bacterial composition, physical and chemical variables in the network
	Seasonal study in the main course of Manso River

	Discussion
	Anchor 15
	References




