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Abstract
The pedogenesis from the mineral substrate released upon glacier melting
has been explained with the succession of consortia of pioneer microorgan-
isms, whose structure and functionality are determined by the environmen-
tal conditions developing in the moraine. However, the microbiome
variability that can be expected in the environmentally heterogeneous
niches occurring in a moraine at a given successional stage is poorly inves-
tigated. In a 50 m2 area in the forefield of the Lobuche glacier (Himalayas,
5050 m above sea level), we studied six sites of primary colonization pre-
senting different topographical features (orientation, elevation and slope)
and harbouring greyish/dark biological soil crusts (BSCs). The spatial vicin-
ity of the sites opposed to their topographical differences, allowed us to
examine the effect of environmental conditions independently from the time
of deglaciation. The bacterial microbiome diversity and their co-occurrence
network, the bacterial metabolisms predicted from 16S rRNA gene high-
throughput sequencing, and the microbiome intact polar lipids were investi-
gated in the BSCs and the underlying sediment deep layers (DLs). Different
bacterial microbiomes inhabited the BSCs and the DLs, and their composi-
tion varied among sites, indicating a niche-specific role of the micro-
environmental conditions in the bacterial communities’ assembly. In the
heterogeneous sediments of glacier moraines, physico-chemical and micro-
climatic variations at the site-spatial scale are crucial in shaping the
microbiome microvariability and structuring the pioneer bacterial communi-
ties during pedogenesis.

INTRODUCTION

The Himalayas has been defined as the ‘third pole’
because of a relatively large land surface coverage by
ice glaciers and the harsh climatic conditions above

5000 m altitude. Such conditions, which include large
diurnal temperature fluctuations, strong winds and high
UV radiations, make the Himalayas one of the most
extreme terrestrial environments on Earth (Yao
et al., 2012). Unlike other similar ecosystems, such as
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the hyper-arid Atacama Desert (Wierzchos et al., 2018)
and the cold Antarctic desert (Orellana et al., 2018), the
Himalayas region has a less extensive microbial ecol-
ogy investigation (Dhakar & Pandey, 2020; Ezzat
et al., 2022), because of the geographical remoteness
and roughness that historically hampered its explora-
tion (Lami et al., 2010; Matthews et al., 2020). As other
mountain regions worldwide, also the Himalayas eco-
systems are threatened by climate change (Hamid
et al., 2020; Tak & Keshari, 2020; Zhao et al., 2020)
that determines a progressive melting of glaciers and
recession of their fronts (Adler et al., 2019; Maurer
et al., 2019; Shean et al., 2020). Thus, scientific investi-
gations focused on the changes in the hydrogeology of
rivers, high-altitude basins, ice melting, precipitations
(Jury et al., 2020; Salerno et al., 2015), and their conse-
quences on the vulnerability of local communities and
ecosystems (Ashton & Zhu, 2020; Heath et al., 2020;
Xu et al., 2009) are strongly demanded.

As an effect of glacier melting, a bare mineral sub-
strate is exposed during ice retreat, increasing the size
of ice-free areas in the foreland (Diolaiuti et al., 2011;
Nuth et al., 2010). During the time out of the ice cover,
this oligotrophic substrate, poor in nutrients and with a
small amount of organic carbon, nitrogen and other
nutrients, undergoes physical, chemical and microbio-
logical modifications that favour primary colonization
and the associated biogeochemical transformations
(Garrido-Benavent et al., 2020) that pave the later
stages of plants biocenosis establishment (Borin
et al., 2010; Mapelli et al., 2011, 2018). In this context,
glacier forefields provide unique opportunities to study
the early stages of soil pedogenesis and biotic coloni-
zation, a poorly investigated aspect in high-elevation
ecosystems like the Third Pole (Sherpa et al., 2020).

In the early succession stages, pioneer microorgan-
isms, including cyanobacteria, chemoheterotrophic and
diazotrophic bacteria, fungi, algae, lichens and bryo-
phytes, are the main players in colonizing the moraine
barren debris (Warren et al., 2019; Wietrzyk-Pełka
et al., 2020) and glacier-fed streams (Busi et al., 2022;
Ezzat et al., 2022; Fodelianakis et al., 2022; Kohler
et al., 2022). These pioneer microorganisms can form
complex structures named biological soil crusts (BSCs)
(Perera et al., 2018), contributing to key ecosystem ser-
vices, such as biogeochemical cycles, water retention
and stabilization/consolidation of the proto-soil against
erosion (Barger et al., 2006; Ghiloufi et al., 2019;
Maestre et al., 2012; Mapelli et al., 2012; Rippin
et al., 2018; Weber et al., 2015). Among prokaryotes
forming the BSCs, the aerobic photoautotrophs cyano-
bacteria are the most studied (Pessi et al., 2019): they
guarantee primary productivity, providing nitrogen and
carbon to the substrates for the proliferation of the other
BSC components, such as chemolithoautotrophic
microorganisms—equally important in the primary suc-
cession processes. For instance, in the high Arctic

moraine of the Midtre Lovénbreen glacier, the rock
weathering mediated by the chemolithoautotrophic bac-
terium Acidithiobacillus ferrooxidans increased water
retention, favouring the formation of a soil fertility island,
which fostered plant establishment and growth (Borin
et al., 2010; Mapelli et al., 2011).

The physical and chemical composition of the proto-
soil matrix, together with the climatic factors, affect the
dynamics, structure and functionality of the BSCs-
associated communities in a complex interplay
between the biotic and abiotic components of the eco-
system (Bourquin et al., 2022; Mallen-Cooper
et al., 2020; Schulz et al., 2013). The stages of succes-
sion can last several years in cold and high-elevation
environments (Schmidt et al., 2008) and BSCs from dif-
ferent points of moraine chronosequences differ
remarkably in their development and microbial diversity
(Mapelli et al., 2018). However, moraines are not topo-
graphically uniform and the terrain layout in each point
of a chronosequence can be rather variable in terms of
slope, spatial orientation, exposure to light and climatic
factors (wind, precipitations, etc.), thus imposing vari-
able selective pressures that determine different
communities.

In the present study, we selected the foreland of the
Lobuche glacier (5050 m above sea level [asl]) in the
Khumbu Valley, located in the eastern area of the
Sagarmatha National Park in Nepal, as a model site to
investigate the involvement of BSCs in the process of
primary colonization of the mineral substrate released
in the glacier moraine. We test the hypotheses that:
(i) bacterial communities associated with the BSCs dif-
fer from those of the underlying deep layers (DLs;
i.e., mineral substrate between BSC and permafrost)
and (ii) irrespective of the substrate types (BSC and
DL), bacterial communities are specific for each site
because of the niche-specific microenvironmental con-
ditions. The rationale behind the hypothesis is that the
variable topography, microenvironment and substrate
properties across the irregular spots in glacier moraines
weigh in the shaping of microbial diversity in the rocky
DLs and the overlying BSCs. A study area consisting of
a 50 m2 stone pit has been identified in the ablation ton-
gue of the glacier and it is featured by a mosaic of hills
and depressions (Jones et al., 2019). Six sites present-
ing greyish/dark BSCs as signs of primary colonization
were selected within such area (Figure 1). In each of
the sites, BSCs have developed under different micro-
environmental conditions. The close spatial proximity of
these sites within the studied area abolishes the effect
of time associated with points along chronosequences,
thus allowing us to examine the effect of environmental
variability. The BSCs and the corresponding below-
ground DLs were collected from each site to unveil the
interactions among the micro-climatic and physico-
chemical conditions and the microbial components in
structuring the pioneer colonization of the barren
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substrate and driving the process of soil formation in
the high-elevation environment of the Himalayas. We
combined membrane lipid analysis and high-throughput
sequencing of the bacterial 16S rRNA gene to unveil
the community structure of the microbiome inhabiting
the BSCs and the DLs. Through this approach, we
have identified environmental factors driving a site-
dependent bacterial assembly of BSCs and DLs that
add the microbiome microvariability perspective to the
current knowledge on pedogenesis at the Third Pole.

EXPERIMENTAL PROCEDURES

Study sites and sample collection

In October 2009, an area showing evidence of primary
colonization was identified in the forefield of the

Lobuche glacier, Nepal, at 5050 m asl (27�57024.9200 N,
86�48035.8100 E; Figure 1A). The region is classified as
a cold desert, experiencing long winter periods with
temperatures below 0�C, while summer periods are
short and arid, although snowmelt and occasionally
rainfall pulses locally increase moisture content (Derin
et al., 2019; Salerno et al., 2015). The study area was
in a stone pit in the glacier forefield, located in the relic
debris-mantled ablation zone (�1 km in length) that is
disconnected from the ice accumulation zone of the
glacier. The topography of this ablation tongue is fea-
tured by a mosaic of hills and depressions (Jones
et al., 2019). Samples were collected from six sites
(named 1–6) located in a pit depression (from 1.14 to
3.30 m depth compared to the moraine level; schematic
representation in Figure 1B), covering an overall area
of 50 m2. The sites were selected based on the pres-
ence of greyish/dark biological patinas (thereafter

(A)

(C)

(D) (E) (F)

(B)

F I GURE 1 Location and environmental characteristics of the sampling microsites within the Lobuche glacier moraine. (A) Representative
picture of the studied area. The six microsites selected for sampling are indicated. (B) Schematic representation of the sampling area; relative
distances from BSCs to moraine level and the underlying permafrost are reported (values are expressed in centimetres). (C) Images of greyish/
black biological soil crusts covering the mineral substrate in the six sites; yellow markers: 7 � 3 cm. (D) Solar radiation received by the sites
reported as PYR solar radiation (W/m2; primary y-axis) and photosynthetically active radiation photon flux (PAR, μmol/m2s; secondary y-axis);
results are expressed as the sum of the values measured in 24 h. (E) Air temperature and (F) air relative humidity, respectively; minimum and
maximum values are reported as white and black circles, respectively.
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defined as BSCs) positioned in different topographical
conditions (hills/depressions) present in the moraine
(Figure 1). The BSCs were poorly developed (thick-
nesses up to 5 mm; Table 1) without any presence of
lichens, mosses and vascular plants (Figure 1C). For
each of the six sites, BSCs and the relative below min-
eral substrates (hereafter defined as DL) were collected
in triplicate �5 cm apart from each other and stored at
�20�C for subsequent analysis. Samples for physico-
chemical characterization were air-dried for 24 h and
stored at room temperature until the analysis in the lab-
oratory. Samples of BSC and DL were collected from
each site and immediately soaked in methanol for fur-
ther intact polar lipid (IPL) analysis.

Measurement of environmental parameters
in situ

Environmental parameters such as minimal and maxi-
mal air temperature (�C), air humidity (%), percentage

of moisture in BSC (% relative humidity [RH]; hygrome-
ter Sama Tolls, Italy), total solar radiation (PYR) and
photosynthetically active radiation (PAR; PAR SEN-
SOR QSO-S PAR Photon Flux, METER Group, Inc.,
USA) were recorded to assess the micro-environmental
influence on bacterial community structure in each site.

Physico-chemical and geological analysis

DLs were sieved after drying into fine (<2 mm) and
coarse (>2 mm) particles. The pH of DLs was deter-
mined in an aqueous solution using a 1:2.5 soil/water
ratio; total nitrogen by the Kjeldahl method (total Kjel-
dahl nitrogen [TKN]); available P using the Olsen
method; and organic carbon by wet oxidation. For cat-
ion exchange capacity (CEC) and exchangeable Ca,
Mg, K, Al, Fe and Na determinations, samples were
saturated with BaCl2-triethanolamine solution (pH 8.1)
and exchangeable cations were determined by induc-
tively coupled plasma (ICP-MAS VARIAN, Liberty AX,

TAB LE 1 Physico-chemical characterization of biological soil crusts (BSCs) and depth layers (DLs) in the different sites (1–6) within the
study area in the forefield of the Lobuche glacier.

Layer Site 1 Site 2 Site 3 Site 4 Site 5 Site 6

BSC

Colour Grey Brown-grey Brown-grey Black Light grey Blackd

Thickness (mm) 1 3 1 2 0.8 5

RH%a 5.2 � 0.2 54.7 � 4.1 26.8 � 2.2 43.9 � 5.3 16.7 � 3.3 5.6 � 1.5

pH 6.52 � 0.01 5.44 � 0.2 6.43 � 0.17 6.17 � 0.04 NA 4.78 � 0.04

C (g kg�1 DM) 18 � 1.9 56.6 � 12.1 24.2 � 7.8 46.1 � 11.3 NA 70.5 � 6.2

N (g kg�1 DM) 1.5 � 0.7 3.5 � 1.1 2.6 � 0.6 3.9 � 1.1 NA 3.1 � 0.2

DOC (mg kg�1 DM) 1296 � 6 2033 � 15 2073 � 21 3399 � 28 NA 2430 � 18

IC50b 1.36 � 0.08 3.45 � 0.6 2.11 � 0.17 3.65 � 0.21 NA 3.55 � 0.2

DL

Thickness (cm) 60 2 30 0.8 2 15

WHC 20.1 � 0.4 18.1 � 1.8 20.8 � 2.2 19.3 � 2.3 20.9 � 0.5 23.3 � 0.7

pH 5.76 � 0.85 6.03 � 0.06 6.24 � 0.18 6.4 � 0.03 6.66 � 0.35 6.24 � 0.46

CEC 1.89 � 0.43 2.02 � 0.34 1.36 � 0.04 1.62 � 0.04 2.11 � 0.04 2.69 � 1.05

K exchangeablec 389 � 53 341 � 23 380 � 1 326 � 4 366 � 7 376 � 32

Ca exchangeablec 340 � 53 323 � 69 423 � 37 285 � 48 378 � 33 313 � 46

Al exchangeablec 21.7 � 0.6 7.7 � 0.6 10.9 � 1.2 5.4 � 0.1 9.3 � 0.2 4.1 � 0.1

Mg exchangeablec 64.8 � 13.9 52.5 � 20.7 57 � 21.4 69.2 � 9.2 84.4 � 9.2 73.5 � 10.7

Na exchangeablec 53.6 � 7.2 61.4 � 8.5 68.3 � 4.7 69 � 7 236.7 � 38.6 78.2 � 2.9

Fe exchangeablec 33.5 � 5.5 32.2 � 8 27.3 � 4.3 23.6 � 0.6 69.2 � 9.2 38.9 � 0.8

P 5.6 � 1.4 10.5 � 0.9 13 � 1.6 12.2 � 4.2 7 � 1.2 11.99 � 0.27

TKN 74 � 4 71.1 � 3.2 70.5 � 3.1 59.1 � 2.6 48.2 � 2.9 36.19 � 2.06

C u.l.d. u.l.d. u.l.d. u.l.d. u.l.d. u.l.d.

Microsurface 4.81 � 0.03 4.73 � 0.28 4.37 � 0.18 5.09 � 0.62 4.87 � 0.06 5.04 � 0.76

Abbreviations: CEC, cation exchange capacity; DM, dry matter; DOC, dissolved organic carbon; NA, not available due to the limited amount of material available;
RH, relative humidity; TKN, total Kjeldahl nitrogen; ULD, under the limit of detection; WHC, water holding capacity.
aMeasured in the field with the hydrometer.
bAntioxidant activity measured as milligrams of DPPH per milligrams of dry BSC.
cExchangeable measured as milligrams per kilogram of DM.
dGlobular.
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Walnut Creek, CA, USA). All analytical data were deter-
mined on the fine particle fraction (<2 mm); all the
above methods were described in Mapelli et al., 2018.
Water holding capacity was determined by the Stack-
man box method (Mapelli et al., 2018).

In the case of BSC, samples were sieved after dry-
ing; pH, nitrogen and carbon content were determined
as indicated above. Dissolved organic matter (DOM)
was extracted from transect crust with deionized water,
using 5 g of equivalent dry material (1:2 solid:liquid
ratio, w/w) in a Dubnoff bath at 60 rpm for 30 min at
room temperature. The obtained suspension was cen-
trifuged for 15 min at 6500 rpm and then vacuum fil-
tered twice: firstly by using a fast glass fibre filter
(Whatman GF 6) and then by using a cellulose acetate
membrane filter (Whatman OE 67) of 0.45 μm, then its
organic carbon content (dissolved organic carbon
[DOC]) was determined as reported before (Mapelli
et al., 2018). BSCs antioxidant activity was assessed
using the DPPH radical scavenging method
(Gulcin, 2020). Briefly, an aliquot of DPPH (125 μM)
(Prot. N. D9132, Sigma Aldrich, Dermstadt, Germany)
solution in methanol was added to DOM. The decrease
in absorbance at 517 nm was recorded by a spectro-
photometer (Cary 60 UV–Vis, Agilent Technologies,
Santa Clara, CA, USA). The results were expressed as
IC50, that is, the DOC concentration that scavenges
50% of DPPH determined after 30 min of reaction. All
the analyses were performed in triplicate. The biologi-
cal material of BSC at Site 6 was not enough to perform
physico-chemical analyses.

The physico-chemical tables containing the data
from BSCs and DLs of the sites were squared trans-
formed and used to create a resemblance matrix using
the Euclidean distance in PRIMER (Anderson
et al., 2008). Canonical analysis of principal compo-
nents (CAP) was used to visualize site variation. Signif-
icant differences in physico-chemical composition were
investigated by permutational analysis of variance
(PERMANOVA) in Primer (Anderson et al., 2008), con-
sidering the factor ‘Site’ as a fixed and orthogonal fac-
tor (5 and 6 levels in BSCs and DLs, respectively).
PERMANOVA pair-wise tests were also conducted to
evaluate the effect of ‘Site’ in both sample categories,
BSC and DLs. The contribution of the variables to the
physico-chemical differences among sites was
assessed by the analysis of similarity percentages
(SIMPER) in PRIMER (Anderson et al., 2008).

X-ray powder diffraction

X-ray powder diffraction (XRD) analyses were per-
formed after micro-sampling proto-soil crusts. XRD
measurements were carried out using an X’Pert Pana-
lytical Diffractometer working in Bragg–Brentano geom-
etry and equipped with an X’Celeretor Detector. Each

sample was manually ground in an agate mortar and
then analysed in the 3–80� 2 range (Cu-wavelength,
40 kV, 40 mA) with a step size of 0.02� and a counting
time of 20 s. Qualitative mineralogical phase analysis
was performed based on peak position
(Patterson, 1955), and then indications about their
quantities were obtained based on the peak intensities.

Scanning electron microscope analysis

Ultramicroscopic analyses employed a Cambridge
360 scanning electron microscope (SEM), imaging both
secondary and back-scattered electrons. Some ele-
mental analyses were performed to identify mineral
constituents, with an energy dispersive x-ray analysis
(EDS Link Isis 300) requiring carbon-coated samples:
energy dispersive x-ray spectroscopy with an acceler-
ating voltage of 20 kV, filament intensity 1.70 A and
probe intensity of 280 pA.

Intact polar lipid analysis

To analyse lipid biomarkers approximately, 2.5–8 g (dry
weight) of soil material was collected and transferred
with methanol (MeOH)-cleaned spatulas into com-
busted glass vials and sealed with MeOH-cleaned
Teflon-coated screw caps. The samples were immedi-
ately inundated with MeOH to prevent further microbial
activity and stored at ambient temperatures in the dark.
In the laboratory, 2 μg phospholipid standard di-
C21-PC (Avanti Polar Lipids, USA) was added to all
samples and lipids were extracted using a modified
Bligh and Dyer procedure (Sturt et al., 2004). For the
first two extraction steps, MeOH:dichloromethane
(DCM):phosphate buffer (2:1:0.8, v/v) was used, fol-
lowed by a third step using MeOH:DCM (1:3, v/v). For
IPL analysis, an aliquot of the total lipid extract was
measured in positive ion mode on a Bruker maXis Plus
ultra-high-resolution quadrupole time-of-flight mass
spectrometer coupled with an electrospray ionization
source to a Dionex Ultimate 3000RS ultra-high-
pressure liquid chromatograph. A Waters Acquity
UHPLC BEH Amide column was used for HILIC (hydro-
philic interaction liquid chromatography) separation of
IPLs following the protocol described in Wörmer
et al., 2013. For quantification, peak areas of individual
IPLs were normalized to the internal di-C21-PC stan-
dard and response factors were corrected using com-
mercially available standards as described in Schubotz
et al., 2018. A second aliquot was separated into a
sterol-containing alcohol fraction and free fatty acid-
containing acid fraction using a solid-phase extraction
(Hinrichs et al., 2000) after derivatization with BSTFA
and BF3, to form respective TMS (trimethylsilyl)-
derivatives and FAMEs (fatty acid methyl esters), the
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alcohol and fatty acid fractions were analysed on a
ThermoFinnigan Trace GC coupled to a Finnigan DSQ
for identification and a Finnigan FID for quantification.

The quantitative IPLs data from BSCs and DLs
were log-transformed to avoid overdispersion before
creating a resemblance matrix using the Euclidean dis-
tance in PRIMER (Anderson et al., 2008). CAP was
used to evaluate differences in IPLs composition
(Anderson et al., 2008), considering the factor ‘Type’
as a fixed factor (two levels: BSCs and DLs). To
explore and visualize the distribution of samples in the
ordination space, the principal coordinates analysis
(PCoA) was built in PRIMER.

DNA extraction and sequencing

Total DNA was extracted from 0.5 � 0.1 g of dry BSC
and DL samples with the PowerSoil DNA Isolation Kit
(MoBio Inc., CA, USA), following the manufacturer’s
instructions. DNA quality was evaluated on 0.8% aga-
rose gel, quantified using a NanoDrop Microvolume
Spectrophotometer (Thermo Fisher Scientific) and
stored at �20�C until further processing. High-
throughput Illumina sequencing was performed on the
V3–V4 hypervariable regions of the 16S rRNA gene
fragments by PCR amplification using 341F and 785R
primers at Macrogen Inc., South Korea. Raw
sequences were analysed with QIIME pipeline, includ-
ing quality filtering, trimming, dereplication of the
sequences and creation of operational taxonomic units
(OTUs at 97% of similarity), as previously described
(Booth et al., 2019). Representative sequences of each
OTUs were aligned with the database in QIIME using
uclust (Caporaso et al., 2010) and blast commands to
search against the SILVA version 138 (Quast
et al., 2012). After removing singletons, sequences
non-assigned to bacteria (i.e., plastids, archaea and
unassigned), and sequences with relative abundance
<0.001% in the entire dataset, a total of 3,477,016
reads with an average length of 300 bp were obtained
(range of reads per sample: 37,725–133,904;
Table S1). Rarefaction curves for the BSC and DL sam-
ples were reported in Figure S1. Sequences were
deposited to the Sequence Read Archive of NCBI
under the BioProject PRJNA698068. The bacterial
OTU table was used to calculate alpha-diversity indices
(Shannon diversity and observed richness) in R using
the Phyloseq package. Occupancy-abundance curves
were generated by calculating the number of samples
in which a certain OTU was detected and its total rela-
tive abundance. The OTUs shared among different
sites in BSCs and DLs were identified by a Venn-
diagram analysis in R. OTUs were tested for their
differential abundance (enrichment and depletion;
i.e., log2-fold change) between BSC and DL using the
DEseq2 package in R (Love et al., 2014). Considering

BSC and DL separately, we computed the differential
abundance of OTUs across sites and plotted the
related taxonomic data through a differential heat tree
using the package Metacoder (Foster et al., 2017). Lin-
ear discriminant analysis effect size (LEfSe) was further
used to determine the bacterial discriminants between
sites (Segata et al., 2011). The most important OTUs
that contribute to the dissimilarity between bacterial
communities among micro-environments in BSC and
DL were defined by SIMPER in PRIMER (Anderson
et al., 2008). Beta-diversity of bacterial communities
was analysed using the compositional Bray–Curtis
(BC) similarity matrix of the relative log-transformed
OTUs-table in PRIMER (Anderson et al., 2008). The
BC-similarity matrix was used to perform the CAP and
PERMANOVA to statistically test the impact of the cat-
egorical explanatory variable ‘Type’ (two levels: BSC
and DL), along with the variable ‘Site’ nested in ‘Type’
(6 levels for both BSC and DL: 1, 2, 3, 4, 5 and 6).
PERMANOVA pair-wise tests were also conducted to
evaluate the effect of ‘Site’ for BSC and DL. We com-
puted the beta-diversity components by using the beta.
div.comp function of the package adespatial (Dray
et al., 2018). The OTU table was used to infer the
mechanisms driving the bacterial communities
assembly in BSCs and DLs by applying a phylogenetic
bin-based null model (iCAMP) version 1.2.9 with
recommended default settings (Ning et al., 2020).
Sloan neutral community model was applied to predict
the relationship between the frequency of occurrence
of taxa in a community, that is, BSC and DL, and
assessed the potential importance of the neutral or sto-
chastic process in shaping bacterial community (Sloan
et al., 2006). This model evaluates whether the micro-
bial assembly from a metacommunity follows a neutral
model or a niche-based process as a function of the
metacommunity log abundance. The fitting of the model
was performed in the R environment using non-linear
least-squares fitting and the minpack.lm, Hmisc and
stats4 packages (Chen et al., 2019). The 95% confi-
dence interval around all fitting statistics was calculated
by bootstrapping with 1000 replicates. The taxa were
subsequently separated into three fractions depending
on whether they occurred more frequently than the
neutral model predictions (over-predicted fraction), less
frequently than the neutral model predictions (under-
predicted fraction), or within the 95% confidence inter-
val of the neutral model predictions (neutrality interval).
The proportion of variability R2 quantifies the fit level of
detection frequency to the model, Nm is an estimate of
dispersal between communities in which N is the meta-
community size and m is the rate of the individuals
immigrating from the source community into the local
community. We also applied this model by considering
a taxon’s abundance in a source metacommunity
(DL or BSC) and its occurrence frequency in the target
metacommunity (BSC or DL) to test the source-sink
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hypothesis (Burns et al., 2016). Finally, to quantitatively
estimate the potential contribution of DL bacterial com-
munities (here given as source environment) to those
of BSC (here given as sink environment), we used the
Bayesian-based SourceTracker (Knights et al., 2011)
available as an R package at http://sourcetracker.
sf.net.

The rate of decay of the bacterial community’s simi-
larity (BC) across the sites was evaluated in function of
the site distance (m), and Euclidean distance matrices
of physico-chemical and micro-climatic conditions of
the sites and of the IPL diversity for both BSCs and
DLs; linear regressions were computed in GraphPad
Prism. Significant physico-chemical variables explain-
ing the bacterial communities structure (16S rRNA
gene-based) were assessed by using a distance-based
multivariate linear model (DistLM) in Primer (Anderson
et al., 2008) and the overall best solutions (lowest cor-
rected Akaike information criterion [AICc]) was indi-
cated. The set of physico-chemical variables measured
in BSC and DL (explanatory variable) was used to
assess the amount of variation of the bacterial commu-
nity (multivariate response variables) by running the
function Best.sq.r() from the mvabund package in R
(Wang et al., 2012). The three most important physico-
chemical variables detected were further used to iden-
tify which bacterial members (relative abundance) were
positively/negatively correlated with them in the two
layers by running the Metacoder package in R (Foster
et al., 2017).

Co-occurrence network analysis

The bacterial phylotypes enriched in BSC and DL sam-
ples were used to build two correlation networks by cal-
culating all pairwise Spearman correlation coefficients
among these bacterial taxa in CoNet (Faust &
Raes, 2016). We kept both negative and positive corre-
lations with Spearman’s correlation coefficient ρ > 0.5
and p < 0.01 to provide information on microbial taxa
that may respond robustly to the environmental condi-
tions of BSC and DL. The co-occurrence network was
visualized with Gephi (Bastian et al., 2009) and default
parameters were used to identify their topological
indices.

RESULTS

Environmental conditions of the
studied area

The Lobuche glacier moraine is constituted by a
randomly distributed patchwork of rocks with variable
topographical features that is the norm across the
debris-mantled ablation zone of the glacier. In an area

of 50 m2, we selected six sites in which greyish/dark
BSCs develop on top of the mineral substrates DL
(Figures 1A,C). The thickness of BSCs ranged from 0.8
to 5 mm, while DLs varied depending on the level of the
underlying permafrost and ranged from <1 to 60 cm
(Table 1). Evaluation of climatic parameters revealed
that each site was characterized by unique micro-
environmental conditions in terms of time and intensity
of exposition to light, temperature and RH
(Figure 1D,F). Due to their position within the studied
area (Figure 1A,B), the sites were differently exposed
to the solar irradiation (Figures 1D and S2): sites 1, 3
and 5 received, on the day of sampling, about 8 h of
sunlight per day (20,824 � 425 PYR and 10,720 � 291
PAR), while sites 2 and 6 received 6 h (15,181 � 1204
PYR and 7360 � 1154 PAR) and Site 4 received only
4 h (10,618 PYR and 5803 PAR) because partially sha-
dowed by the surrounding rocks. Variable daily temper-
atures (25 � 13�C) were also observed, reaching
values over 30�C in sites 1, 3 and 5; while values below
20�C were recorded in sites 2, 4 and 6 (Figure 1E). All
the sites had similar minimal temperatures of air
(�7 � 1�C) during the night. Air RH showed a specific
pattern in which higher values (>50%) were observed
in sites 3, 4 and 5, which were located more in-depth
compared to the average level of the moraine
(Figure 1B), while sites 1, 2 and 6 showed values
<50%; the minimum RH ranged between 13% and 27%
across all sites (Figure 1F).

Physico-chemical characterization of
BSCs and DLs

Chemical microanalysis in conjunction with SEM
(Figure S3a) revealed that BSCs presented on their
surface mineral and organic constituents tightly con-
nected. Calcium carbonate nodules were also
observed in BSCs, along with nodules constituted by
coalescent carbonate microtubules (Figures S3b,c). In
addition, nuclear magnetic resonance (NMR) analysis
revealed that the organic matter present in the BSCs
was dominated by O-CH3 or N-alkyl, O-alkyl C and di-
O-alkyl C (from 60.91% to 72.65%), and aliphatic C
bonded to other aliphatic chain or H (from 11.44% to
19.55%) but with different relative abundance across
the six sites (Table S2). The physico-chemical charac-
teristics (Table 1) significantly differed across the sites
(PERMANOVA: F4,10 = 95.01, p = 0.001; Figure S4;
pairwise comparison in Table S3). Among the chemical
variables measured, DOC, RH and carbon
(C) explained most of the observed chemical–physical
diversity of BSCs across sites (up to 94%, Table S4a).

The DLs were consistently composed of thin grains
of quartz, feldspar and mica (Table S5), while carbon
was not detectable (Table 1). The DLs samples had
high sand content (>90%) followed by a small
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proportion of loam (5%–6%) and clay (0.5%–5%),
except for Site 5 where the latest represented up to
26% and 11% of the substrate material, respectively
(Table S5). Despite similarity in term of texture, DLs
had different compositions across the six sites
(Table 1; PERMANOVA: F5,12 = 31.71, p = 0.001; pair-
wise comparison in Table S3b). The most important
variables that characterized such diversity among DLs
in terms of physico-chemical parameters were TKN
and ion content (Fe, Na, TKN, Al and K; Table S4b).

Diversity of IPLs across BSCs and DLs

IPLs are major components of cells membrane and pro-
vide information about the living microbial community in
the environmental samples (Schubotz et al., 2018).
Based on their quantification, we found that the micro-
bial biomass was mainly associated with BSCs, reach-
ing up to 30-fold higher levels than DLs (Figure 2A;
average fold change, 8). The IPLs composition showed
a separation between BSC and DL samples (CAP,
choice of m = 2, trace statistic = 0.31, p = 0.034;
PCoA in Figure 2B). Among IPLs, glycolipids
(i.e., monoglycosyl diacylglycerod, diglycosyl

diacylglycerol, triglycosyl diacylglycerol, sulfoquinovo-
syl diacylglycerol and glycoronic acid diacylglycerol)
which are found in thylakoid membranes of all photo-
trophic organisms (Hölzl & Dörmann, 2007) were the
most abundant lipid class: on average they represented
33% and 27% of total IPLs in BSCs and DLs, respec-
tively (Figure 2C). Notably, the heterocyst glycolipids, a
subgroup of glycolipids typical of nitrogen-fixing fila-
mentous cyanobacteria (Nichols & Wood, 1968), con-
stituted 23% (range, 7%–42%) and 15% (6%–32%) of
the total IPLs in BSCs and DLs, respectively. Betaine
lipids, typical of lower plants and of some cyanobac-
teria (Klug & Benning, 2001; Řezanka et al., 2004),
were abundant at all sites, representing up to 30% of
total IPLs (Figure 2C). High relative levels of ornithine
lipids, particularly trimethyl ornithine lipids that are
exclusive bacterial markers (L�opez-Lara &
Geiger, 2017; Moore, 2021), were observed in BSCs of
sites 2, 3 and 6 (relative abundance range, 2%–3.8%).
Even though eukaryotic biomass (e.g., mosses, lichens
and bryophytes) was not visible in BSCs, the detection
of sterols revealed its presence. The distribution of ste-
rols (mainly ergosterol, stigmasterol and sitosterol)
are comparable to what has been reported for Sphag-
num species (Bryophyta) found in peat bogs (Baas

(A)

(B)

(C)

F I GURE 2 Intact polar lipid concentrations and compositions in BSCs and DLs across the six microsites. (A) Lipid concentration across the
six sites in BSCs and DLs. Values are expressed as μL of IPL per gram of sediment. (B) Non-metric multi-dimensional scaling plot (based on
Euclidean distances) of IPL composition for BSC and DL samples. (C) Relative abundance of the different IPL components across sites in BSC
and DL samples; values are expressed as microlitres of IPL per gram of sediment and visualized as log-transformed.
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et al., 2000) and were mainly detected in the BSCs
of all sites, in varying relative abundances (Table S6).
Sterols were below detection in the DLs Sites
1 and 6 (Table S6) and were mainly composed by
phosphatidyl inositol (PI-DAG), phosphatidyl choline,
phosphatidyl ethanolamine, phosphatidyl glycerol and
OH-PC-DAG (Figure 2C). Some of the IPLs detected
presented multiple hydroxylations; these include beta-
ine lipids, ornithine and trimethyl ornithine lipids and
phosphatidyl choline lipids (Table S7). Betaine lipids
were also observed with mixed ether and ester side
chains and phosphatidyl ethanolamine as diether dia-
cylglycerol, which suggests a bacterial origin for these
lipids (Schubotz et al., 2009, 2018). It is important to
note that while micro-climatic conditions of the sites at
the sampling time did not show any significant correla-
tion with the content of IPLs groups (Pearson correla-
tion p > 0.05), the RH of BSCs was significantly
correlated with the content of glycolipids, phospholipids
and betaine lipids (p < 0.05 and R2, 0.89–0.91). No sig-
nificant correlations were detected between the
physico-chemistry of DLs and the extracted IPLs. Major
fatty acid carbon chain lengths (Table S6) and distribu-
tions of free fatty acids (Table S8) were also analysed.
The most dominant combined carbon chain lengths of
all IPL were C36:3, C36:4 and C34:3, C34:2, C34:1,
C32:2 and C32:3, which matches with the distribution
of the dominant free fatty acids C16:0, C18:1 and
C18:2 (Figure S5 and Table S8).

Structure and assembly of bacterial
communities associated with BSCs
and DLs

The bacterial communities associated with BSC and
DL samples (3769 and 3886 OTUs, respectively;
Table S1) were dominated by the presence of few
abundant OTUs (9 and 11 OTUs, respectively, with rel-
ative abundance >1%) that accounted for up to 14%
and 20% of the total number of reads, respectively
(Figure S6). A long tail of rare OTUs with relative abun-
dance ranging from 1% to 0.001% was detected in all
the bacterial communities (3760 and 3875, respec-
tively; Pareto-like distribution in Figure S6). Most OTUs
belonged to the phyla Proteobacteria (relative abun-
dance, 26% and 24.1% in BSCs and DLs, respec-
tively), Bacteroidetes (15.7% and 15.3%), Firmicutes
(11.4% and 15.3%), Planctomycetes (8.7% and 7.7%),
Acidobacteria (7.1% and 8.3%), Actinobacteria (5.9%
and 9.4%), Cyanobacteria (6.9% and 3.3%), Chloroflexi
(3.9% and 3.3%) and Armatimonadetes (3.8% and
2.2%; Figure S7). The bacterial communities associ-
ated with DL samples exhibited a higher diversity com-
pared to those with BSCs in terms of species richness
(number of OTUs; Mann–Whitney test, p = 0.0008),
while Shannon’s and Simpson’s indices did not differ

among the two types of samples (p = 0.51 and
p = 0.48, respectively; Figure S8). The most abundant
OTUs were conserved and consistently present in both
BSCs and DLs (99% of shared OTUs and 91% of gen-
eralist OTUs, the latest defined as the OTUs equally
distributed among BSCs and DLs; Figures 3A,B).

Despite the high number of shared and generalist
OTUs, the bacterial communities that inhabited BSCs
and DLs differed significantly (PERMANOVA:
F1,34 = 2.94, p = 0.006; CAP cross-validation 100%;
variation explained, 25%). This specificity was
explained by the differential distribution pattern (enrich-
ment and depletion) between BSCs and DLs of 10% of
OTUs (Figure 3B); 7% (n = 256) and 3% (n = 110) of
OTUs were enriched in DLs and BSCs, respectively,
and accounted for 8% and 10% of the total relative
abundance in each type of samples. Among these,
members of Alphaproteobacteria (27.7%), Oxyphoto-
bacteria within cyanobacteria (29%) and Bacteroidia
(12%) dominated the BSC-enriched community, while
Acidobacteria (26%; Blastocatellia 12.5% and Holo-
phagae 7.4%), Actinobacteria (16%; Acidimicrobiia
11.8% and Thermoleophilia 3.7%) and Gammaproteo-
bacteria (10.5%) were the main members of the DL-
enriched group (Figures 3C). We further evaluated the
fitting of BSC and DL bacterial communities to the neu-
tral community model (Sloan et al., 2006). While the
neutral model failed to fit the frequency of occurrence
of the BSC bacterial community (coefficient of the neu-
tral fit, R2 < 0 and migration rate, m = 0.0218;
Figure S9a), it poorly fit that of DL (R2 = 0.16 and
m = 0.0435; Figure S9b). These results indicated that
in both cases, a more substantial role of habitat (niche)
filtering compared to stochastic processes drives the
bacterial community assembly, that is, enrichment/
exclusion of species with appropriate/inappropriate
traits for given abiotic and biotic environmental condi-
tions. In addition, when the source-sink hypothesis was
tested using DL bacterial communities as the source
and BSC bacterial communities as the sink, the occur-
rence frequency of bacterial taxa did not fit the neutral
community model (R2 < 0 and m = 0.019; Figure 3D):
the composition of BSCs is not driven by a source-sink
relationship with DL, and the probability that an individ-
ual who dies or leaves the BSC community is replaced
by another individual immigrating from the DL commu-
nity is limited. We ran the same analysis by considering
BSC and DL bacterial communities as source and sink,
respectively, and also in this case we rejected the
source-sink hypothesis (Figure S10). Even though the
source-sink hypotheses were rejected in both the com-
binations (DL vs. BSC and BSC vs. DL), we found that
a limited part of the BSC bacteria community potentially
originated/transferred from the below DL layer based
on the community-wide Bayesian model
(SourceTracker; Figure S11). However, this portion
decreased with the increasing thickness of the BSCs
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(regression in Figure S11b). The remaining BSC taxa
could not be explained by DL and were identified by
SourceTracker as ‘unknown’.

BSCs and DLs bacterial co-occurrence

The network properties of the BSCs and DLs samples
were largely comparable in size (number of nodes and
total interactions) and had similar topological features
(Table S9; Figure S12). For instance, OTUs engaging
in significant associations represented 42% and 33% of
the total OTUs present in the original community of
BSC and DL, respectively. The associations (edges)
were equally distributed among positive (co-presence)
and negative (mutual exclusion) interactions
(Table S9). Both co-occurrence networks followed a
power-law degree distribution in which most nodes had
few connections (degree 1–5, 74% and 69% of nodes

in BSCs and DLs, respectively) and only few nodes
had numerous connections (Figure S13), suggesting
the presence of a non-random co-occurrence pattern.
Compared to the BSC network, the network of DLs
showed higher degrees (Welch-corrected test: t = 2.37,
df = 661.1, p = 0.018) and higher density, along with
lower path length and modularity (Table S9;
Figure S12c). In addition, the DL nodes had lower
betweenness (t = 4.57, df = 828.51, p < 0.0001),
higher closeness (t = 2.016, df = 866, p = 0.044) and
eccentricity (t = 3.40, df = 860.6, p = 0.0007) than
those in BSCs samples (Figures S12d–f). These data
indicate that the members of the DL-associated bacte-
rial communities established more complex, well-
connected and closer interactions compared to those
occurring in BSCs.

The network interactions in BSCs and DLs showed
a comparable taxonomic profile (proportion of node per
phylum; Figure S12g) in agreement with the

(A)

(E) (F) (G)

(B) (C) (D)

F I GURE 3 Distribution and assembly of bacterial communities associated with BSC and DL. (A) Venn diagram showing the total number of
unique and shared OTUs between BSCs and DLs. (B) Volcano plot showing the OTUs that have a differential abundance (twofold changes,
p < 0.05) between BSCs and DLs: OTUs enriched in BSCs are indicated by green dots and those enriched in DLs in green; generalist OTUs that
do not show significantly different distribution between BSc and DL are indicated with black dots. (C) Taxonomy of BSC- and DL-enriched OTUs
and of generalist OTUs. (D) Fitting Sloan neutral community model with DL as the source bacterial community and BSC as the destination
bacterial community (sink). The predicted neutral model (solid blue line) is surrounded by 95% confidence intervals (dashed blue lines). The
frequency of detection of bacterial OTUs in BSC (sink community, y-axis) is plotted against the relative abundance of bacterial OTUs in DL
(source community, x-axis) to indicate that the OTU is most likely neutrally dispersed into BSC (black points), over-represented (selected for,
green points), or under-represented (selected against, grey points). (E, F) canonical analysis of principal coordinates (CAP) ordination based on
Bray–Curtis similarity distances of (E) BSC and (F) DL. Colours indicate the different microsites analysed. (G) Relative abundance of most
abundant phyla (average, >1%) across sites in BSC and DL samples; values are expressed as percentages calculated on the mean of the three
replicates analysed.
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phylogenetic analysis previously described (Figure S7).
The largest number of nodes was represented by
members affiliated to Firmicutes, Bacteroidetes, Alpha-
proteobacteria, Acidobacteria and Actinobacteria,
followed by Planctomycetes, Gammaproteobacteria,
Chloroflexi, Cyanobacteria, Verrrucomicrobia and
Armatimonadetes, and members of minor groups
(i.e., Deltaproteobacteria, Deinococcus-Thermus, FBP,
Gemmatimonadetes, Omnitrophicaeota, Patescibac-
teria and WPS-2). The phyla/classes detected with the
higher node frequency were also responsible for the
principal interactions within the networks, as revealed
by the positive relationship between the number of
nodes and degree per each taxonomic group (BSCs:
p < 0.0001, R2 = 0.76; DLs: p < 0.0001, R2 = 0.86;
Figure S14). A large cluster of densely connected
nodes of Firmicutes, (classes of Bacilli, Clostridia, Ery-
sipelotrichia and Negativicutes), Bacteroidetes, Actino-
bacteria and Acidobacteria was present in both BSCs
and DLs networks (Figure S12g). Keystone species
(here defined as nodes with >1% of total degree)
belonged to Firmicutes (3 OTUs; Clostridia, Negativi-
cutes and Erysipelotrichia), Patescibacteria (1 OTU;
Saccharimonadia), Acidobacteria (1 OTUs; Acidobac-
teriia) and Bacteroidetes (1 OTU; Bacteroidia) in BSCs,
while they were affiliated to Acidobacteria (3 OTUs;
Acidobacteriia), Actinobacteria (1 OTUs; Actinobac-
teria and Coriobacteria), Bacteroidetes (2 OTUs; Bac-
teroidia), Firmicutes (12 OTUs; Clostridia and
Negativicutes) and Proteobacteria (2 OTUs; Gamma-
proteobacteria) in DLs. Despite a large compositional
similarity among the bacterial members interacting in
the BSC and DL networks, substantial differences were
detected in the proportion (twofold enrichment/deple-
tion) of nodes that belong to the phylum Armatimona-
detes and Verrucomicrobia, and in the degrees of
Planctomycetes nodes (Figure S12g).

Micro-environmental niche effect in BSCs
and DLs associated bacterial communities

The components of beta-diversity were analysed to
identify the ecological processes that govern the
assembly of bacterial communities in BSCs and DLs.
Similar processes were identified in the aboveground
BSCs and belowground DLs: the dominant processes
are species replacement (i.e., mediated by the hetero-
geneity of the micro-environments represented by each
site) and similarity (i.e., due to the overall harsh envi-
ronmental conditions), while richness difference was
the less represented process (Figure S15). We inferred
the mechanisms regulating the bacterial community
assembly with a phylogenetic bin-based null model
(iCAMP) and found that it was consistently dominated
by dispersal limitation and homogeneous selection in
both BSCs (47% and 25%, respectively) and DLs (53%
and 23%, respectively). Such mechanisms defined

significantly different BSCs and DLs bacterial communi-
ties across the six sites (PERMANOVA: F5,12 = 6.29,
p = 0.001 and F5,12 = 4.57, p = 0.001 in BSCs and
DLs, respectively; Figures 3E,F; CAP cross-validation
100%; pairwise comparison in Table S10). Biodiversity
analysis performed separately on the six sites showed
that the number of shared bacterial OTUs in BSCs and
DLs was 62% and 74%, respectively. We consistently
detected site-specific OTUs (range of site-specific
OTUs: 0–122 and 0–107 in BSCs and DLs, respec-
tively), along with site-enriched and site-co-shared taxa
(Figures 4G, S16 and S17). LEfSe analysis detected a
total of 26 bacterial discriminants that changed accord-
ing to the sites in BSCs-associated bacterial communi-
ties (Figure S18). Members of Cyanobacteria were the
bacterial discriminants in Site 1, those of Verrucomicro-
bia, Chloroflexi, Firmicutes, Acidobacteria and Alpha-
proteobacteria in Site 2, those of Chloroflexi,
Armatimonadetes and Cyanobacteria in Site 3, Planto-
mycetes, Bacteroidetes, Chloroflexi and Cyanobacteria
in Site 4, and those of Actinobacteria, Acidobacteria,
Alphaproteobacteria and Firmicutes in Site 6 (details in
Figure S18). Notably, no bacterial discriminants were
detected in the BSC of Site 5 nor in all the six DL sites.
SIMPER analysis was also performed to unveil the
OTUs that contributed predominantly to the site diver-
sity. In BSCs-associated bacterial microbiomes,
43 OTUs (over 3769) played a crucial role, contributing
up to 10% of dissimilarity. Among these, members of
22 families were identified, including Acetobactera-
ceae, Bacteroidaceae, Burkholderiaceae, Ruminococ-
caceae and Sphingomonadaceae as the dominants.
On the other hand, the differences between sites in DL
bacterial communities were mainly explained by the dif-
ferential distribution of 54 OTUs (over 3886) belonging
to 29 families (e.g., Bacteroidaceae, Bifidobacteria-
ceae, Burkholderiaceae, Chitinophagaceae, Rumino-
coccaceae and Lachnospiraceae) and contributing to
10% of the observed dissimilarity.

FAPROTAX analysis provided insights into the pre-
dicted bacterial ecological functions (Figure S19). This
showed a consistently widespread distribution among
sites (both BSC and DL) of chemoheterotrophic metab-
olisms (i.e., aerobic chemoheterotrophy and chemohe-
terotrophy) and a less yet widespread distribution of
fermentative metabolisms. Photosynthetic metabolisms
were found in several but not in all BSC samples and in
one of the DL samples. The overall picture indicates a
general site specificity for the deduced metabolisms in
the BSC and DL layers of the examined sediments.

Factor shaping diversity of bacterial
communities associated with BSC and DL
among sites

The role of the micro-niches in shaping the associated-
bacterial communities was further shown by the linear
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decrease of bacterial similarity with the increasing dif-
ferences among the topographical (i.e., distance
among sites; BSC: p < 0.0001, R2 = 0.2,
slope = �0.096, DL: p < 0.0001, R2 = 0.15,
slope = �0.07; Figures 4A,B), physico-chemical (BSC:
p < 0.0001, R2 = 0.32, slope = �14.39, DL:
p < 0.0001, R2 = 0.23, slope = �10.89; Figures 4C,D),
micro-climatic (BSC: p = 0.0001, R2 = 0.09,
slope = �0.25, DL: p = 0.0024, R2 = 0.06,
slope = �0.17; Figures 4E,F) and IPL signature (BSC:
p = 0.0006, R2 = 0.08, slope = �1.46, DL: p = 0.023,
R2 = 0.03, slope = �2.09; Figures 4G,H) characteris-
tics of the different sites. These results indicate that the
unique conditions defining the different sites are impor-
tant drivers for structuring bacterial communities.

To further understand the forces that shape the
BSC and DL bacterial community variance among
sites, we analysed the contribution of the physico-
chemical variables. We focused on the physico-
chemical variables because they were the most
important in explaining the observed diversity according
to the slopes of the regressions (Figure 4). In BSCs,
pH, DOC and crust RH (RH%) were the principal
physico-chemical variables (AICc = 105.79, R2 = 0.63,
Table S11a) that explained up to 40% of the variance
(Figure 5A). Correlation analysis showed that (i) DOC
had a significantly positive correlation with Proteobac-
teria phylum, Reyranellales and Anaerolineae RBG-
13-54-9 orders, Elsteraceae, Reyranellaceae and

Myxococcales P3OB-42 families, and Brevundimonas
genus; (ii) pH was positively correlated with Cyanobac-
teria and Deinococcus-Thermus phyla, Deinococci and
Oxyphotobacteria classes, Blastocatellales and Deino-
coccales orders, Blastocatellaceae, Intrasporangia-
ceae, Deinococcaceae and Hymenobacteraceae
families, and Nostoc PCC-73102, Deinococcus, Hyme-
nobacter and Gemmatirosa genera, while it was nega-
tively correlated with Microgenomatia class, WD260
order, CPla-3 termite group and KD3-93 families, and
Acidipila, Phenylobacterium, Rhizobacter and Telma-
tocola genera; (iii) RH was positively correlated with
members of Omnitrophicaeota phylum, Dojkabacteria
WS6 class, Steroidobacterales order, Steroidobactera-
ceae, Terrimicrobiaceae and Sandaracinaceae fami-
lies, and Tahibacter, Terrimicrobium and Pelosinus
genera.

In the case of DLs, the variability of bacterial com-
munities was mainly explained by Fe, P and K,
(AICc = 127.12, R2 = 0.46, Table S11b) which account
for almost 30% of the entire variance (Figure 5B): (i) Fe
was negatively correlated with the presence of mem-
bers of Micavibrionales order, Xanthobacteraceae and
Simkaniaceae families, and Pseudolabrys genus; (ii) P
was positively correlated with members of Gracilibac-
teria class, Micavibrionales order, Elsteraceae and
Micavibrionaceae families, and Polycyclovorans
genus; (iii) K was positively correlated with the mem-
bers of Xanthomonadales order.
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R2RR = 0.2, p < 0.0001, slope = –0.096 R2RR = 0.32, p < 0.0001, slope = –14.39 R2RR =0.09, p = 0.0001, slope = –0.25 R2RR =0.08, p = 0.0006, slope = –1.46

R2RR = 0.15, p < 0.0001, slope = –0.07 R2RR = 0.23, p < 0.0001, slope = –10.89 R2RR = 0.06, p = 0.0024, slope = –0.17 R2RR = 0.03, p = 0.023, slope = –2.09

F I GURE 4 Relationship of beta-diversity and environmental parameters characterizing the microsites. Bray–Curtis similarity distance decay
in function of (A, B) the vertical distance from the above moraine level, (C, D) the overall physico-chemical conditions (Euclidean distance of data
reported in Table 1), (E, F) the micro-climatic conditions of each site at the day of sampling (Euclidean distance of data reported in Figure 1), and
(G, H) the intact lipid composition (Euclidean distance of data reported in Figure 2) in BSC and DL samples, respectively. Red lines indicate
significant linear regressions; p-values, R 2 and slopes are reported in the graphs.
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F I GURE 5 Effect of site-environmental factors on bacterial communities’ diversity in BSCs and DLs. Results of the variation partitioning
model used to identify the effects of the physio-chemical explanatory variables (Table 1) on the bacterial communities of (A) BSC and (B) DL are
reported as bar plots. Results of sequential test run considering all the factors are reported as pie charts. The three most important variables
explaining the variance of the bacteria communities in BSC (i.e., DOC, pH and RH) and DL (i.e., Fe, P and K) are used to evaluate their
correlation with the bacterial taxa inhabiting the samples. Metacoder-generated trees indicate the taxa that significantly (p < 0.05) correlated
positively (shade of blue) or negatively (shade of red) with the selected physico-chemical variables. Taxa non-significantly correlated with such
variables are indicated in grey.
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DISCUSSION

In this study, we investigated six sites of primary coloni-
zation with BSCs in a 50 m2 area of the Lobuche
moraine. The study area was in the relic debris-mantled
ablation zone no anymore connected to the glacier
dynamics (Jones et al., 2019). We chose this area
because in a relatively small space it presents all hum-
mock and depression sites with variable spatial orienta-
tion, altitude and slope that characterize the overall
Lobuche moraine but minimizes the intrinsic variability
associated with time in glacier-moraine chronose-
quences. Thus, the sites were representative of the dif-
ferent topographical conditions occurring all over the
moraine but did not reflect the intrinsic variability due to
the time from deglaciation.

Due to their topographic position in the studied area,
the six sites were exposed to distinct environmental
conditions in terms of irradiation, air temperature and
humidity. The spatial orientation and elevation of the
sites determine the level of exposure to the environ-
mental agents (wind, sunlight irradiation, dust deposi-
tion, humidity, etc.) and so influence the ecological
dynamics of the living community (Austin et al., 2004;
Fischer & Subbotina, 2014; Kidron et al., 2010), at least
in the summer season when the moraine is not under a
snow cover. However, we must consider that environ-
mental measures over a very short time window, such
as those used in this study, cannot be extended all over
the different seasons and our environmental measures
must be considered under the limited time window they
were obtained. The six sites also presented a set of
specific physico-chemical properties (organic matter,
pH and soil nutrient concentrations) that make them
distinct niches in which unique bacterial communities
are selected both at the BSC and DL levels. In many
soil ecosystems, microbial community composition has
been shown to be shaped by soil physico-chemical
conditions, such as pH in Antarctica (Chu et al., 2010),
nutrients in North American ecosystems (Ramirez
et al., 2012) and moisture in Chinese steppe (Zhao
et al., 2016). Nevertheless, the presence of multiple
niches in a relatively small area in the glacier forefield
suggests that events ongoing in the early stages of pri-
mary succession are patchy and heterogeneous, rather
than coordinated and/or strongly affected by macro-
climatic conditions of the overall moraine, and these dif-
ferences are mirrored in the inhabiting microbiomes.

The BSCs and DLs of the Lobuche moraine were
found to host different bacterial communities, which
were composed of phototrophic taxa but also included
a large component of non-phototrophic microorgan-
isms. The functionality of BSCs as pioneer colonizers
in the extreme cold ecosystems of the Himalayas and
elsewhere was mainly investigated for phototrophs
(Janatkov�a et al., 2013; Schmidt et al., 2008), but
recent mounting evidence poses attention to the non-

photosynthetic microorganisms as contributors to eco-
system stability and multifunctionality (Ezzat
et al., 2022; Jousset et al., 2017; Lynch &
Neufeld, 2015; Wang et al., 2020). For instance, it has
been recently shown that cryospheric ecosystems are
inhabited by generalist taxa with Proteobacteria and
Bacteroidota as key taxonomic groups (Bourquin
et al., 2022; Gupta et al., 2015; Mapelli et al., 2011,
2018; Schmidt et al., 2008). The occurrence of the
same bacterial phyla in geographically distinct areas is
indicative of their ability to adopt similar metabolic strat-
egies to survive in oligotrophic and cold environments
(Srinivas et al., 2011), facilitating a multitude of photo-
trophic, photoheterotrophic and chemolithotrophic pro-
cesses (Borin et al., 2010; Mapelli et al., 2018).

The BSCs and DLs of the Lobuche moraine were
found to share a large number of generalist bacterial
OTUs. Despite the dominance of such generalists, the
consistent selective pressure of BSCs and DL affects
the assembly of bacterial communities with site-specific
patterns even at short distances. For instance, among
the taxa that discriminate between BSCs and DLs
microbiomes, Alphaproteobacteria and Bacteroidetes
were enriched in the BSC. Alphaproteobacteria prefer
nutrient-rich environments, and in deglaciating soil their
abundance increase with soil age (Fern�andez-Martínez
et al., 2017), while Bacteriodetes are inhabitants of
BSCs occurring in cold desert ecosystems like the
Eastern Pamir (Khomutovska et al., 2021). Further-
more, BSCs were enriched in bacteria affiliated with
Burkholderiales, typical inhabitants of ice-dominated
environments, that are seeded in the mineral substrate
released by ice melting and colonize soils at initial and
medium stages of development (Mapelli et al., 2011;
Schmidt et al., 2008). On the contrary, DLs were
enriched in Actinobacteria, Proteobacteria and Acido-
bacteria phyla which are among the most abundant
taxa inhabiting bare soils of cold deserts worldwide
(Bourquin et al., 2022; Leung et al., 2020) and were
found in other Himalayan forefields (Srinivas
et al., 2011). The limited dispersion and homogenous
selection resulted in being the main ecological pro-
cesses in the assembly of microbial communities in
BSC and DL, suggesting that bacteria had a life–death
dynamics that allowed community composition to drift
apart due to spatial isolation between sites
(Fodelianakis et al., 2020; 2021), as it was also
observed in permafrost-associated microbiomes in
Alaskan forests (Bottos et al., 2018). The rejection of
the neutral community model for both BSC and DL and
of the source-sink hypotheses support that bacterial
community assembly is mainly deterministic rather than
stochastic and it is driven by environmental factors and
microbial species interactions. For instance, the distinct
BSC habitat hosts bacterial communities predominantly
trapped in EPS matrices to form complex structures/
films covering the underlying substrate in the moraine,
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with consequent limitation of bacterial dispersal from
DL to BSC and vice versa. An alternate interpretation of
the data is that the environmental/ecological conditions
of BSC and DL are not similar enough to experience
comparable levels of selection (e.g., C content), as
expected for those species identified as ‘neutrally
distributed’.

Glacier ecosystems are low-energy input environ-
ments (Schostag et al., 2019) where microorganisms
have to survive under sub-zero temperatures and are
subjected to freeze–thaw cycles, standing as quasi-
closed systems (Graham et al., 2012). Under these
conditions, dispersal is reduced, and nutrients supply is
governed by local dynamics involving cellular dormancy
(Choudoir & DeAngelis, 2022) and recycling of energy
by exploiting the biomass of necrotic cells (Shoemaker
et al., 2021). During dormancy, cells are in a viable but
not-cultivable state, a low-energy condition accompa-
nied by a reduction in cellular size. Upon perception of
favourable conditions, cells exit dormancy and restore
the vegetative growth (Su et al., 2013). At the same
time, thawing cycles may lead to cellular lysis, so the
dead microorganisms may release organic compounds
to fuel living cells. By tracking population dynamics
under energy-limited conditions, it was observed that
cells could use the necrotic biomass to sustain growth
and evolve through the natural selection (Shoemaker
et al., 2021). This bacterial survival strategy under
energy limitation seems to be conserved across the
bacterial kingdom, suggesting that this trend may be
common to hot and cold deserts, where niche-filtering
by the climate and edaphic factors drive community
assembly (Lee et al., 2016; Pointing et al., 2015).

IPL analysis deepens the knowledge of the resident
microbiomes by providing information that helps in clari-
fying the adaptation and diversity of the entire commu-
nity (Sturt et al., 2004). The presence in the study area
of oxidized phosphatidyl choline, betaine and ornithine
lipids having one to multiple hydroxylations and oxylipins
indicates that microorganisms have to cope with high
oxidative and photo-oxidative stress, associated with
low temperature and high irradiation (Amiraux, 2017).
Furthermore, the predominant fatty acids had monoun-
saturated chains, a molecular component of the
biochemical strategy used by psychrophiles to maintain
cell membrane integrity in low-temperature environ-
ments (Collins & Margesin, 2019). A higher abundance
of glycolipids and heterocyst glycolipids in the BSCs
compared to DLs is owed to the switch of glycolipid-
containing phototrophs on the surface to non-phototroph
organisms in the DLs (Kalisch et al., 2016). While little is
known about the turnover of diacylglycerol glycolipids in
soils after cell death, studies have shown that heterocyst
glycolipids can be preserved in laminated sediments for
millions of years (Bauersachs et al., 2010). Therefore,
detecting heterocyst glycolipids in the deeper layers
could be the trace of non-degraded detrital material from

the surface that has been buried over time. IPL analysis
supports the bacterial metabolisms inferred by the 16S
rRNA gene sequences dataset, which shows that
phototrophic-related functions are enriched in the BSCs
compared to DLs. Besides phototrophs, representatives
of the Firmicutes, Alphaproteobacteria and Gammapro-
teobacteria, are also capable of synthesizing glycolipids
(Hölzl & Dörmann, 2007). While the abundant presence
of trimethyl ornithine lipids can be most likely assigned
to Planctomycetes in both the BSCs and DLs
(Moore, 2021), the overall high levels of glycolipids and
aminolipids suggest some nutrient limitation, especially
of phosphorus (Schubotz et al., 2018; Van Mooy &
Fredricks, 2010).

The results of IPL and physico-chemical analyses
corroborate that in the studied area the bacterial struc-
ture and nutritional properties of the DLs are poorly
affected by the overlying BSCs. According to IPL analy-
sis, most of the microbial biomass accumulates in the
BSCs, implying a faster turnover of nutrients in the
crust with intermediate metabolites bound to the micro-
bial loop and not released in the underlying mineral
layer. A similar trend of biomass and nutrients accumu-
lation within the crust surface rather than in the bare
soil was observed along an elevation gradient from
5300 to 5900 m asl in the Tibetan plateau (Chu
et al., 2016; Janatkov�a et al., 2013). NMR analysis of
BSCs revealed the load of O-alkyl, alkyl and N-alkyl
carbon, indicating that the input of carbon derived from
the biocrust comprises polysaccharides and aliphatic
biopolymers, in agreement with the BSC-produced
extracellular polymeric substances (Mugnai
et al., 2020; Rossi et al., 2018). Carbon transfer from
the biocrusts to the substrate below was mainly
observed in temperate conditions for well-developed
BSC like those moss-dominated (Dümig et al., 2012).
In the case of the Lobuche BSCs studied here, we
speculate that the higher summer temperatures they
experience, as opposed to DLs that are in contact with
the permafrost, might enhance the nutrient turnover
and consumption, thus limiting the transfer to the lower
layers. Indeed, temperature strongly influences soil
organic carbon formation in glacier foreland, showing a
faster increase in its accumulation in forefields that
experience warmer periods (Khedim et al., 2021).
Because of the low temperatures and limited N avail-
ability in Nepalese soil, organic carbon decomposes at
relatively low rates and a gradient in temperature
between the BSC surface and the below-layers could
further affect such decomposition rate (Chu
et al., 2016). Due to the limited metabolic exchanges
with the overlying BSCs, DL communities may experi-
ence extreme starvation conditions for nutrients and
carbon availability. The DL bacterial communities were
less abundant but with a higher richness than the over-
lying BSC, suggestive of a reduced enrichment process
(Krauze et al., 2021). Such microbiomes tend to
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establish more connected networks that may contribute
to increase niche adaptation and survival success
under extreme oligotrophic conditions (Dong
et al., 2022). Higher network topological features in DL
than in BSC evoke synergistic strategies through asso-
ciations that optimize the exchange of limited nutrients
for growth and survival (Perera et al., 2018). Another
important parameter that significantly affected the
microbial diversity of BSCs was their RH. Water content
and its availability are crucial factors controlling the dis-
tribution and growth of soil microbes (Stres et al., 2008;
Van Horn et al., 2014). The influence of water availabil-
ity on BSC microbiomes has been documented for cya-
nobacteria that promptly move toward the surface of
wetted soils and resume photosynthesis (Garcia-
Pichel & Pringault, 2001). A suitable moisture content
improves microbial activity, reinforces ecological func-
tions, promotes the formation of soil fertility islands and
accelerates the process of pedogenesis (Borin
et al., 2010; Li et al., 2016). The abovementioned differ-
ences in carbon, DOC and moisture in the vertical soil,
concomitantly with the temperature gradients occurring
in the Lobuche forefield, may strongly affect the diver-
sity of the soil microbiomes inhabiting the crusts and
the DLs.

CONCLUSIONS

The study of primary colonization in the forefield of the
Lobuche glacier in the Himalayas plateau indicates that
the biogeochemical heterogeneity of BSCs and DLs
recorded at the small spatial scale in the studied area
contributes to the natural diversification of the moraine
that, over time, can feed the formation of the soil. Our
results point out that the irregular topography of the
moraine governs such heterogeneity and steers the
bipartite interaction between (i) the environmental con-
ditions (such as physico-chemical and micro-climatic)
of the sites, and (ii) the bacterial communities inhabiting
the crust and the deeper substrate layers. We propose
that, besides the study of time-dependent chronose-
quences, an assessment of the microscale heterogene-
ity at each chronosequence point should be considered
and acknowledged for a comprehensive learning of
pedogenesis in moraines released by glacier ice.
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