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ARTICLE INFO ABSTRACT

Editor: Frederic Coulon Despite the important role that biocrust communities play in maintaining ecosystem structure and functioning in
deglaciated barren soil, few studies have been conducted on the dynamics of biotic communities and the impact
of physicochemical characteristics in shaping the different successional stages.

In this study an integrated approach encompassing physicochemical parameters and molecular taxonomy was
used for identifying the indicator taxa and the presence of intra- and inter-kingdom interactions in five different
crust/biocrust successional stages: i) physical crust, ii) cyanobacteria-dominated biocrust, iii) cyanobacteria/
moss-dominated biocrust, iv) moss-dominated biocrust and v) bryophyte carpet.
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The phylum Gemmatimonadota was the bacterial indicator taxon in the early stage, promoting both inter- and
intra-kingdom interactions, while Cyanobacteria and Nematoda phyla played a pivotal role in formation and
dynamics of cyanobacteria-dominated biocrusts. A multitrophic community, characterized by a shift from
oligotrophic to copiotrophic bacteria and the presence of saproxylic arthropod and herbivore insects was found
in the cyanobacteria/moss-dominated biocrust, while a more complex biota, characterized by an increased
fungal abundance (classes Sordariomycetes, Leotiomycetes, and Dothideomycetes, phylum Ascomycota), asso-
ciated with highly trophic consumer invertebrates (phyla Arthropoda, Rotifera, Tardigrada), was observed in
moss-dominated biocrusts. The class Bdelloidea and the family Hypsibiidae (phyla Rotifera and Tardigrada,
respectively) were metazoan indicator taxon in bryophyte carpet, suggesting their potential role in shaping
structure and function of this late successional stage.

Nitrogen and phosphorus were the main physicochemical limiting factors driving the shift among different
crust/biocrust successional stages. Identification and characterization of indicator taxa, biological intra- and
inter-kingdom interactions and abiotic factors driving the shift among different crust/biocrust successional stages
provide a detailed picture on crust/biocrust dynamics, revealing a strong interconnection among micro- and
macrobiota systems. These findings enhance our understanding of biocrust ecosystems in High Arctic, providing
valuable insights for their conservation and management in response to environmental shifts due to climate

change.

1. Introduction

Global warming caused by human activities is the primary driver of
the retreat of ice caps and glaciers, which is the most sensitive and
readily visible indicator of climate change (Marzeion et al., 2014; Zemp
et al., 2019). The rising temperatures release increasing portions of
deglaciated barren soils, progressively colonized by biological soil crusts
(biocrusts) (Williams et al., 2017). Biocrusts are complex associations
between soil particles and a network of pioneer microscopic (archaea,
cyanobacteria, bacteria, yeasts, filamentous fungi and algae) and
macroscopic (lichens, bryophytes and microarthropods) organisms
(Weber et al., 2022). They exhibit highly differentiated metabolic apti-
tudes, i.e., poikilohydry, autotrophy, heterotrophy or saprotrophy. All
biocrust components are embedded within a matrix of extracellular
polymeric substances (EPSs) occupying from the top to a few centime-
ters of soil (Rossi et al., 2018; Weber et al., 2022). Biocrusts’ primary
producers, namely cyanobacteria, algae, lichens and bryophytes, modify
the barren soil through the establishment of a complex soil food web,
allowing the growth of nutritionally more demanding microorganisms
(i.e., bacteria, yeasts, fungi, protozoa and metazoa) (Darby and Neher,
2016). Biocrusts cover large terrestrial areas, enhancing soil biological
diversity and providing a number of ecological benefits, including pri-
mary production, carbon storage, nitrogen fixation, soil aggregation,
and long-term promotion of vascular plant growth (Faist et al., 2021;
Lan et al., 2012).

Biocrusts are currently classified into a few well-differentiated suc-
cessional stages according to the dominance of the biological compo-
nents and to their relative proportions. In polar regions cyanobacteria
often represent the pioneer organisms colonizing the early successional
stages, forming cyanobacteria-dominated biocrusts (Williams et al.,
2017). Later, mosses and lichens colonize the soil surface leading to
moss- or lichen-dominated biocrusts (Maier et al., 2018). The final
successional stage is the formation of bryophyte-dominated biocrusts,
which are often widespread in polar areas, sometimes characterized by a
low presence of vascular plants (Weber et al., 2022).

The Svalbard archipelago includes high-latitude islands where bio-
crusts represents the dominant soil coverage (Colesie et al., 2014). The
exposition of archipelago to the global warming and its relatively easy
accessibility for field research, make it a privileged site for studying the
impact of ongoing climate change on polar ecosystems, including the
formation of different biocrust successional stages as the result of bio-
logical colonization of deglaciated barren soil (Klimesova et al., 2012;
Piskozub, 2017).

The use of microbial descriptors contributes to classify different soil
ecological habitats (Agnelli et al., 2021) in association with physico-
chemical parameters. Accordingly, most studies on biocrust commu-
nities found in polar regions (i.e. Arctic and Antarctic environments)

have been so far focused almost exclusively on the description of bac-
terial, fungal and, sometimes, microalgal diversity (Barrera et al., 2022;
Glaser et al., 2022; Pushkareva et al., 2021, 2022; Rippin et al., 2018)
while protozoa and metazoa have been largely neglected, although
those organisms can be considered essential components of many eco-
systems through their contribution to the balance of microbial pop-
ulations (due to the presence of predator specific taxa) and to the
regulation of nutrient cycles and spore dispersions (Darby and Neher,
2016). Besides, no previous studies have explored so far the structure of
bacterial, fungal, metazoan and protozoan communities (including their
possible interactions) along different biocrust successional stages.
Moreover, information about the soil indicator microbial taxa affecting
the biocrust successional stage composition and functioning, in associ-
ation to the abiotic factors, is also lacking. An accurate assessment of
biocrust indicator taxa and the limiting factors driving the soil coloni-
zation appears urgently needed to give a more detailed picture of the
biological colonization dynamics of High Arctic deglaciated barren soils.

In the present investigation, the microbiota of five different crust/
biocrust successional stages (physical crust, cyanobacteria-dominated
biocrust, cyanobacteria/moss-dominated biocrust, moss-dominated
biocrust and bryophyte carpet) has been characterized in order to
describe the barren soil colonization of the Svalbard archipelago, which
can be used as a model of High Arctic ecosystem.

In this study, the concept of indicator taxa was used to identify
specific bacterial, fungal, protozoan and metazoan taxa that are strongly
associated with specific community types, habitat conditions, or envi-
ronmental changes (Carignan and Villard, 2002; De Céceres et al., 2010;
McGeoch and Chown, 1998; Niemi and McDonald, 2004). Accordingly,
the indicator taxa analysis is currently used for studying the structure of
resident biological communities (i.e., presence-absence, abundances,
etc.) to compare different ecosystems (Dufrene and Legendre, 1997).
Hence, the Indicator Value (IV) is used to quantify the association
strength of a given taxa (e.g. phylum, order, family, genus) for a
particular habitat or environmental condition: it is calculated taking
into consideration both the abundance and the frequency of occurrence
of a given taxon in relation to the overall community of a specific
ecosystem (Dufrene and Legendre, 1997). In addition, network analysis
of co-occurrence, measured by correlations between abundances of
microbial taxa, was conducted to unravel the complex microbial intra-
and inter-kingdom interactions among the main bacterial, fungal, pro-
tozoan, and metazoan taxa.

In this framework, the scientific questions that this study aims to
answer are: i) what is the structure of the bacterial, fungal, protozoan
and metazoan communities along the different crust/biocrust succes-
sional stages of the Svalbard archipelago? ii) what are the abiotic pa-
rameters putatively driving these communities? iii) what are indicator
taxa of the different crust/biocrust successional stages? iv) could the
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identification of intra- and inter-kingdom interactions be used to hy-
pothesize the existence of successional processes? Answering these
questions would provide a fundamental contribution for understanding
the colonization dynamics and interactions among the bacterial, fungal,
protozoan, and metazoan kingdoms in biocrusts colonizing High Arctic
deglaciated barren soils. Their composition and areal coverage associ-
ated to the soil chemical composition could contribute to understand
their role in biogeochemical nutrient cycles and possible climate change
scenarios.

2. Materials and methods
2.1. Sampling area

Biocrust samples were collected during a survey campaign carried
out along the Kongsfjorden area (west coast of the Spitsbergen Island,
Svalbard Archipelago, High Arctic) in August 2014. Samples were
recorded and collected at nine different sites: i) around the Ny-}o\lesund
area, on the Brggger peninsula (Brgggerhalvgya) and on the shore of the
bay of Kongsfjorden (7 sampling sites), which is composed of large U-
shaped valleys occupied by the large terrestrial glaciers (Austre
Brgggerbreen, Vestre Lovénbreen, Midtre Lovénbreen), and ii) in the
Ossian Sarsfjellet area, (2 sampling sites), which is located on the
opposite west coast of the fjord, surrounded by several small lakes and
streams, including the Lake Sarsvatnet, near which the samples were
collected (Fig. S1). All the above sampling sites have been selected in
order to include in the study all the successional stages occurring in bay
of Kongsfjorden, which could be considered an in-situ model for
exploring the different biocrust colonization degree. The biocrust
coverage ranged between 18 and 90 % of the total surface of the
different sites (Williams et al., 2017).

Soils (up to about 5-10 cm depth) covered by biological soil crusts
were collected after gently removing the surface coverage. Samples
showing different degrees of development were collected, sometimes
appearing as small and irregular spots, and other times more diffusely
colonizing the substrate. Five different crust/biocrust successional
stages (representative of the biological variability recorded and used as
an in-situ model of the ecological variability of the biocrusts found in the
area) were selected for analysis: physical crusts (PHC - found at only one
site), cyanobacteria-dominated  biocrusts (CDC, one site),
cyanobacteria/moss-dominated biocrusts (CMDC - four sites), moss-
dominated biocrusts (MDC - two sites) and bryophyte carpet (BC —
one site) (Table S1; Fig. S1). A total of 5 biological replicates were
collected for each sampling site. Topsoils were collected aseptically,
preserved in sterile plastic containers or bags, stored and transported
under freezing conditions to the laboratory, where they were kept at
—20 °C until analysis.

2.2. Soil physicochemical properties

Soil physicochemical (abiotic) properties were determined using
standard operating procedures. Soil pH and electrical conductivity (EC)
was determined using a pH/Conductivity Meters (Hanna Instruments —
HI 2210). Total organic carbon (TOC) and total nitrogen (TN) were
determined using a Flash EA 1112 elemental analyzer (Thermo Scien-
tific, Germany). Dissolved organic carbon (DOC) and dissolved organic
nitrogen (DON) were quantified using a Shimadzu analyzer (Model
TOC-L-50504A, Japan). Soil organic matter (SOM) was determined
mathematically by multiplying TOC with the Van Bemelmans's factor
(1.724) (Broadbent, 1965). Available P (POE’) was determined ac-
cording to Murphy and Riley's (1962) and FAO (2021). Nitrate (NO3)
and ammonium (NHJ) was using a Hanna instruments NO3-ion selec-
tive electrode (HI7609829-12) and the colorimetric Berthelot method
(Rhine et al., 1998), respectively.
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2.3. DNA extraction, libraries preparation and sequencing

Total DNA was extracted from 0.25 g of crust/biocrust sample using
Power Soil Pro DNA Isolation Kit (Qiagen, Germany). DNA concentra-
tions were determined using QuBit 2.0 Fluorometer Assay (Life Tech-
nologies Corporation, USA). The (i) bacterial 16S rRNA gene (region V3-
V4), (ii) fungal internal transcribed spacer region 2 (ITS2) and (iii)
protozoa metazoans cytochrome c oxidase I region (COX1) were
amplified using specific primers (Leray et al., 2013; Takahashi et al.,
2014; Tedersoo et al., 2015) (Table S2).

The PCR products were sequenced using an Illumina MiSeq platform
(BMR Genomics, Italy).

Raw sequences of each dataset (16S rRNA, ITS2 and COX1) were
independently pre-processed, quality filtered, trimmed, de-noised,
merged, modelled and analyzed using QIIME2 (Bolyen et al., 2019)
and DADA2 (Callahan et al., 2016). Then, DADA2 was also used to check
and discard chimeras with the ‘consensus’ method (Callahan et al.,
2016). Amplicon sequence variants (ASV) were clustered into Opera-
tions Taxonomy Units (OTUs) using VSEARCH within qiime2, with a 97
% similarity threshold (Rognes et al., 2016). Taxonomy was assigned to
OTUs using Silva 138 99 % OTUs full-length sequences (silva-138-99-
nb-classifier.qza), UNITE+INSD 8.2 (https://unite.ut.ee/repository.ph
p), NCBI and BOLD (v4) (Ratnasingham and Herbet, 2006) databases
for bacteria, fungi, protozoan and metazoans, respectively.

2.4. Statistical analyses

Statistical analyses were carried out with R software (R version
4.2.0) (R Core Team, 2021). OTU- and taxonomy tables were cleaned
and rarefied; relative abundance, alpha-diversity (coefficients Observed
and Shannon) were performed by package phyloseq (McMurdie and
Holmes, 2013). Pairwise comparisons of biodiversity indices among the
different samples were performed by ANOVA post-hoc testing with
Hochberg correction (p < 0.05). Community dissimilarities among the
crust/biocrust successional stages were assessed by non-metrical
multidimensional scaling (NMDS) based on Bray-Curtis distances using
the package vegan. The “envfit” function was used to highlight the
correlation between chemical parameters and the composition of crust/
biocrust microbial communities. Co-occurrences among bacteria, fungi,
protozoa, and metazoans were inferred considering the OTUs classified
both at the phylum and family level (relative abundance > 1 %) by
Pearson's coefficient and considering only interaction with p < 0.05.
Indicator Species Analysis (including Indicator Value - IV - calculation)
was performed by R package “indicspecies” (De Caceres et al., 2010).

3. Results

3.1. Physicochemical properties in the different crust/biocrust
successional stages

The pH of the different crust/biocrust successional stages signifi-
cantly (p < 0.05) decreased from PHC to BC samples, while the EC fol-
lowed an opposite trend from PHC to MDC (Table 1).

The NO3 content in PHC was significantly (p < 0.05) lower
compared to the more evolved biocrust successional stages. Ammonium
contents followed the same trend of NO3, which significantly increased
(p < 0.05) from PHC to BC. The amount of PO}~ was variable along the
crust/biocrust successional stages, however the significant (p < 0.05)
lowest values were observed in MDC, while the highest was found in BC.
On the other hand, DOC, DON, TN, TOC, and SOM displayed a signifi-
cant (p < 0.05) increasing trend from PHC to the more evolved biocrust
successional stages, characterized by an increasing level of biological
colonization (Table 1).

The differentiation of the crust/biocrust successional stages based on
their physicochemical properties was visualized by PCA ordination
(82.2 % of the total variance explained by the first two dimensions). A
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Table 1
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Physico-chemical (abiotic) parameter reporting the different content of pH, electrical conductivity (EC), NO3, NHZ, PO3, dissolved organic carbon (DOC), dissolved
organic nitrogen (DON), total N (TN), total organic C (TOC), and soil organic matter (SOM) in the different crust/biocrust successional stages: PHC = physical crust;
CDC = cyanobacteria-dominated biocrust; CMDC = cyanobacteria/moss-dominated biocrust; MDC = moss-dominated biocrust; BC = bryophyte carpet. Different

superscript letters indicate significant (p < 0.05) differences.

Crust/biocrust pH EC NO3 NHZ PO3~ DOC DON Total N Total C SOM
successional stages
PHC (n = 5) 7.79 + 61.5 + 2.50¢ 3.50 + 0.42 + 0.17 + 13.93 + 0.86 + 0.52 + 6.19 + 10.67 +
0.06° 1.50° 0.014 0.02¢ 0.354 0.03¢ 0.044 0.564 0.964
CDC (n = 5) 7.36 + 337.25 + 5.62 + 1.95 + 0.19 + 55.98 + 4.97 + 223 + 33.32 + 57.45 +
0.07° 13.18% 0.44%° 0.19¢ 0.03° 1.19° 0.11¢ 0.07¢ 2.21¢ 3.81¢
CMDC (n = 20) 7.58 + 203.06 + 5.34 + 3.22 + 0.33 + 93.60 + 10.47 + 237 + 33.47 + 59.50 +
0.37%° 124.09" 0.30° 2.28 0.14° 77.40° 9.30° 1.83¢ 27.78" 48.50"
MDC (n = 10) 7.35 + 294.26 + 5.76 + 3.74 + 0.08 + 116.78 + 12.73 + 4.06 + 47.09 + 81.18 +
0.11° 64.12° 0.22° 0.23° 0.054 7.05° 2.94° 0.54° 10.04° 17.31°
BC (n=5) 6.17 + 149.00 + 5.49 + 352+ 0.60 + 463.20 + 44.60 + 12,11 + 244.12 + 420.86 +
0.02¢ 5.52¢ 0.32%° 0.20%° 0.08% 21.80° 2.18° 0.57° 12,742 21.96°

clear separation between PHC and BC was found along the first
dimension of the ordination. The samples corresponding to the inter-
mediate biocrust successional level (CDC, CMDC and MDC) were also
separated and well clustered, except for the samples collected from the
site CMDC6, whose peculiarity was affected by significantly (p < 0.05)
higher levels of NO3 and NHZ and EC (Fig. S2).

3.2. Biodiversity indexes and communities' structure of the different
crust/biocrust successional stages

Table 2 illustrates the trend of biodiversity indexes observed in the
different crust/biocrust successional stages. Although some fluctuations
were observed, PHC exhibited significantly (p < 0.05) higher values of
bacterial diversity (i.e. richness and Chao-1 indexes), together with
significantly (p < 0.05) lower values of fungal, protozoan and metazoan
diversity.

Taxonomy assignment of sequences reveals the presence of 8 domi-
nant (relative abundance > 1 %) bacterial phyla (Fig. 1A). PHC showed
a significantly (p < 0.05) higher abundance of Acidobacteriota, Gem-
matimonadota and Myxococcota. On the other hand, Cyanobacteria
exhibited a significantly (p < 0.05) lower abundance in PHC (Fig. 1A)
but became dominant in CDC and CMDC. In addition, a significant (p <
0.05) higher content of reads associated to the Bacillota phylum was
found in CDC. CMDC showed a significantly (p < 0.05) lower abundance
of Actinomycetota and Acidobacteriota, as well as a significantly (p <
0.05) higher abundance of Bacteroidota. Pseudomonadota were domi-
nant in PHC, MDC and BC (Fig. 1A).

Although some site-specific overlaps were observed, the NMDS
ordination revealed that the bacterial communities of the crust/biocrust
successional stages were well differentiated (Fig. 1B; Table S3), con-
firming their differential distribution driven by their chemical features.
Most of chemical parameters (except PO3 ) significantly (p < 0.05)

Table 2

correlated with the structure of bacterial communities colonizing the
different successional stages (Fig. 1B; Table S3).

Regarding the fungal components, Basidiomycota and Chy-
tridiomycota were the dominant phyla in PHC (Fig. 2A). On the other
hand, Ascomycota dominated the other successional stages, while Zoo-
pagomycota was the second most abundant group in MDC (Fig. 2A).

The NMDS ordination of the structure of fungal communities in
dependence of the crust/biocrust successional stages was found (Fig. 2B;
Table S3). PHC showed a different clustering pattern, while CDC and
CMDC (and partially MDC) exhibited a common clustering trend. A
similar overlapping was also found for MDC and BC, confirming the
biological similarity of contiguous successional stages. All chemical
parameters (including POE’) affected the structure of fungal commu-
nities colonizing the different crust/biocrust successional stages
(Fig. 2B; Table S3).

Metazoan communities, which were dominated by Arthropoda,
exhibited a similar trend correlated to the crust/biocrust successional
stages (Fig. S3). The abundance of Nematoda was significantly (p <
0.05) higher in CDC. On the contrary, the abundance of Rotifera and
Tardigrada, which was significantly (p < 0.05) lower in PHC, increased
along the crust/biocrust successional stages (Fig. 3A). Because of the
structure of protozoan community did not exhibit significant (p > 0.05)
variations along the different successional stages (Fig. S3), the NMDS
ordination was approached only for the metazoan communities, which
exhibited a trend depending on the crust/biocrust successional stages
similar to that observed for bacteria and fungi, in close correlation with
all chemical parameters (Fig. 3B; Table S3).

3.3. Identification of the indicator taxa of the different crust/biocrust
successional stages

The indicator taxa of the different crust/biocrust successional stages

Alpha-diversity among different crust/biocrust successional stages: PHC = physical crust; CDC = cyanobacteria-dominated biocrust; CMDC = cyanobacteria/moss-
dominated biocrust; MDC = moss-dominated biocrust; BC = bryophyte carpet. Different superscript letters indicate significant (p < 0.05) differences.

Bacteria Fungi Protozoa and Metazoa

Crust/biocrust successional Richness Shannon_H Chao-1 Richness Shannon_H Chao-1 Richness Shannon_H Chao-1

stages

PHC (n = 5) 878.8 + 58+ 0.1%  1034.0 + 67.0 + 6.1° 32401  67.1+6.0¢ 17.0 £ 1.7¢ 1.7 404  17.0 +1.7°
118.9° 199.3°

CDC (n = 5) 429.00 + 49+04> 4488 + 198.0 + 35+ 05" 2274+ 171.8 + 4.0+ 07"  209.8 +
155.7¢ 174.8° 42.5° 50.4° 23.1° 39.8°

CMDC (n = 20) 612.8 + 52+0.2" 7058 + 1723 + 31404 197.9+66.8° 1102+ 32+1.0° 1273+
121.1%¢ 166.5> 50.6° 48.4° 56.7°

MDC (n = 10) 695.8 + 57 +01*  761.3+ 318.6 + 3.9+02%  362.6+ 150.7 + 3.0+1.5  196.8 +
127.2% 181.6%° 63.3° 86.4° 84.2%° 106.2%°

BC(n=5) 670.6 + 5.6+ 0.4 7433+ 306.7 + 4.0+0.7°  339.8+ 94.6 + 224" 27+0.3" 113.8+
248.2% 320.6% 92.6° 105.5% 34.1°
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Fig. 1. A = Abundance of the dominant bacterial phyla (relative abundance > 1 %) in the different biocrust successional stages: PHC = physical crust; CDC =
cyanobacteria-dominated biocrust; CMDC = cyanobacteria/moss-dominated biocrust; MDC = moss-dominated biocrust; BC = bryophyte carpet. Different small
letters indicate significant differences (p < 0.05). B = Two-dimensional non-metric multidimensional scaling (NMDS) ordination of the differences (Bray-Curtis
distance) in the structure of bacterial communities. Black lines represent the temporal variations. The envfit function was used to show the chemical and physical
parameters affecting bacterial communities. Only the significant (p < 0.05) vectors were fitted to the NMDS ordination.

were identified for bacteria, fungi, protozoa and metazoa, taking into
consideration of both their highest IV and the highest frequency of
occurrence of a given taxon, i.e. the number of OTUs in the crust/bio-
crust successional stages (Tables S4-S8).

Accordingly, the following indicator taxa were identified in PHC
(Table S4): i) the phyla Gemmatimonadota (family Gemmatimonada-
ceae), Pseudomonadota (families Gammaproteobacteria and Alphapro-
teobacteria) and Acidobacteriota for bacteria; ii) the genera
Solicoccozyma (Basidiomycota), Betamyces (Chytridiomycota) and the

phyla Ascomycota (Tetracladium as prevalent taxon) and

Rozzellomycota for fungi; iii) the phyla Arthropoda (families Oppiidae,
Selenopidae and Endomychidae), Heterokontophyta and Amoebozoa for
metazoan and protozoa, respectively.

The indicator taxa identified in CDC were as follows (Table S5): i) the
phyla Acidobacteriota (family Bryobacteraceae), Cyanobacteria (fam-
ilies Oscillatoriaceae and Gloeobacteraceae) and Actinomycetota for
bacteria; ii) the phylum Ascomycota (classes Leotiomycetes and Euro-
tiomycetes) and Rozellomycota; iii) the phyla Arthropoda (class
Arachnida), Cnidaria (class Hydrozoa), Rotifera (class Bdelloidea) and
Nematoda (order Plectida, family Plectidae) for metazoa; iv) the phylum
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Fig. 2. A = Abundance of the dominant fungal phyla (relative abundance > 1 %) in the different biocrust successional stages: PHC = physical crust; CDC = cya-
nobacteria-dominated biocrust; CMDC = cyanobacteria/moss-dominated biocrust; MDC = moss-dominated biocrust; BC = bryophyte carpet. Different small letters
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affecting fungal communities. Only the significant (p < 0.05) vectors were fitted to the NMDS ordination.
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Heterokontophyta (class Oomycota, especially the genus Phytophthora).

The following indicator taxa were identified in CMDC (Table S6): i)
the phyla Pseudomonadota, Cyanobacteria and Bacteroidota for bacte-
ria; ii) the phylum Ascomycota (class Euromycetes and Dothideomy-
cetes) for fungi; iii) Arthoproda (class Insecta) and Heterokontophyta
(class Oomycota) for metazoan and protozoa, respectively.

The indicator taxa identified in MDC were as follows (Table S7): i)
the phyla Pseudomonadota (orders Hyphomicrobiales and Burkholder-
iales), Actinobacteriota, Chloroflexota, Cyanobacteria (family Nostoca-
ceae) and Acidobacteriota (family Bryobacteraceae); ii) the phyla
Ascomycota (class Sordariomycetes and Dothideomycetes), Rozzello-
mycota and Chytridiomycota for fungi; iii) the phyla Rotifera (class
Bdelloidea), Arthropoda (specifically the class Arachnida) and Tardi-
grada (classes Heterotardigrada and Eutardigrada) for metazoa.

Finally, the following indicator taxa were identified in BC (Table S8):
i) the phyla Acidobacteriota (class Vicinamibacteria and

Bryobacterales), Pseudomonadota (class Alphaproteobacteria and
Gammaprotebacteria), Bacteroidota (family Chitinophagaceae) and
Myxococcota (family Haliangiaceae) for bacteria; ii) the phylum Asco-
mycota (specifically classes Leotimycetes; Dothideomycetes, Sordar-
iomycetes and Euromycetes) for fungi; iii) the phyla Heterokontophyta
(specifically the class Oomycote, genus Phytophthora), Rotifera (class
Bdelloidea, genera Macrotrachela and Adineta), Arthropoda (class
Arachnida) and Tardigrada (genera Pseudechiniscus and Acutuncus) for
protozoa and metazoa, respectively.

Considering the frequency of occurrence of indicator taxa, evidence
of generalist habitus was found in the bacterial genus Bryobacter
(phylum Acidobacteriota) and in the protozoan genus Phytophtora
(phylum Heterokontophyta), which were found in all crust/biocrust
successional stages, except on PHC and CMDC, respectively
(Tables S4-S8). On the contrary, some fungal taxa exhibited a more
specialist habitus: the genus Tetracladium (class Leotiomycetes)
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exhibited adaptation to incipient development stages (PHC and CDC),
while the psychrophilic yeast genus Glaciozyma (class Micro-
botryomycetes) exhibited a preference for more evolved successional
stages characterized by the presence of cyanobacteria and bryophytes
(CDC and BC) (Tables S4-S8). Concerning the metazoan taxa, the genus
Adineta (phylum Rotifera) was found in more evolved successional
stages (CDC, MDC and BC) as well as the genus Pseudechiniscus (class
Heterotardigrada) was associated to MDC and BC, while the presence of

A

Gemmatimonadota

Myxococcota

Nematoda

Planctomycetota

Proteobacteria

Tardigrada
g .\\/

Acidobacteriota\

|

Amoebozoa

Science of the Total Environment 926 (2024) 171786

the metazoan genus Acutuncus (class Eutardigrada) was observed in CDC
and BC (Tables S4-S8).

3.4. Co-occurrences among dominant biological taxa of the different
crust/biocrust successional stages

Significant (p < 0.05) co-occurrences observed among dominant
(abundance > 1 %) taxa are reported in Fig. 4. Considering the phylum
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Fig. 4. Ecological networks of significant (p < 0.05) co-occurrences based on Pearson correlation analysis between the dominant (relative abundance > 1 %)
bacterial, fungal, protozoan and metazoan phyla (A) and families (B). Yellow circles = bacteria; purple circles = fungi; green circles = protozoa and metazoa. Blue
lines = positive correlations; red line = negative correlations. The size of each node is proportional to the taxon relative abundance.
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level, three significant (p < 0.05) intra-kingdom (bacteria vs bacteria,
fungi vs fungi and metazoa vs metazoa) and six inter-kingdoms (bacteria
vs fungi, bacteria vs metazoa, bacteria vs protozoa, fungi vs protozoa,
fungi vs metazoa and protozoa vs metazoa) co-occurrences were found
(Fig. 4A; Table S9). Going down from the taxonomic level of phyla to
that of family, a high number of significant (p < 0.05) intra-kingdom co-
occurrences was found among bacteria (twenty-five positive and seven
negative co-occurrences), while the fungal and the metazoan families
exhibited two and one positive intra-kingdom co-occurrences, respec-
tively. Concerning inter-kingdom co-occurrences, nine positive and one
negative interactions were detected between bacteria and fungi, ten
(nine positive and one negative) between bacteria and metazoans, four
(two positive and two negative) between bacteria and protozoa, and five
positive interactions between fungi and metazoans (Fig. 4B; Table S10).

4. Discussion

As reported above, biocrusts are considered the primary drivers of
soil formation in polar ecosystems (Mugnai et al., 2020; Agnelli et al.,
2021). After the glacier retreat, exposed barren soils are firstly colonized
by pioneer microbial species, followed by vegetation establishment.
Therefore, understanding the structural dynamics of biological com-
munities along the crust/biocrust successional stages is a key question
for unravelling the ecology of High Arctic ecosystems.

4.1. Physical crust (PHC)

In the present study an increase of TOC has been observed along
crust/biocrust successional stages, probably due to the metabolic ac-
tivities associated with resident microbial and metazoan communities,
in agreement with a previous study (Agnelli et al., 2021). The N content
in PHC was significantly lower than in the other successional stages,
confirming the pivotal role of both NO3 and NHJ in biomass production,
which underlies the succession from early (PHC) to more evolved bio-
crusts, consistent with previous studies (Agnelli et al., 2021; Kidron
et al., 2015). The low concentration of both NO3 and NHJ in PHC was
related with the resident microbial communities: PHC exhibited signif-
icant (p < 0.05) higher values of bacterial diversity (witnessed by the
richness and Chao-1 indexes) together with a significant (p < 0.05)
lower abundance of N-fixing bacteria (including Cyanobacteria), sup-
porting the hypothesis of N-related limitations and confirming the
crucial pioneering role of Cyanobacteria in both soil microbial coloni-
zation and ecological succession (Pushkareva et al., 2015).

The bacterial indicator taxa identified in PHC were Acidobacteriota,
Gemmatimonadota, Myxococcota and Pseudomonadota. Among them,
the families Sphingomonadaceae and Nitrosomonadaceae include spe-
cies specifically involved in both carbohydrate degradation and NHZ
and NO3 oxidation (Loganathachetti et al., 2022). The phyla Gemma-
tiomonadota (especially species of the family Gemmatimonadaceae) and
Acidobacteriota can play an essential role in the primary evolution
stages of PHC due to their ability to produce organic compounds (e.g.
EPS) in nutrient-deficient soils (Costa et al., 2020; Khan and Khan,
2020). Additionally, Gemmatimonadota exhibited some inter-kingdom
positive co-occurrences with the fungal phyla Basidiomycota and Chy-
tridiomycota and with the protozoan phylum Amoebozoa, supporting
the hypothesis of the presence of an inter-kingdom network in PHC.
Therefore, the phylum Gemmatimonadota can be regarded as one of the
leading key bacterial taxa in PHC, in agreement with a recent study
(Mujakic¢ et al., 2022).

PHC exhibited a significantly (p < 0.05) lower value of both fungal
and metazoan diversity, confirming their role as secondary colonizers
and consumers in the early crust/biocrust successional stages (Maier
et al., 2018). Fungal indicator taxa found in PHC included both the
yeasts genus Solicoccozyma (phylum Basidiomycota) and zoosporic fungi
belonging to the phylum Chytridiomycota. Although the ecology of
Basidiomycota as dominant phylum when restricted to yeast life forms
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has been well characterized in cold ecosystems, (Ludley and Robinson,
2008; Buzzini et al., 2017; Sannino et al., 2017), less is known about the
role of Chytridiomycota, where the saprophytic genus Betamyces
(identified as indicator taxon for PHC) is known to contribute to soil
organic matter decomposition (Gongcalves et al., 2023).

The indicator taxa of the metazoan and protozoan community of PHC
were the classes Arthropoda, Heterokontophyta and Amoebozoa,
respectively. The phylum Heterokontophyta exhibited significant inter-
kingdom correlations with a few bacterial and fungal phyla (i.e. Gem-
matimonadota, Myxococcota, Basidiomycota and Chytridiomycota,
respectively), suggesting the presence in PHC of carriage of bacterial
food (proto-farming) and defense against competitors (Disalvo et al.,
2015). On the other hand, some mobile mites (phylum Arthropoda,
family Oppiidae) are characterized by the ability to primarily colonize
air-filled pore spaces. Due to their predatory ability against microbial
cells, they may constitute one more important link occurring in the PHC
trophic network (Gwiazdowicz and Coulson, 2011). In addition, a few
predatory macro-invertebrates of the phylum Arthropoda (i.e. the
genera Selenopidae and Endomychidae), occupy the higher trophic levels
and act as detritivores, decomposers and predators (Roy et al., 2018).

4.2. Cyanobacterial dominated biocrusts (CDC)

The successional shift from PHC to CDC was characterized by the
reduction of bacterial diversity (associated with the increased abun-
dance of the phyla Cyanobacteria and Bacillota) and by a parallel in-
crease of fungal and metazoan diversity. As previously suggest by
fluorescence measurements (Palombi and Raimondi, 2021), cyanobac-
teria are primary producers playing the role of “ecosystem engineers”
(Pushkareva et al., 2022). They dominate barren soils usually within a
few years after release, prior to the vegetation establishment, exerting a
strong impact on both vegetation dynamics and bacterial diversity (Kim
et al., 2022). The cyanobacterial genus Phormidium (family Oscillator-
iaceae) and the bacterivorous nematode genus Plectus (order Plectida,
family Plectidae) were identified as indicator taxa in CDC. Motile Cya-
nobacteria (i.e. members of the genus Phormidium and Leptolyngbya) are
considered pioneer organisms due to their ability to glide across the soil
and to create a complex EPS matrix (Chamizo et al., 2018; Mugnai et al.,
2018). They contribute to soil aggregation and fertilization, increasing
the carbon and nitrogen contents, and promoting the soil stabilization.
The main cyanobacterial group able to N fixation are heterocystous
forms. However, according to Bergman et al., 2017, some non-
heterocystous cyanobacteria also exhibit the ability to fix N3. Among
them Phormium, the predominant genus in CDC, could potentially
contribute to atmospheric N fixation, playing a crucial role in the shift
from PHC to CDC (Table S11). This holds particular importance, given
nitrogen's role as a limiting factor in biocrust formation. On the other
hands, Nematoda are recognized to play an important role in soil food
web dynamics (Convey and Wynn-Williams, 2002; Devetter et al.,
2021). Their abundance in CDC was apparently correlated to the
reduction of bacterial diversity: a significant negative co-occurrence
between Nematoda and the bacterial phyla Chloroflexota and Plancto-
mycetota (probably due to a putative antibacterial predatory activity)
has been found, in agreement with previous studies (Almela et al., 2019;
Darby and Neher, 2016). Nematoda, whose activity in biocrusts is
strictly connected with Cyanobacteria, can be classified as secondary
consumers and indicator taxa in this biocrust successional stage.
Therefore, both Nematoda and Cyanobacteria could be used as key in-
dicator taxa of community shift in the earliest successional stages (as in
our case from PHC to CDC). Interestingly, members of the class Arach-
nida (phylum Arthropoda), detected as indicator taxa in CDC, were
recently found in biocrusts of hot ecosystem (Sosa-Quintero et al.,
2022).

The successional shift from PHC to CDC was also characterized by a
significant (p < 0.05) increase of fungal abundance, mainly due to the
members of the phylum Ascomycota. Among them, the classes
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Eurotiomycetes, Leotyomycetes and Lecaromycetes were identified as
indicator fungal taxa of this successional stage, which play an important
role in affecting the fungal community structure and networks. These
results were also supported by other studies in which the genera Poly-
blastia and Verrucaria (class Eurotiomycetes) identified as indicator
genera of CDC, were found to play the role of keystone taxa in High
Arctic Polar desert (Choe et al., 2021). On the other hand, the sapro-
trophic psychrophilic yeast genera Glaciozyma and Rhodotorula (phylum
Basidiomycota), which were identified as fungal indicator taxa of this
successional stage, were already found in cold environments worldwide
(Buzzini et al., 2017; Sannino et al., 2023).

4.3. Cyanobacteria/moss dominated biocrusts (CMDC)

Moss establishment in CMDC and MDC was promoted by nitrogen-
fixing cyanobacteria belonging to the families Nodosilineaceae and
Nostocaceae (phylum Cyanobacteria) (Rossi et al., 2017). These non-
motile heterocystous cyanobacteria are rich in sunscreen pigments (e.
g., scytonemin, mycosporine-like amino acids, and carotenoids),
providing the dark color of biocrusts, and thus may also facilitate many
other organism colonization because these pigments decrease the soil
albedo and increase the crust surface temperature (Couradeau et al.,
2016). Therefore, the significantly (p < 0.05) lower abundances of the
bacterial phyla Actinomycetota and Acidobacteriota found in CMDC
suggests the shift from oligotrophic to eutrophic condition (from CDC to
CMDC), where a significantly (p < 0.05) higher abundance of copio-
trophic members of both the phylum Bacterioidota and heterotrophic
members of the phylum Pseudomonadota (especially the genera
Hyphomonas and Sphingomonas) (Fierer et al., 2007; Selman et al., 2020)
was found. The lichen-forming fungi belonging to the family Verrucar-
iaceae (whose genus Atla firstly colonize and dominate in the glacier
foreland soils) and the P uptake-associated fungi of the order Pleo-
sporales (Long and Yao, 2020; Zhang et al., 2016a) were identified as the
fungal indicator taxa in CMDC. While the microarthropod saproxylic
beetle belonging to the genus Limoniscus and herbivores insects
belonged to the family Cecidomyiidae, which are supposed to play an
important role in the food web dynamics (Schauer et al., 2018), were
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identified as the metazoan indicator taxa in CMDC.

The high variability found among different CMDC sampling sites in
terms of community diversity and structure, and soil chemical properties
was probably due, as well as by peculiar local microclimatic differences
between the different sampling samples, to the variable ratio between
dominant biological components (i.e. cyanobacteria/moss), indicating a
possible interchange between these two biological groups. In particular,
samples collected in the site CMDC6 were dominated by a dried white
carpet of green algae belonging to the species Ulva lactuca (bleached by
sun), whose presence was recently reported in the Svalbard archipelago
(Malavenda et al., 2018), which may be the main reason justifying the
different chemical and biological parameters herein found.

4.4. Moss dominated biocrusts (MDC)

The succession shift from CMDC to MDC was characterized by
important change in both chemical and biological parameters. The sig-
nificant decrease of available P found in MDC corroborates the hy-
pothesis that this element might be a chemical proxy stimulating the
shift from one successional stage to a more evolved one, in agreement
with a previous study (Schmidt et al., 2012). A possible explanation of
the significantly (p < 0.05) lower content of available P could be asso-
ciated to the positive correlations observed between the bacterial fam-
ilies Hyphomycrobiaceae (order Caulobacterales) and
Hyphomicrobiales Incertae Sedis (order Hyphomicrobiales) vs the fungal
family Sporomiaceae (Fig. 5B), which was found to be involved in P
mobilizations and bryophyte growth promotion (Anderson et al., 2011;
Thomas and Cébron, 2016), thus confirming the existence of a metabolic
link between fungal and plant in biocrusts (Collins et al., 2008). In
addition, the presence of P uptake-associated fungi belonging to the
order Pleosporales (class Dothideomycetes) could postulate their role in
P cycles in MDC and BC successional stages as key connector in soil food
web dynamics (Long and Yao, 2020; Pombubpa et al., 2020). In fact, a
significant correlation (R? = 0.74; p value < 0.05) between Pleosporales
abundance and the P content was found in biocrust successions. Dark
septate endophyte orders Pleosporales was found responsible for the
nutrient translocation in fungal loops due to their dominant role as
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opportunistic plant endophytes in arid environments (Carvajal Janke
and Coe, 2021). The correlation of Pleosporales abundance and P level
in more evolved successional stages supports the idea of P translocation.
This translocation may occur through the mycelia of dark septate en-
dophytes before disseminating into other members of the fungal loop
community (Porras-Alfaro et al., 2017).

MDC is the last biocrust successional stage where the assemblage of
different organisms reaches a climax, resulting in a stable community
with no further biological changes. Indicator taxa identified in MDC
included the copiotrophic phyla Actinomycetota, Bacteroidota and
Pseudomonadota (especially the classes Alphaproteobacteria and
Gammaproteobacteria), consistently with a previous study (Banerjee
et al., 2016).

The fungal diversity in MDC reached its maximum value, supporting
the hypothesis that a stable biological community has been achieved.
Differently from the results observed in hot environments (Lan et al.,
2022), Ascomycota remained stable in shift from CMDC to MDC, sug-
gesting their important role in both successional stages. Endophytic taxa
belonging to the classes Sordariomycetes and Leotiomycetes (phylum
Ascomycota) were identified as indicator taxa of MDC, confirming their
presence in the Arctic mosses of the Ny—f\lesund area (Zhang et al.,
2016Db).

The metazoan community of MDC exhibited no clear taxon-related
patterns. This evidence may be affected by the existence of multiple
inter-kingdom interactions that may be regarded as a part of a complex
food web dynamism. Members of the phyla Arthropoda, Rotifera (genus
Adineta), Tardigrada (genus Hypsibius and Echiniscus) and the protozoan
phylum Heterokonontophyta were identified as indicator taxa in MDC.
Rotifera and Tardigrada are microscopic highly trophic consumers in-
vertebrates commonly found in terrestrial ecosystems, especially in
mosses and soils of the Svalbard archipelago (Kaya et al., 2010;
Zawierucha et al., 2015).

4.5. Bryophyte carpet (BC)

Despite the attribution of BC to the category of “conventional bio-
crusts” is a still debated matter (Weber et al., 2022) due to multiple
factors that contribute to its formations (i.e. the accumulation of sub-
stantial living and dead biomass, including the seabirds manuring)
(Vanderpuye et al., 2002), it was the most evolved successional stage
found in Kongsfjorden area, probably due to the harsh climatic envi-
ronment of Svalbard archipelago which prevents any development of
high vegetation (Vanderpuye et al., 2002). As for PHC, both PCA and
NMDS ordination confirmed BC as a strongly different habitat. The
higher biological complexity found in BC than the lesser evolved suc-
cessional stages is not to be considered surprising, also in relation to the
higher contents of DOC, DON, SOM, TN, TOC and available P, which can
indicate the achievement of a highly complex biologically driven rate of
nutrient cycling. According to Yu et al. (2016), the significant (p < 0.05)
increase of available P from MDC to BC, associated to the significant (p
< 0.05) decrease of soil pH, could be due to the release in the sur-
rounding environment of organic acids by Gram-negative bacteria
belonging to the order Burkholderiales, which could mobilize bound
phosphates and increase P availability (Pérez et al., 2007). Therefore, a
nutrient-rich environment could support more complex food web dy-
namics characterized by a great number of trophic levels, including
decomposers, primer producers, primer consumers and secondary
consumers.

Although BC exhibited the greatest biological diversity, including the
presence of the member of the decomposer phylum Pseudomonadota
and the saprophytic phylum Actinomycetota for bacteria, and both
phyla Ascomycota and Chytridiomycota for fungi, the three-dimensional
structure of mosses could probably be the cause of the observed decrease
in metazoan and protozoan diversity, probably as the consequence of
competition for resources. The phyla Tardigrada, Arthropoda, Nem-
atoda and Rotifera were identified as metazoan indicator taxa of BC.
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Consistently with previous studies, the class Bdelloidea (phylum Roti-
fera) and the families Hypsibiidae and Echiniscidae (phylum Tardi-
garda) were found to be the dominant metazoan taxa in the Arctic area
(especially in moss vegetation) (Kaya et al., 2010; Shaw et al., 2018;
Vonnahme et al., 2016). The bryophyte carpet can contribute to the
creation of microrefugia with numerous shelters and niches for various
macroinvertebrates, such as the indicator taxa belonging to the genera
Sminthurides and Isotoma, maintaining the biodiversity and increasing
the resilience (Greiser et al., 2020). Conversely, the BC three-
dimensional structure provides suitable living conditions for rotifers
(class Bdelloidea) to thrive (Lukashanets et al., 2023). In addition, the
identification of the class Oomycota (phylum Heterokontophyta) as an
indicator taxon of BC confirmed the presence of dead biomass, in
agreement with previous studies (Barde, 2020; Nikolcheva and
Barlocher, 2004).

5. Conclusion

The structure of crust/biocrust communities along the Kongsfjorden
area (Svalbard Archipelago) exhibited variations and functionalities
depending on the different successional stages (Fig. 5). In particular:

i) the phylum Gemmatimonadota was identified as bacterial indi-
cator taxon in PHC and was found to establish multiple inter- and
intra-kingdom interactions;

the families Oscillatoriaceae (phylum Cyanobacteria) and Plec-

tidae (phylum Nematoda) were identified as indicator taxa in

CDC: they were respectively involved in biocrust formation (due

to the ability of cyanobacteria to create a complex EPS structure)

and in the dynamics of the bacterial community (promoted by the
bacterivorous nematodes);

CMDC was characterized by a shift from oligotrophic to copio-

trophic bacteria (phylum Bacteroidota) and by the onset of sap-

roxylic arthropod (genus Limoniscus) and herbivore insects

(family Cecidomyiidae);

iv) An increased fungal abundance (i.e. classes Sordariomycetes,
Leotiomycetes and Dothideomycetes, phylum Ascomycota) was
found in MDC; it was associated with copiotrophic bacteria
(phyla Actinomycetota, Bacteroidota and Pseudomonadota) and
with highly trophic consumers invertebrates (phyla Arthropoda,
Rotifera and Tardigrada);

v) The increased abundance of rotifers (class Bdelloidea) in BC can
allow to postulate their ecological preference for moss patches,
thus suggesting their ecological role in shaping structure and
function of more evolved successional stages. In addition, the
high abundance of Tardigrades (family Hypsibiidae), together
with their multiple interactions, suggests their pivotal role in
controlling the multitrophic interactions in BC.

ii)

iii)

Abiotic parameters play an important role in driving the biological
diversity in crust/biocrust dynamics. Nitrogen resulted the main
limiting factor in PHC, affecting the shift from this successional stage to
CDC, while the lower availability of phosphorus drove the succession
from CMDC to MDC, suggesting its role as a proxy in biocrust shift.

The combination of molecular taxonomy and physicochemical ap-
proaches provided novel insights on crust/biocrust successions in High
Arctic ecosystems. This study highlights the importance of identifying
the indicator taxa (together with their intra- and inter-kingdom in-
teractions) in each crust/biocrust successional stage as a way for giving a
more detailed picture of ecosystem dynamics and revealing a strong
interconnected micro- and macrobiota. These findings confirm the
Svalbard archipelago as an in-situ model for studying crust/biocrust
community formation and dynamics in the High Arctic ecosystem,
addressing key current questions such as the impact of possible climate
change scenarios.



G. Mugnai et al.
CRediT authorship contribution statement

Gianmarco Mugnai: Writing — review & editing, Writing — original
draft, Visualization, Validation, Supervision, Methodology, Investiga-
tion, Data curation, Conceptualization. Irina Pinchuk: Investigation,
Formal analysis, Conceptualization. Luigimaria Borruso: Writing —
review & editing, Validation, Methodology, Investigation, Formal
analysis, Data curation, Conceptualization. Raphael Tiziani: Writing —
review & editing, Methodology, Investigation, Formal analysis, Data
curation. Ciro Sannino: Writing — review & editing, Methodology,
Investigation, Formal analysis, Data curation. Fabiana Canini: Writing
- review & editing, Conceptualization. Benedetta Turchetti: Writing —
review & editing, Supervision, Conceptualization. Tanja Mimmo:
Writing — review & editing, Supervision, Resources. Laura Zucconi:
Writing — review & editing, Supervision, Resources, Conceptualization.
Pietro Buzzini: Writing — review & editing, Supervision, Resources,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper. The authors declare that there is no
conflict of interest.

Data availability

Sequence data generate from this work are available in European
Nucleotide Archive (EMBL-EBI) under the accession numbers
PRJEB48784 (bacteria), PRJEB48835 (fungi), PRJEB48831 (protozoa
and metazoa). Additional data related to this paper may be requested
from the corresponding author GM (gianmarco.mugnai@unipg.it).

Acknowledgements

The research fellow of Gianmarco Mugnai was supported by Italian
Ministry of University and Research (MIUR) National Operational Pro-
gramme on Research and Innovation 2014-2020 (PON RI 2014-2020) in
the framework of European Social Fund (ESF), Action IV4 and IV.6 (CUP
J91B21003240006).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2024.171786.

References

Agnelli, A., Corti, G., Massaccesi, L., Ventura, S., D’Acqui, L.P., 2021. Impact of
biological crusts on soil formation in polar ecosystems. Geoderma 401, 115340.
https://doi.org/10.1016/j.geoderma.2021.115340.

Almela, P., Velazquez, D., Rico, E., Justel, A., Quesada, A., 2019. Carbon pathways
through the food web of a microbial mat from Byers Peninsula, Antarctica. Front.
Microbiol. 10, 1-11. https://doi.org/10.3389/fmicb.2019.00628.

Anderson, C.R., Condron, L.M., Clough, T.J., Fiers, M., Stewart, A., Hill, R.A,,
Sherlock, R.R., 2011. Biochar induced soil microbial community change:
implications for biogeochemical cycling of carbon, nitrogen and phosphorus.
Pedobiologia (Jena) 54, 309-320. https://doi.org/10.1016/j.pedobi.2011.07.005.

Banerjee, S., Kirkby, C.A., Schmutter, D., Bissett, A., Kirkegaard, J.A., Richardson, A.E.,
2016. Network analysis reveals functional redundancy and keystone taxa amongst
bacterial and fungal communities during organic matter decomposition in an arable
soil. Soil Biol. Biochem. 97, 188-198. https://doi.org/10.1016/j.
s0ilbi0.2016.03.017.

Barde, R.D., 2020. A Review of Saprolegnia Infection in Saprolegniosis, pp. 702-711.

Barrera, A., Acuna-Rodriguez, 1.S., Ballesteros, G.I., Atala, C., Molina-Montenegro, M.A.,
2022. Biological soil crusts as ecosystem engineers in Antarctic ecosystem. Front.
Microbiol. 13, 1-12. https://doi.org/10.3389/fmicb.2022.755014.

Bergman, B., Gallon, J.R., Rai, A.N., Stal, L.J., 2017. N 2 Fixation by Non-Heterocystous
Cyanobacteria, 19, pp. 111-139.

Bolyen, E., Rideout, J.R., Dillon, M.R., Bokulich, N.A., Abnet, C.C., Al-Ghalith, G.A.,
Alexander, H., Alm, E.J., Arumugam, M., Asnicar, F., Bai, Y., Bisanz, J.E.,

12

Science of the Total Environment 926 (2024) 171786

Bittinger, K., Brejnrod, A., Brislawn, C.J., Brown, C.T., Callahan, B.J., Caraballo-
Rodriguez, A.M., Chase, J., Cope, E.K., Da Silva, R., Diener, C., Dorrestein, P.C.,
Douglas, G.M., Durall, D.M., Duvallet, C., Edwardson, C.F., Ernst, M., Estaki, M.,
Fouquier, J., Gauglitz, J.M., Gibbons, S.M., Gibson, D.L., Gonzalez, A., Gorlick, K.,
Guo, J., Hillmann, B., Holmes, S., Holste, H., Huttenhower, C., Huttley, G.A.,
Janssen, S., Jarmusch, A.K., Jiang, L., Kaehler, B.D., Kang, K. Bin, Keefe, C.R.,
Keim, P., Kelley, S.T., Knights, D., Koester, L., Kosciolek, T., Kreps, J., Langille, M.G.
I, Lee, J., Ley, R,, Liu, Y.X., Loftfield, E., Lozupone, C., Maher, M., Marotz, C.,
Martin, B.D., McDonald, D., Mclver, L.J., Melnik, A.V., Metcalf, J.L., Morgan, S.C.,
Morton, J.T., Naimey, A.T., Navas-Molina, J.A., Nothias, L.F., Orchanian, S.B.,
Pearson, T., Peoples, S.L., Petras, D., Preuss, M.L., Pruesse, E., Rasmussen, L.B.,
Rivers, A., Robeson, M.S., Rosenthal, P., Segata, N., Shaffer, M., Shiffer, A., Sinha, R.,
Song, S.J., Spear, J.R., Swafford, A.D., Thompson, L.R., Torres, P.J., Trinh, P.,
Tripathi, A., Turnbaugh, P.J., Ul-Hasan, S., van der Hooft, J.J.J., Vargas, F., Vazquez-
Baeza, Y., Vogtmann, E., von Hippel, M., Walters, W., Wan, Y., Wang, M., Warren, J.,
Weber, K.C., Williamson, C.H.D., Willis, A.D., Xu, Z.Z., Zaneveld, J.R., Zhang, Y.,
Zhu, Q., Knight, R., Caporaso, J.G., 2019. Reproducible, interactive, scalable and
extensible microbiome data science using QIIME 2. Nat. Biotechnol. https://doi.org/
10.1038/541587-019-0209-9.

Broadbent, F.E., 1965. Organic matters. In: Methods of Soil Analysis: Part 2 Chemical and
Microbiological Properties, pp. 1397-1400. https://doi.org/10.2307 /j.ctt4cgpzr.3.

Buzzini, P., Turk, M., Perini, L., Turchetti, B., Gunde-Cimerman, N., 2017. Yeast in polar
and subpolar habitats. In: Buzzini, P., Lachance, M.-A., Yurkov, A. (Eds.), Yeasts in
Natural Ecosystems: Diversity. Springer International Publishing, Cham,
pp. 331-365. https://doi.org/10.1007/978-3-319-62683-3_11.

Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J.A., Holmes, S.P.,
2016. DADA2: high-resolution sample inference from Illumina amplicon data. Nat.
Methods 13, 581-583. https://doi.org/10.1038/nmeth.3869.

Carignan, V., Villard, M.A., 2002. Selecting indicator species to monitor ecological
integrity: a review. Environ. Monit. Assess. 78, 45-61. https://doi.org/10.1023/A:
1016136723584.

Carvajal Janke, N., Coe, K.K., 2021. Evidence for a fungal loop in shrublands. J. Ecol.
109, 1842-1857. https://doi.org/10.1111/1365-2745.13610.

Chamizo, S., Mugnai, G., Rossi, F., Certini, G., De Philippis, R., 2018. Cyanobacteria
inoculation improves soil stability and fertility on different textured soils: gaining
insights for applicability in soil restoration. Front. Environ. Sci. 6 https://doi.org/
10.3389/fenvs.2018.00049.

Choe, Y.H., Kim, M., Lee, Y.K., 2021. Distinct microbial communities in adjacent rock
and soil substrates on a high Arctic polar desert. Front. Microbiol. 11, 1-15. https://
doi.org/10.3389/fmicb.2020.607396.

Colesie, C., Allan Green, T.G., Haferkamp, I., Biidel, B., 2014. Habitat stress initiates
changes in composition, CO2 gas exchange and C-allocation as life traits in biological
soil crusts. ISME J. 8, 2104-2115. https://doi.org/10.1038/ismej.2014.47.

Collins, S.L., Sinsabaugh, R.L., Crenshaw, C., Green, L., Porras-Alfaro, A., Stursova, M.,
Zeglin, L.H., 2008. Pulse dynamics and microbial processes in aridland ecosystems.
J. Ecol. 96, 413-420. https://doi.org/10.1111/j.1365-2745.2008.01362.x.

Convey, P., Wynn-Williams, D.D., 2002. Antarctic soil nematode response to artificial
climate amelioration. Eur. J. Soil Biol. 38, 255-259. https://doi.org/10.1016/
§1164-5563(02)01155-X.

Costa, 0.Y.A., Pijl, A., Kuramae, E.E., 2020. Dynamics of active potential bacterial and
fungal interactions in the assimilation of acidobacterial EPS in soil. Soil Biol.
Biochem. 148, 107916 https://doi.org/10.1016/].s0ilbi0.2020.107916.

Couradeau, E., Karaoz, U., Lim, H.C., Nunes Da Rocha, U., Northen, T., Brodie, E., Garcia-
Pichel, F., 2016. Bacteria increase arid-land soil surface temperature through the
production of sunscreens. Nat. Commun. 7, 1-7. https://doi.org/10.1038/
ncomms10373.

Darby, B.J., Neher, D.A., 2016. Microfauna Within Biological Soil Crusts, pp. 139-157.
https://doi.org/10.1007/978-3-319-30214-0_8.

De Caceres, M., Legendre, P., Moretti, M., 2010. Improving indicator species analysis by
combining groups of sites. Oikos 119, 1674-1684. https://doi.org/10.1111/§.1600-
0706.2010.18334.x.

Devetter, M., Hanél, L., Raschmanova, N., Bryndova, M., Schlaghamersky, J., 2021.
Terrestrial invertebrates along a gradient of deglaciation in Svalbard: Long-term
development of soil fauna communities. Geoderma 383, 114720. https://doi.org/
10.1016/j.geoderma.2020.114720.

Disalvo, S., Haselkorn, T.S., Bashir, U., Jimenez, D., Brock, D.A., Queller, D.C.,
Strassmann, J.E., 2015. Burkholderia bacteria infectiously induce the protofarming
symbiosis of Dictyostelium amoebae and food bacteria. Proc. Natl. Acad. Sci. U. S. A.
112, E5029-E5037. https://doi.org/10.1073/pnas.1511878112.

Dufréne, M., Legendre, P., 1997. Species assemblages and indicator species: the need for
a flexible asymmetrical approach. Ecological monographs 67, 345-366. https://doi.
org/10.2307/2963459.

Faist, A.M., Antoninka, A.J., Barger, N.N., Bowker, M.A., Chaudhary, V.B., Havrilla, C.A.,
Huber-Sannwald, E., Reed, S.C., Weber, B., 2021. Broader impacts for ecologists:
biological soil crust as a model system for education. Front. Microbiol. 11, 1-6.
https://doi.org/10.3389/fmicb.2020.577922.

FAO, 2021. Standard Operating Procedure for Soil Available Phosphorus. Food Agric.
Organ.

Fierer, N., Bradford, M.A., Jackson, R.B., 2007. Toward an ecological classification of soil
bacteria. Ecology 88, 1354-1364. https://doi.org/10.1890/05-1839.

Glaser, K., Van, A.T., Pushkareva, E., Barrantes, 1., Karsten, U., 2022. Microbial
communities in biocrusts are recruited from the neighboring sand at coastal dunes
along the Baltic Sea. Front. Microbiol. 13, 1-12. https://doi.org/10.3389/
fmicb.2022.859447.

Gongalves, V.N., Lirio, J.M., Coria, S.H., Lopes, F.A.C., Convey, P., de Oliveira, F.S.,
Carvalho-Silva, M., Camara, P.E.A.S., Rosa, L.H., 2023. Soil fungal diversity and


mailto:gianmarco.mugnai@unipg.it
https://doi.org/10.1016/j.scitotenv.2024.171786
https://doi.org/10.1016/j.scitotenv.2024.171786
https://doi.org/10.1016/j.geoderma.2021.115340
https://doi.org/10.3389/fmicb.2019.00628
https://doi.org/10.1016/j.pedobi.2011.07.005
https://doi.org/10.1016/j.soilbio.2016.03.017
https://doi.org/10.1016/j.soilbio.2016.03.017
http://refhub.elsevier.com/S0048-9697(24)01929-6/rf0025
https://doi.org/10.3389/fmicb.2022.755014
http://refhub.elsevier.com/S0048-9697(24)01929-6/rf0035
http://refhub.elsevier.com/S0048-9697(24)01929-6/rf0035
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.2307/j.ctt4cgpzr.3
https://doi.org/10.1007/978-3-319-62683-3_11
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1023/A:1016136723584
https://doi.org/10.1023/A:1016136723584
https://doi.org/10.1111/1365-2745.13610
https://doi.org/10.3389/fenvs.2018.00049
https://doi.org/10.3389/fenvs.2018.00049
https://doi.org/10.3389/fmicb.2020.607396
https://doi.org/10.3389/fmicb.2020.607396
https://doi.org/10.1038/ismej.2014.47
https://doi.org/10.1111/j.1365-2745.2008.01362.x
https://doi.org/10.1016/S1164-5563(02)01155-X
https://doi.org/10.1016/S1164-5563(02)01155-X
https://doi.org/10.1016/j.soilbio.2020.107916
https://doi.org/10.1038/ncomms10373
https://doi.org/10.1038/ncomms10373
https://doi.org/10.1007/978-3-319-30214-0_8
https://doi.org/10.1111/j.1600-0706.2010.18334.x
https://doi.org/10.1111/j.1600-0706.2010.18334.x
https://doi.org/10.1016/j.geoderma.2020.114720
https://doi.org/10.1016/j.geoderma.2020.114720
https://doi.org/10.1073/pnas.1511878112
https://doi.org/10.2307/2963459
https://doi.org/10.2307/2963459
https://doi.org/10.3389/fmicb.2020.577922
http://refhub.elsevier.com/S0048-9697(24)01929-6/rf0130
http://refhub.elsevier.com/S0048-9697(24)01929-6/rf0130
https://doi.org/10.1890/05-1839
https://doi.org/10.3389/fmicb.2022.859447
https://doi.org/10.3389/fmicb.2022.859447

G. Mugnai et al.

ecology assessed using DNA metabarcoding along a deglaciated chronosequence at
Clearwater Mesa, James Ross Island, Antarctic Peninsula. Biology (Basel) 12.
https://doi.org/10.3390/biology12020275.

Greiser, C., Ehrlén, J., Meineri, E., Hylander, K., 2020. Hiding from the climate:
characterizing microrefugia for boreal forest understory species. Glob. Chang. Biol.
26, 471-483. https://doi.org/10.1111/gcb.14874.

Gwiazdowicz, D.J., Coulson, S.J., 2011. High-Arctic gamasid mites (Acari,
Mesostigmata): community composition on Spitsbergen, Svalbard. Polar Res. 30
https://doi.org/10.3402/polar.v30i0.8311.

Kaya, M., de Smet, W.H., Fontaneto, D., 2010. Survey of moss-dwelling bdelloid rotifers
from middle Arctic Spitsbergen (Svalbard). Polar Biol. 33, 833-842. https://doi.org/
10.1007/500300-009-0761-8.

Khan, M.A., Khan, S.T., 2020. Microbial communities and their predictive functional
profiles in the arid soil of Saudi Arabia. Soil 6, 513-521. https://doi.org/10.5194/
s0il-6-513-2020.

Kidron, G.J., Posmanik, R., Brunner, T., Nejidat, A., 2015. Spatial abundance of
microbial nitrogen-transforming genes and inorganic nitrogen in biocrusts along a
transect of an arid sand dune in the Negev Desert. Soil Biol. Biochem. 83, 150-159.
https://doi.org/10.1016/j.s0ilbio.2015.01.024.

Kim, Y.J., Laffly, D., Kim, S.E., Nilsen, L., Chi, J., Nam, S., Lee, Y.B., Jeong, S., Mishra, U.,
Lee, Y.K., Jung, J.Y., 2022. Chronological changes in soil biogeochemical properties
of the glacier foreland of Midtre Lovénbreen, Svalbard, attributed to soil-forming
factors. Geoderma 415, 115777. https://doi.org/10.1016/j.geoderma.2022.115777.

Klimesova, J., Prach, K., Bernardova, A., 2012. Using available information to assess the
potential effects of climate change on vegetation in the high arctic: North
Billjefjorden, Central Spitsbergen (Svalbard). Ambio 41, 435-445. https://doi.org/
10.1007/s13280-011-0235-4.

Lan, S., Wu, L., Zhang, D., Hu, C., 2012. Successional stages of biological soil crusts and
their microstructure variability in Shapotou region (China). Environ. Earth Sci. 65,
77-88. https://doi.org/10.1007/5s12665-011-1066-0.

Lan, S., Wu, L., Adessi, A., Hu, C., 2022. Cyanobacterial persistence and influence on
microbial community dynamics over 15 years in induced biocrusts. Environ.
Microbiol. 24, 66-81. https://doi.org/10.1111/1462-2920.15853.

Leray, M., Yang, J.Y., Meyer, C.P., Mills, S.C., Agudelo, N., Ranwez, V., Boehm, J.T.,
Machida, R.J., 2013. A new versatile primer set targeting a short fragment of the
mitochondrial COI region for metabarcoding metazoan diversity: application for
characterizing coral reef fish gut contents. Front. Zool. 10, 1-14. https://doi.org/
10.1186/1742-9994-10-34.

Loganathachetti, D.S., Venkatachalam, S., Jabir, T., Vipindas, P.V., Krishnan, K.P., 2022.
Total nitrogen influence bacterial community structure of active layer permafrost
across summer and winter seasons in Ny-f\lesund, Svalbard. World J. Microbiol.
Biotechnol. 38, 1-13. https://doi.org/10.1007/s11274-021-03210-3.

Long, X.E., Yao, H., 2020. Phosphorus input alters the assembly of rice (Oryza sativa L.)
root-associated communities. Microb. Ecol. 79, 357-366. https://doi.org/10.1007/
500248-019-01407-6.

Ludley, K.E., Robinson, C.H., 2008. “Decomposer” Basidiomycota in Arctic and Antarctic
ecosystems. Soil Biol. Biochem. 40, 11-29. https://doi.org/10.1016/j.
s0ilbio.2007.07.023.

Lukashanets, D., Petkuviené, J., Bariseviciute, R., 2023. The significance of recent glacial
history for the limno-terrestrial microfauna in Trygghamna (Svalbard, High Arctic).
Polar Biol. https://doi.org/10.1007/s00300-023-03192-y.

Maier, S., Tamm, A., Wu, D., Caesar, J., Grube, M., Weber, B., 2018. Photoautotrophic
organisms control microbial abundance, diversity, and physiology in different types
of biological soil crusts. ISME J. 12, 1032-1046. https://doi.org/10.1038/541396-
018-0062-8.

Malavenda, Svetlana, Makarov, M., Ryzhik, I., Mityaev, M., Malavenda, Sergey, 2018.
Occurrence of Ulva lactuca L. 1753 (Ulvaceae, Chlorophyta) at the Murman Coast of
the Barents Sea. Polar Res. 37 https://doi.org/10.1080/17518369.2018.1503912.

Marzeion, B., Cogley, J.G., Richter, K., Parkes, D., 2014. Glaciers. Attribution of global
glacier mass loss to anthropogenic and natural causes. Science 345, 919-921.
https://doi.org/10.1126/science.1254702.

McGeoch, M.A., Chown, S.L., 1998. Scaling up the value of bioindicators. Trends Ecol.
Evol. 13, 46-47. https://doi.org/10.1016/50169-5347(97)01279-2.

McMurdie, P.J., Holmes, S., 2013. Phyloseq: an R package for reproducible interactive
analysis and graphics of microbiome census data. PloS One 8. https://doi.org/
10.1371/journal.pone.0061217.

Mugnai, G., Rossi, F., Felde, V.J.M.N.L., Colesie, C., Biidel, B., Peth, S., Kaplan, A., De
Philippis, R., 2018. The potential of the cyanobacterium Leptolyngbya ohadii as
inoculum for stabilizing bare sandy substrates. Soil Biol. Biochem. 127, 318-328.
https://doi.org/10.1016/j.s0ilbio.2018.08.007.

Mugnai, G., Rossi, F., Mascalchi, C., Ventura, S., De Philippis, R., 2020. High Arctic
biocrusts: characterization of the exopolysaccharidic matrix. Polar Biol. 43,
1805-1815. https://doi.org/10.1007/s00300-020-02746-8.

Mujakié, I., Piwosz, K., Koblizek, M., 2022. Phylum Gemmatimonadota and its role in the
environment. Microorganisms 10, 1-17. https://doi.org/10.3390/
microorganisms10010151.

Murphy, J., Riley, J.P., 1962. A modified single solution method for the determination of
phosphate in natural waters. Anal. Chim. Acta 27, 31-36. https://doi.org/10.1016/
S0003-2670(00)88444-5.

Niemi, G.J., McDonald, M.E., 2004. Application of ecological indicators. Annu. Rev. Ecol.
Evol. Syst. 35, 89-111. https://doi.org/10.1146/annurev.
ecolsys.35.112202.130132.

Nikolcheva, L.G., Barlocher, F., 2004. Taxon-specific fungal primers reveal unexpectedly
high diversity during leaf decomposition in a stream. Mycol. Prog. 3, 41-49. https://
doi.org/10.1007/s11557-006-0075-y.

13

Science of the Total Environment 926 (2024) 171786

Palombi, L., Raimondi, V., 2021. A compact lif spectrometer for in-field operation in
polar environments. Sensors 21, 1-11. https://doi.org/10.3390/521051729.

Pérez, E., Sulbaran, M., Ball, M.M., Yarzabal, L.A., 2007. Isolation and characterization of
mineral phosphate-solubilizing bacteria naturally colonizing a limonitic crust in the
south-eastern Venezuelan region. Soil Biol. Biochem. 39, 2905-2914. https://doi.
org/10.1016/j.s0ilbio.2007.06.017.

Piskozub, J., 2017. Svalbard as a study model of future High Arctic coastal environments
in a warming world. Oceanologia 59, 612-619. https://doi.org/10.1016/j.
oceano.2017.06.005.

Pombubpa, N., Pietrasiak, N., De Ley, P., Stajich, J.E., 2020. Insights into dryland
biocrust microbiome: geography, soil depth and crust type affect biocrust microbial
communities and networks in Mojave Desert, USA. FEMS Microbiol. Ecol. 96, 1-16.
https://doi.org/10.1093/femsec/fiaal25.

Porras-Alfaro, A., Muniania, C.N., Hamm, P.S., Torres-Cruz, T.J., Kuske, C.R., 2017.
Fungal diversity, community structure and their functional roles in desert soils. Biol.
Arid Soils 97-122. https://doi.org/10.1515/9783110419047-006.

Pushkareva, E., Pessi, 1.S., Wilmotte, A., Elster, J., 2015. Cyanobacterial community
composition in Arctic soil crusts at different stages of development. FEMS Microbiol.
Ecol. 91, 1-10. https://doi.org/10.1093/femsec/fiv143.

Pushkareva, E., Baumann, K., Van, A.T., Mikhailyuk, T., Baum, C., Hrynkiewicz, K.,
Demchenko, E., Thiem, D., Kopcke, T., Karsten, U., Leinweber, P., 2021. Diversity of
microbial phototrophs and heterotrophs in Icelandic biocrusts and their role in
phosphorus-rich Andosols. Geoderma 386. https://doi.org/10.1016/j.
geoderma.2020.114905.

Pushkareva, E., Elster, J., Holzinger, A., Niedzwiedz, S., Becker, B., 2022. Biocrusts from
Iceland and Svalbard: does microbial community composition differ substantially?
Front. Microbiol. 13, 1-11. https://doi.org/10.3389/fmicb.2022.1048522.

R Core Team, 2021. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.

Ratnasingham, S., Herbet, P.D.N., 2006. BARCODING BOLD: the barcode of life data
system (www.barcodinglife.org). Mol. Ecol. Notes 355-364. https://doi.org/
10.1111/j.1471-8286.2006.01678.x.

Rhine, E.D., Mulvaney, R.L., Pratt, E.J., Sims, G.K., 1998. Improving the Berthelot
reaction for determining ammonium in soil extracts and water. Soil Sci. Soc. Am. J.
62, 473. https://doi.org/10.2136/sss2j1998.03615995006200020026x.

Rippin, M., Borchhardt, N., Williams, L., Colesie, C., Jung, P., Biidel, B., Karsten, U.,
Becker, B., 2018. Genus richness of microalgae and Cyanobacteria in biological soil
crusts from Svalbard and Livingston Island: morphological versus molecular
approaches. Polar Biol. 41, 909-923. https://doi.org/10.1007/5s00300-018-2252-2.

Rognes, T., Flouri, T., Nichols, B., Quince, C., Mahé, F., 2016. VSEARCH: a versatile open
source tool for metagenomics. PeerJ 2016, 1-22. https://doi.org/10.7717/
peerj.2584.

Rossi, F., Li, H., Liu, Y., De Philippis, R., 2017. Cyanobacterial inoculation
(cyanobacterisation): perspectives for the development of a standardized
multifunctional technology for soil fertilization and desertification reversal. Earth-
Science Rev. 171, 28-43. https://doi.org/10.1016/j.earscirev.2017.05.006.

Rossi, F., Mugnai, G., De Philippis, R., 2018. Complex role of the polymeric matrix in
biological soil crusts. Plant and Soil 429, 19-34. https://doi.org/10.1007/s11104-
017-3441-4.

Roy, S., Roy, M.M,, Jaiswal, A.K., Baitha, A., 2018. Soil arthropods in maintaining soil
health: thrust areas for sugarcane production systems. Sugar Tech 20, 376-391.
https://doi.org/10.1007/512355-018-0591-5.

Sannino, C., Tasselli, G., Filippucci, S., Turchetti, B., Buzzini, P., 2017. Yeasts in nonpolar
cold habitats. In: Buzzini, P., Lachance, M.-A., Yurkov, A. (Eds.), Yeasts In Natural
Ecosystems: Diversity. Springer International Publishing, Cham, pp. 367-396.
https://doi.org/10.1007/978-3-319-62683-3_12.

Sannino, C., Borruso, L., Mezzasoma, A., Turchetti, B., Ponti, S., Buzzini, P., Mimmo, T.,
Guglielmin, M., 2023. The unusual dominance of the yeast genus Glaciozyma in the
deeper layer in an Antarctic permafrost core (Adélie Cove, Northern Victoria Land) is
driven by elemental composition. J. Fungi 9. https://doi.org/10.3390/j0f9040435.

Schauer, B., Steinbauer, M.J., Vailshery, L.S., Miiller, J., Feldhaar, H., Obermaier, E.,
2018. Influence of tree hollow characteristics on saproxylic beetle diversity in a
managed forest. Biodivers. Conserv. 27, 853-869. https://doi.org/10.1007/510531-
017-1467-9.

Schmidt, S.K., Nemergut, D.R., Todd, B.T., Lynch, R.C., Darcy, J.L., Cleveland, C.C.,
King, A.J., 2012. A simple method for determining limiting nutrients for
photosynthetic crusts. Plant Ecol. Divers. 5, 513-519. https://doi.org/10.1080/
17550874.2012.738714.

Selman, M., Berna, G., Mahmut, A., Seyda, A., Ahmet, A., 2020. Proteolytic, lipolytic and
amylolytic bacteria reservoir of Turkey; cold-adaptive bacteria in detergent industry.
J. Pure Appl. Microbiol. 14, 63-72. https://doi.org/10.22207/JPAM.14.1.09.

Shaw, E.A., Adams, B.J., Barrett, J.E., Lyons, W.B., Virginia, R.A., Wall, D.H., 2018.
Stable C and N isotope ratios reveal soil food web structure and identify the
nematode Eudorylaimus antarcticus as an omnivore-predator in Taylor Valley,
Antarctica. Polar Biol. 41, 1013-1018. https://doi.org/10.1007/s00300-017-2243-
8.

Sosa-Quintero, J., Godinez-Alvarez, H., Camargo-Ricalde, S.L., Gutiérrez-Gutiérrez, M.,
Huber-Sannwald, E., Jiménez-Aguilar, A., Maya-Delgado, Y., Mendoza-Aguilar, D.,
Montano, N.M., Pando-Moreno, M., Rivera-Aguilar, V., 2022. Biocrusts in Mexican
deserts and semideserts: a review of their species composition, ecology, and
ecosystem function. J. Arid Environ. 199 https://doi.org/10.1016/j.
jaridenv.2022.104712.

Takahashi, S., Tomita, J., Nishioka, K., Hisada, T., Nishijima, M., 2014. Development of a
prokaryotic universal primer for simultaneous analysis of Bacteria and Archaea using
next-generation sequencing. PloS One 9. https://doi.org/10.1371/journal.
pone.0105592.


https://doi.org/10.3390/biology12020275
https://doi.org/10.1111/gcb.14874
https://doi.org/10.3402/polar.v30i0.8311
https://doi.org/10.1007/s00300-009-0761-8
https://doi.org/10.1007/s00300-009-0761-8
https://doi.org/10.5194/soil-6-513-2020
https://doi.org/10.5194/soil-6-513-2020
https://doi.org/10.1016/j.soilbio.2015.01.024
https://doi.org/10.1016/j.geoderma.2022.115777
https://doi.org/10.1007/s13280-011-0235-4
https://doi.org/10.1007/s13280-011-0235-4
https://doi.org/10.1007/s12665-011-1066-0
https://doi.org/10.1111/1462-2920.15853
https://doi.org/10.1186/1742-9994-10-34
https://doi.org/10.1186/1742-9994-10-34
https://doi.org/10.1007/s11274-021-03210-3
https://doi.org/10.1007/s00248-019-01407-6
https://doi.org/10.1007/s00248-019-01407-6
https://doi.org/10.1016/j.soilbio.2007.07.023
https://doi.org/10.1016/j.soilbio.2007.07.023
https://doi.org/10.1007/s00300-023-03192-y
https://doi.org/10.1038/s41396-018-0062-8
https://doi.org/10.1038/s41396-018-0062-8
https://doi.org/10.1080/17518369.2018.1503912
https://doi.org/10.1126/science.1254702
https://doi.org/10.1016/s0169-5347(97)01279-2
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1016/j.soilbio.2018.08.007
https://doi.org/10.1007/s00300-020-02746-8
https://doi.org/10.3390/microorganisms10010151
https://doi.org/10.3390/microorganisms10010151
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.1146/annurev.ecolsys.35.112202.130132
https://doi.org/10.1146/annurev.ecolsys.35.112202.130132
https://doi.org/10.1007/s11557-006-0075-y
https://doi.org/10.1007/s11557-006-0075-y
https://doi.org/10.3390/s21051729
https://doi.org/10.1016/j.soilbio.2007.06.017
https://doi.org/10.1016/j.soilbio.2007.06.017
https://doi.org/10.1016/j.oceano.2017.06.005
https://doi.org/10.1016/j.oceano.2017.06.005
https://doi.org/10.1093/femsec/fiaa125
https://doi.org/10.1515/9783110419047-006
https://doi.org/10.1093/femsec/fiv143
https://doi.org/10.1016/j.geoderma.2020.114905
https://doi.org/10.1016/j.geoderma.2020.114905
https://doi.org/10.3389/fmicb.2022.1048522
http://refhub.elsevier.com/S0048-9697(24)01929-6/rf0305
http://refhub.elsevier.com/S0048-9697(24)01929-6/rf0305
https://doi.org/10.1111/j.1471-8286.2006.01678.x
https://doi.org/10.1111/j.1471-8286.2006.01678.x
https://doi.org/10.2136/sssaj1998.03615995006200020026x
https://doi.org/10.1007/s00300-018-2252-2
https://doi.org/10.7717/peerj.2584
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1016/j.earscirev.2017.05.006
https://doi.org/10.1007/s11104-017-3441-4
https://doi.org/10.1007/s11104-017-3441-4
https://doi.org/10.1007/s12355-018-0591-5
https://doi.org/10.1007/978-3-319-62683-3_12
https://doi.org/10.3390/jof9040435
https://doi.org/10.1007/s10531-017-1467-9
https://doi.org/10.1007/s10531-017-1467-9
https://doi.org/10.1080/17550874.2012.738714
https://doi.org/10.1080/17550874.2012.738714
https://doi.org/10.22207/JPAM.14.1.09
https://doi.org/10.1007/s00300-017-2243-8
https://doi.org/10.1007/s00300-017-2243-8
https://doi.org/10.1016/j.jaridenv.2022.104712
https://doi.org/10.1016/j.jaridenv.2022.104712
https://doi.org/10.1371/journal.pone.0105592
https://doi.org/10.1371/journal.pone.0105592

G. Mugnai et al.

Tedersoo, L., Anslan, S., Bahram, M., Polme, S., Riit, T., Liiv, L., Koljalg, U., Kisand, V.,
Nilsson, R.H., Hildebrand, F., Bork, P., Abarenkov, K., 2015. Shotgun metagenomes
and multiple primer pair-barcode combinations of amplicons reveal biases in
metabarcoding analyses of fungi. MycoKeys 10, 1-43. https://doi.org/10.3897/
mycokeys.10.4852.

Thomas, F., Cébron, A., 2016. Short-term rhizosphere effect on available carbon sources,
phenanthrene degradation, and active microbiome in an aged-contaminated
industrial soil. Front. Microbiol. 7, 1-15. https://doi.org/10.3389/
fmicb.2016.00092.

Vanderpuye, A.W., Elvebakk, A., Nilsen, L., 2002. Plant communities along
environmental gradients of high-arctic mires in Sassendalen, Svalbard. J. Veg. Sci.
13, 875-884. https://doi.org/10.1111/j.1654-1103.2002.tb02117.x.

Vonnahme, T.R., Devetter, M., Zarsky, J.D., Sabackd, M., Elster, J., 2016. Controls on
microalgal community structures in cryoconite holes upon high-Arctic glaciers,
Svalbard. Biogeosciences. https://doi.org/10.5194/bg-13-659-2016.

Weber, B., Belnap, J., Biidel, B., Antoninka, A.J., Barger, N.N., Chaudhary, V.B.,
Darrouzet-Nardi, A., Eldridge, D.J., Faist, A.M., Ferrenberg, S., Havrilla, C.A., Huber-
Sannwald, E., Malam Issa, O., Maestre, F.T., Reed, S.C., Rodriguez-Caballero, E.,
Tucker, C., Young, K.E., Zhang, Y., Zhao, Y., Zhou, X., Bowker, M.A., 2022. What is a
biocrust? A refined, contemporary definition for a broadening research community.
Biol. Rev. 43, 1768-1785. https://doi.org/10.1111/brv.12862.

14

Science of the Total Environment 926 (2024) 171786

Williams, L., Borchhardt, N., Colesie, C., Baum, C., Komsic-Buchmann, K., Rippin, M.,
Becker, B., Karsten, U., Biidel, B., 2017. Biological soil crusts of Arctic Svalbard and
of Livingston Island, Antarctica. Polar Biol. 40, 399-411. https://doi.org/10.1007/
s00300-016-1967-1.

Yu, J., Guan, P., Zhang, X., Ma, N., Steinberger, Y., 2016. Biocrusts beneath replanted
shrubs account for the enrichment of macro and micronutrients in semi-arid sandy
land. J. Arid Environ. 128, 1-7. https://doi.org/10.1016/j.jaridenv.2016.01.003.

Zawierucha, K., Smykla, J., Michalczyk, £., Gotdyn, B., Kaczmarek, .., 2015. Distribution
and diversity of Tardigrada along altitudinal gradients in the Hornsund, Spitsbergen
(Arctic). Polar Res. 34 https://doi.org/10.3402/polar.v34.24168.

Zemp, M., Huss, M., Thibert, E., Eckert, N., McNabb, R., Huber, J., Barandun, M.,
Machguth, H., Nussbaumer, S.U., Gartner-Roer, 1., Thomson, L., Paul, F.,
Maussion, F., Kutuzov, S., Cogley, J.G., 2019. Global glacier mass changes and their
contributions to sea-level rise from 1961 to 2016. Nature 568, 382-386. https://doi.
org/10.1038/541586-019-1071-0.

Zhang, T., Wang, N.F., Liu, H.Y., Zhang, Y.Q., Yu, L.Y., 2016a. Soil pH is a key
determinant of soil fungal community composition in the Ny-Alesund Region,
Svalbard (High Arctic). Front. Microbiol. 7, 1-10. https://doi.org/10.3389/
fmicb.2016.00227.

Zhang, T., Wei, X.L., Wei, Y.Z., Liu, H.Y., Yu, L.Y., 2016b. Diversity and distribution of
cultured endolichenic fungi in the Ny-Alesund Region, Svalbard (High Arctic).
Extremophiles 20, 461-470. https://doi.org/10.1007/500792-016-0836-8.


https://doi.org/10.3897/mycokeys.10.4852
https://doi.org/10.3897/mycokeys.10.4852
https://doi.org/10.3389/fmicb.2016.00092
https://doi.org/10.3389/fmicb.2016.00092
https://doi.org/10.1111/j.1654-1103.2002.tb02117.x
https://doi.org/10.5194/bg-13-659-2016
https://doi.org/10.1111/brv.12862
https://doi.org/10.1007/s00300-016-1967-1
https://doi.org/10.1007/s00300-016-1967-1
https://doi.org/10.1016/j.jaridenv.2016.01.003
https://doi.org/10.3402/polar.v34.24168
https://doi.org/10.1038/s41586-019-1071-0
https://doi.org/10.1038/s41586-019-1071-0
https://doi.org/10.3389/fmicb.2016.00227
https://doi.org/10.3389/fmicb.2016.00227
https://doi.org/10.1007/s00792-016-0836-8

	The hidden network of biocrust successional stages in the High Arctic: Revealing abiotic and biotic factors shaping microbi ...
	1 Introduction
	2 Materials and methods
	2.1 Sampling area
	2.2 Soil physicochemical properties
	2.3 DNA extraction, libraries preparation and sequencing
	2.4 Statistical analyses

	3 Results
	3.1 Physicochemical properties in the different crust/biocrust successional stages
	3.2 Biodiversity indexes and communities' structure of the different crust/biocrust successional stages
	3.3 Identification of the indicator taxa of the different crust/biocrust successional stages
	3.4 Co-occurrences among dominant biological taxa of the different crust/biocrust successional stages

	4 Discussion
	4.1 Physical crust (PHC)
	4.2 Cyanobacterial dominated biocrusts (CDC)
	4.3 Cyanobacteria/moss dominated biocrusts (CMDC)
	4.4 Moss dominated biocrusts (MDC)
	4.5 Bryophyte carpet (BC)

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


