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A B S T R A C T   

Bryophytes and biological soil crusts (biocrusts) are the two major biological soil cover types of maritime 
Antarctica and play a crucial role for key ecosystem functions in the barely vegetated and little developed soils. 
Besides their profound impacts on nutrient cycling, they also provide habitats and activity hotspots for unique 
soil microbial communities. Yet, the effects of biological soil cover on the physical and chemical soil environment 
and belowground microbial communities have not been comprehensively studied in this fragile ecosystem. 

We here address the research question how biocrusts and mosses shape the quantity and structure of the soil 
organic matter pool, and the activity and composition of subjacent microbial communities. Towards this end, we 
sampled soils under two common, but physiologically distinct moss species, Polytrichastrum alpinum and Sanionia 
unicinata, and adjacent biological soil crusts at two sites on Deception Island, South Shetland Islands. 

We found that biocrusts and mosses differentially influenced central soil properties and subjacent soil mi
crobial communities. All major SOM compound groups (carbohydrates, aromatics and phenols, lipids, N-con
taining polymers) as well as microbial biomass were more abundant in soil under biocrusts. However, microbial 
mass-specific growth rates were higher in soil under mosses. Our results showed moss-species-specific effects in 
addition to effects of soil cover type, as P. alpinum affected the activity and structure of soil microbial com
munities and the composition of soil organic matter stronger than S. unicinata. 

Our study highlights the interconnectedness between soil cover and soil biogeochemistry, which is crucial for 
deepening our understanding of belowground functioning in Antarctic soils. This linkage is of particular 
importance in the context of ongoing rapid climate change on the Antarctic Peninsula, as future shifts in the 
distribution and abundance of soil cover may substantially impact multiple soil processes in this vulnerable 
ecosystem.   

1. Introduction 

In Antarctica, harsh environmental conditions such as sub-zero 
temperatures, poorly developed soils, strong winds, and radiative 
forces (Robinson et al., 2003) impose severe pressure on the sparse 
vegetation (Jung et al., 2018). Ice-free surfaces in continental and 
maritime Antarctica are mostly dominated by non-vascular cryptogamic 
vegetation (i.e., mosses, lichens, hornworts, liverworts, green algae, 
cyanobacteria) (Olech, 2002; Singh et al., 2018; Zúñiga-González et al., 

2016), and biological soil crusts (biocrusts) (Weber et al., 2022). Mosses 
represent an essential part of the polar flora, as they can persist under 
requirements that are too hostile for vascular plants. They can endure 
frequently occurring forms of stress such as freezing or desiccation with 
the help of specific growth habits or via entering a state of suspended 
metabolic activity (Oliver and Bewley, 1996; Proctor et al., 2007). Other 
important primary producers in polar regions are biological soil crusts 
(Rippin et al., 2018), often recognized as ecosystem engineers with 
important pioneering functions (Elbert et al., 2012; Jung et al., 2018). 
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Biocrusts are symbiotic communities comprised by an assortment of 
photoautotrophic and heterotrophic organisms from all three domains 
of life (Weber et al., 2022). While bacteria, archaea, and fungi contribute 
to the heterotrophic component of biocrusts (Belnap et al., 2001; 
Bowker et al., 2018), the photoautotrophic component is composed of 
cyanobacteria and non-vascular cryptogams (Pushkareva et al., 2016). 
Mosses can hence either occur as autonomous vegetation cover (Bram
ley-Alves et al., 2014; Weber et al., 2022), or as photoautotrophic con
stituent within the consortium of biocrust organisms (Belnap, 2006, 
Seppelt et al., 2016). The key photoautotrophic microbial groups of 
polar biocrusts are cyanobacteria and green algae, which are also the 
dominant photobionts of lichens (Pushkareva et al., 2016). In the ice- 
free habitats of Antarctica, biocrusts dominated by soil algae and cya
nobacteria are typically considered the first colonizers during early soil 
development, whereas moss-dominated biocrust consortia are more 
associated with later successional stages (Belnap et al., 2016; Rybalka 
et al., 2023). Nevertheless, it is mostly the combination of microclimatic 
and edaphic factors that determine the identity, composition, and 
spatially patchy distribution of the prevailing moss and biocrust com
munities (Hughes et al., 2006; Melick and Seppelt, 1997; Weber et al., 
2022). 

Biological soil crusts and cryptogamic vegetation are known to in
fluence soil processes directly and indirectly, for example they can 
protect the soil surface against wind and water erosion (Belnap et al., 
2001), add to soil surface stabilization via aggregation (Weber et al., 
2022), shape the soil microclimate (Xiao et al., 2019, 2016), or modify 
soil pH (Belnap et al., 2001). Moreover, they are important determinants 
of soil carbon and nutrient contents (Benavent-González et al., 2018; 
Cheng et al., 2021; Elbert et al., 2012). This effect might be especially 
pronounced in Antarctic soils, where biological soil crusts and mosses 
represent the dominant form of primary producers in the absence of 
vascular plants (Turetsky, 2003) and are hence the main contributors to 
organic matter buildup. They create small islands of fertility (Benavent- 
González et al., 2018) within oligotrophic soils like in Antarctica, 
leading to the establishment of favorable habitats (Rippin et al., 2018) 
for a variety of (micro-) organisms (Gerson, 1982; Lindo and Gonzalez, 
2010; Xiao and Veste, 2017). Such resulting activity hotspots (Turetsky, 
2003; Weber et al., 2022) are often accompanied by an increased food 
web complexity and characterized by enhanced microbial organic 
matter turnover and nutrient cycling (Benavent-González et al., 2018; 
Liu et al., 2014). Hence, the unique microbial communities of Antarctic 
soils are directly and indirectly shaped by their overlying biological 
cover (Belnap et al., 2001). 

In Antarctic soils, mosses and biocrusts likely play a critical role as 
carbon and nutrient source for the energy and nutrient limited subjacent 
microbial communities. For example, pulses of labile organic com
pounds that could prime microbial communities in a similar manner to 
root exudation in vascular plants, have been shown to leach from moss 
biomass into the surrounding soils as consequence of drying-rewetting 
or freeze–thaw cycles (Slate et al., 2019; Wilson and Coxson, 1999). 
Extracellular polymeric substances (EPS) derived from biocrust micro
organisms (Rossi et al., 2018) can also provide essential inputs of 
polysaccharides, proteins, lipids and nucleic acids (Flemming, 2016). An 
especially important role for biogeochemical cycling in Antarctic soils is 
attributed to cyanobacteria (Makhalanyane et al., 2015). Besides being a 
major constituent of biocrusts, cyanobacteria can also occur in associ
ation with certain bryophyte groups, e.g., feather mosses (Stewart et al., 
2011, Warshan et al., 2017). The phylum provides substantial C- inputs 
into the soil, which is essential for early soil development and soil sta
bility (Belnap and Lange, 2001). Cyanobacterial occurrence also 
considerably mediates how mosses and biocrusts affect soil N- avail
abilities (Elbert et al., 2012). Via their ability of N2-fixation, cyano
bacteria can increase N- inputs, which is especially beneficial in N-scarce 
and pristine environments (Alvarenga and Rousk, 2022; Elbert et al., 
2012). Yet, the fate of fixed nitrogen might vary substantially between 
the two soil cover types, as mosses mainly retain nutrients within their 

biomass for rather long timeframes (Koranda and Michelsen, 2021; 
Rousk et al., 2017, 2014), while biocrusts release it to the soil envi
ronment within days or weeks (Belnap, 2001; Elbert et al., 2012; Rousk 
et al., 2016). 

However, biocrusts and mosses also potentially exert negative effects 
on subjacent soil microbial communities. For example, moss litter is 
often associated with slow decomposition rates as many bryophytes are 
known to contain a range of bioactive compounds such as antioxidants, 
antibiotics, other substances with anti-microbial properties, lignin- 
similar compounds, or specific cell wall polysaccharides (Turetsky, 
2003, Xie and Lou, 2009, Cianciullo et al., 2022). Since also biocrusts are 
known to synthesize various secondary metabolites, including antimi
crobial agents (Rippin et al., 2018), antagonistic interactions between 
biocrusts and associated microbial communities might occur in a similar 
manner (Van Goethem et al., 2021). 

The impacts of mosses and biocrusts on soil biogeochemical pro
cesses are widely acknowledged (Elbert et al., 2012; Turetsky, 2003) and 
investigated in a variety of ecosystems, with a substantial proportion of 
studies being focused on e.g., non-polar deserts, mediterranean dry
lands, or the Arctic (i.a., Angel and Conrad, 2013; Gornall et al., 2007; 
Heindel et al., 2019; Maestre et al., 2013; Maier et al., 2018; Mugnai 
et al., 2020; Muñoz-Martín et al., 2019; Rousk et al., 2013; Turetsky 
et al., 2012). Yet, despite their great ecological relevance in Antarctica, 
moss- and biocrust- impacts remain comparatively understudied in the 
remote ecosystem. Due to their dominance in the prevailing flora and 
their substantial role for organic matter inputs, their effects on microbial 
communities and soil functions might be more pronounced in the little 
developed soils of Antarctica than in other ecosystems with more 
developed soils and more complex vegetation communities. Albeit sig
nificant advances have been made in characterizing the identity, di
versity and functioning of biocrust- (i.a., Jung et al., 2018; Pushkareva 
et al., 2024, 2022; Rippin et al., 2018; Steven et al., 2013) and moss- 
associated microbial communities in polar regions (i.a., Holland-Mor
itz et al., 2021, 2018; Kauserud et al., 2008; Park et al., 2013; Tveit et al., 
2020), it remains comparatively less well investigated how biocrusts and 
mosses might impact their underlain soil microbial communities 
(Koranda and Michelsen, 2021, Navarro-Noya et al., 2014). As global 
climate warming will likely lead to a retreat in the ice-covered area of 
Antarctica (Lee et al., 2017), new habitats for colonization by existing 
species will be exposed (Convey et al., 2009), and shifts in abundance- 
and distribution patterns of mosses and biocrusts might occur (Bena
vent-González et al., 2018). A better understanding of how different 
biological soil cover types affect the functioning and development of 
Antarctic soils is therefore urgently needed. 

The overarching research question of the present study was to 
elucidate how mosses and biocrusts, the two most common biological 
ground cover types in the ice-free areas of Antarctica influence the 
structure and activity of the subjacent soil microbial communities, as 
well as the chemical composition of the soil organic matter (SOM) pool. 
Additionally, we explored possible species-specific effects of the two 
most common moss species in maritime Antarctica (Zúñiga-González 
et al., 2016), Polytrichastrum alpinum (Hedw.) G. L. Smith and Sanionia 
unicinata (Hedw.) Loeske, on the subjacent belowground functions and 
microbial communities. Despite acknowledged species-specific connec
tions of vascular plants with belowground functioning, the role of 
bryophyte identity is clearly understudied (Jonsson et al., 2015). 

2. Materials and methods 

2.1. Climatic and edaphic background of Deception Island 

Deception Island (62◦57′S; 60◦38′W), located in the Bransfield Strait, 
South Shetland Islands, has a polar oceanic climate, that is characterized 
by relatively high precipitation rates and frequent summer rainfalls. The 
annual temperature range is moderate, at a mean annual temperature 
(MAT) of − 3◦ C at sea level (Ramos et al., 2017). Deception Island is 
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among the regions with severe atmospheric warming in Antarctica (+3 
◦C MAT since 1950) (Marshall et al., 2002; Meredith and King, 2005). As 
an active stratovolcano, its surface is not only covered by glaciers, but 
the island also harbors volcanoclastic soils with development of ice-rich 
permafrost even at beach level. The active layer can reach depths of up 
to ~ 30 cm (Goyanes et al., 2014). Ice-free areas are mainly located on 
coastal strips and rocky ridges and allow the establishment of bryophyte 
and biocrust communities (Benavent-González et al., 2018). 

2.2. Sites, soil sampling approach and sample storage 

Soil samples were collected in January 2018 at two sites with con
trasting nutrient availability. “Fumarole Bay” (S62◦ 57.940‘ W60◦

42.875‘) is a rather sheltered and nutrient rich area in the southwest, 
while “Telephone Bay” further north (S62◦ 55.231‘ W60◦ 40.108‘) of the 
island is a site on an exposed crest with a poorer nutrient status. 

At both sites, we sampled soils under vital moss cover and under 
patches of biological soil crusts (see Supplementary Materials and 
Methods). The biocrusts consisted of lichen, algae, fungal and bacterial 
biomass, together with senescent biomass of the occurring moss species. 
The mosses which we considered in our study were Polytrichastrum 
alpinum and Sanionia unicinata, two often dominating and very common, 
yet taxonomically and physiologically distinct species in maritime 
Antarctica (Pizarro et al., 2019; Zúñiga-González et al., 2016). Due to 
their adaptations to different habitats, the two species did not occur 
together. Polytrichastrum alpinum grew in vital, dense, and high-grown 
moss turfs, and was sampled at Fumarole Bay. Sanionia uncinata 
formed a rather sparse cover of slow growing, prostrate moss carpets, 
and was sampled in Telephone Bay. 

We collected samples from four randomly selected blocks within an 
area of approximately 0.2 ha at each site, obtaining in total 16 samples 
(2 sites à 4 replicate blocks with each moss- and biocrust cover). The 
selected patches covered by the dominant moss species of the respective 
site plus biocrusts were in adjacent vicinity to another to minimize 
possible effects of small-scale differences in topography, soil charac
teristics or disturbance history. We collected the top 2 cm of mineral soil 
underneath both soil cover types to ensure their direct influence on the 
subjacent soil layer. We used sterilized equipment for soil sampling and 
for removing the respective soil cover as precisely as possible. Samples 
were kept cool at field temperatures until further use, samples for 
measuring microbial growth and respiration rates were processed on the 
same day. Soils used for DNA extraction were immediately preserved in 
RNAlaterTM Stabilization Solution (ThermoFisher Scientific). 

2.3. Investigated moss species 

As an acrocarpous species, Polytrichastrum alpinum is characterized 
by an erect, unbranched growth habit forming open moss turfs and 
cushions, preferring well drained soils (Zúñiga-González et al., 2016; 
British Bryological Society, 2022a). The species is known to be endo
hydric, i.e., has rudimentary conductive tissues, and cuticular waxes to 
prevent water loss from leaves (Grimingham and Smith, 1971). 
Furthermore, it is characterized by rhizoids that increase stability in the 
substrate (Odu, 1978) and facilitate water-and nutrient-uptake from the 
soil (Ayres et al., 2006). 

Sanionia unicinata is a pleurocarpous species exhibiting a prostrate 
and branched growth form, spreading into dense moss carpets (Zúñiga- 
González et al., 2016; British Bryological Society, 2022b). The species is 
ectohydric, i.e., water uptake is mediated via the whole plant surface 
(Grimingham and Smith, 1971). It is considered a colonizer as it can 
establish on hard substrates, regenerates quickly after disturbances, and 
grows fast (Davis, 1981; Robinson et al., 2003). Associations with 
epiphytic N2-fixing cyanobacteria (Benavent-González et al., 2018), as 
commonly observed with the order of feather mosses (Rousk et al., 
2013) might also benefit its pioneering lifestyle (Pizarro et al., 2019; 
Uchida et al., 2002). 

2.4. Physicochemical soil parameters and nutrient pools 

The soil samples were analyzed for pH, gravimetric water content 
and soil texture. Soil total Carbon (Soil C) and Nitrogen (Soil N) pools 
and isotopic composition were measured via elemental analyzer (EA 
1110, CE Instruments, Italy) coupled to a continuous-flow isotope ratio 
mass spectrometer (IRMS, DeltaPlus, Finnigan MAT). As the investi
gated soils did not contain any carbonates, the presented soil total C 
concentrations denote soil organic carbon concentrations. Soil total 
Phosphorus (Soil P) was measured photometrically in 0.5 M H2SO4 ex
tracts based on malachite-green method (D’Angelo et al., 2001) 
following a modified ignition method by (Kuo, 1996) to convert organic 
P to inorganic P. Total dissolved organic Carbon (TDC) and Nitrogen 
(TDN) pools were quantified in 1 M KCl extracts via TOC/TN- Analyzer 
(Shimadzu, TOC-VCPH/CPNTNM-1 analyzer). Total dissolved Phos
phorus (TDP) was measured in 0.5 M NaHCO3 extracts (Olsen et al., 
1954) that have been subjected to alkaline persulfate digestion (Row
land and Haygarth, 1997) using the photometric malachite-green assay 
(D’Angelo et al., 2001). For a detailed description of these methods, see 
Supplementary Materials and Methods. 

2.5. Microbial biomass and stoichiometry 

Soil microbial biomass carbon (MBC), nitrogen (MBN) and phos
phorus (MBP) pools were determined via the chloroform-fumigation 
extraction method (48 h incubation period followed by 1 M KCl 
extraction for MBC and MBN and 0.5 M NaHCO3 extraction for MBP; 
Vance et al., 1987; Brookes et al., 1982), and calculated as the difference 
between fumigated samples and non-fumigated controls and applying 
an extraction conversion factor 0.45 for C and N and 0.4 for P. Due to the 
lack of chloroform in the field, fumigations and extractions were per
formed ten days after sampling. Extracts were analyzed on a Shimadzu 
TOC-VCPH/CPNTNM-1 analyzer. 

2.6. Soil organic matter chemical composition 

We investigated the chemical composition of soil organic matter 
(SOM) using Pyrolysis-Gas Chromatography/Mass Spectrometry (CDS 
Pyroprobe 6200, CDS Analytical coupled to Pegasus BT, LECO) with a 
polar column (SupelcowaxTM 10 Fused Silica Capillary Column, 30 m x 
0.25 mm x 0.25 µm film thickness, Sigma Aldrich), with a high- 
throughput semi-automated approach that is described in more detail 
in the Supplementary Materials and Methods. In short, a reference- 
sample was chosen from the set of samples and manually analyzed it 
for its chromatographic fingerprint. We identified chemical compounds 
using NIST Libraries of Mass Spectrometry (U.S. Department of Com
merce National Institute of Standards and Technology) and compiled a 
library of identified compounds (see Supplementary Compound Library 
File). This library was used for the analysis of the remaining samples via 
automated similarity matching processes implemented in ChromaTOF 
software (version 5.0, LECO), that were followed by manual adjustment- 
and correction-steps. As result, we obtained a presence-absence list of 
compounds plus their corresponding peak areas for all samples and 
blanks. Subsequently, we performed quality measures which included 
the removal of chromatographic “background noise” by discarding 
peaks with a low signal to noise ratio (SN ≥ 2000) and performing a 
blank correction step. We further normalized peak areas to respective 
soil carbon contents and pyrolyzed sample amounts, since those factors 
are known to influence peak area and baseline height. Subsequently, we 
calculated individual compound abundances (µg C mg− 1 soil DW) using 
the assumption that the sum of all compound areas within a sample 
equals its carbon content. As final filtering step, compounds with a lower 
relative abundance of < 0.1 % per sample were excluded, resulting in 
513 individual substances considered for further analyses. 

We assigned all identified substances from the established compound 
library to six SOM compound groups: “aromatics & phenols”, 
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“carbohydrates”, “N-containing compounds”, “lignin-derived com
pounds” and “lipids” (see Supplementary Compound Library File). This 
procedure was supported by extensive literature research or by taking 
their respective molecular structure into account if no literature refer
ence was available. Substances without biomarker characteristics for the 
aforementioned groups, plus substances matching the unique mass 
spectra of a compound without a name reference within our library (e.g., 
“Peak_1”) were merged into the group “compounds of general & un
known origin”. The 513 considered substances were allocated into 25 
“aromatics & phenols”, 25 “carbohydrates”, 16 “N-containing com
pounds”, 2 “lignin-derived compounds”, 6 “lipids” and 439 “general & 
unknown” compounds. 

Due to pronounced differences in C concentrations between indi
vidual samples, we used relative abundances of compounds (after 
filtering out compounds with marginal abundance as described above) 
for the multivariate representation of the SOM fingerprint. Calculated 
compound abundances were used to analyze differential contributions 
of SOM compound groups between treatments. For a more detailed 
description, see Supplementary Materials and Methods. 

2.7. Soil microbial communities − DNA Extraction, amplicon sequencing, 
and digital droplet (dd)PCR 

We extracted microbial DNA from 400 mg FW soil using the 
FastDNA™ SPIN Kit for Soil (MP Biomedicals, Santa Ana, USA) 
following the manufacturers’ instructions with minor modifications for 
cleaning the samples from the RNAlaterTM Stabilization Solution. To 
rule out contamination, we included extraction blanks in subsequent 
quantification and sequencing steps. DNA concentrations were quanti
fied via Quant-iT™ PicoGreen® dsDNA Assay Kit (Thermo Fisher Sci
entific, Waltham, USA). For a more detailed description, see 
Supplementary Materials and Methods. 

Amplicon sequencing and raw data processing was performed at the 
Joint Microbiome Facility of the Medical University of Vienna and the 
University of Vienna (JMF project ID JMF-1903–5) using DNA extracts 
that have been normalized to a concentration of 1.25 ng µl− 1. A two-step 
barcoding approach was used to generate amplicon libraries of archaeal, 
bacterial, and fungal communities using Illumina MiSeq (V3 Kit) in the 
2 x 300 bp configuration (Pjevac et al., 2021). The V4 hypervariable 
region of the 16S rRNA gene was amplified using primer pairs 515F 
(GTGYCAGCMGCCGCGGTAA, Parada et al., 2016) and 806R (GGAC
TACNVGGGTWTCTAAT, Apprill et al., 2015). The fungal ITS1 region 
was amplified using primer pairs ITS1F (CTTGGTCATTTA
GAGGAAGTAA, Smith and Peay, 2014) and ITS2 
(GCTGCGTTCTTCATCGATGC, White et al., 1990). Details on the 
amplification conditions are presented in the Supplementary Materials 
and Methods. Amplicon pools were extracted from the raw sequencing 
data using the FASTQ workflow in BaseSpace (Illumina) with default 
parameters. Demultiplexing was performed with the python package 
demultiplex (Laros JFJ, github.com/jfjlaros/demultiplex) allowing one 
mismatch for barcodes and two mismatches for linkers and primers 
(Pjevac et al., 2021). Amplicon sequence variants (ASVs) were inferred 
using the DADA2 R package applying the recommended workflow 
(Callahan et al., 2016a,b). FASTQ reads 1 and 2 were trimmed at 150 nt 
with allowed expected errors of 2 (16S rRNA gene) and 230 nt with 
allowed expected errors of 4 and 6 (ITS1 region), respectively. For 16S 
rRNA gene data, ASV sequences were subsequently classified using SINA 
version 1.6.1 (Pruesse et al., 2012) and the SILVA database SSU Ref NR 
99 release 138.1 (Quast et al., 2013) using default parameters. Fungal 
ASVs were subsequently classified using DADA2 and the UNITE all eu
karyotes general FASTA release version 8.2 (Abarenkov et al., 2020) 
using default parameters. Datasets were deposited in the NCBI Sequence 
Read Archive under BioProject accession number PRJNA1031541. 

Subsequently, we improved the quality of the datasets via removing 
the sequences obtained in DNA extraction blanks plus all non-archaeal, 
− bacterial or − fungal sequences. Further, we further filtered out rare 

ASVs with a relative abundance < 0.1 % (bacteria and archaea) or <
0.25 % (fungi) respectively, and finally obtained 1068 bacterial and 
archaeal, and 190 fungal ASVs. 

Digital droplet PCR (ddPCR) was performed to quantify 16S rRNA 
genes and ITS1 regions with the same primers used for sequencing. Each 
ddPCR reaction had a volume of 22 µL and consisted of 1x QX200 ddPCR 
EvaGreen Supermix (BioRad), 0.1 µmol/L of each primer and either 0.1 
ng or 0.5 ng of template for the quantification of 16S rRNA genes or ITS1 
regions, respectively. Droplets were generated on a QX200TM Droplet 
Generator (BioRad) and immediately subjected to PCR amplification. 
Details on the amplification conditions are presented in the Supple
mentary Materials and Methods. PCR products in droplets were kept at 
4 ◦C for at least one hour to increase their separation before their fluo
rescence intensity was measured on a QX200 Droplet Reader (BioRad). 
Gene copy numbers were calculated using the QuantaSoft (BioRad) 
software where thresholds between positive and negative droplet pop
ulations were set consistently for each sample using the histogram as a 
guide. Final ddPCR results were expressed as gene copy number per 
gram of soil dry weight (DW). 

Abundances of individual taxa (gene copy number corrected reads 
g− 1 DW) were calculated by multiplying the 16S rRNA or ITS gene copy 
numbers measured in ddPCR assays with the respective relative abun
dances derived from the unfiltered amplicon sequencing datasets. For a 
standardization in a comparable way to the relative abundance data 
filtering, we discarded ASVs accounting for < 0.1 % (bacteria and 
archaea) and < 0.25 % (fungi) of the total gene copy corrected reads per 
sample. As only five ASVs were identified to belong to the domain of 
archaea, representing only 0.025 % of all gene copy number corrected 
reads from the entire dataset, we decided to use the simplified term 
‘bacterial community composition’ throughout the manuscript. 

The assessed α-diversity parameters included richness (number of 
observed ASVs), and diversity (Inverse Simpson Index). Due to pro
nounced differences in the number of obtained reads per sample, and to 
avoid discarding the majority of obtained sequences, we decided against 
rarefaction but used the respective unfiltered count (reads) datasets. We 
used relative abundances of bacterial and fungal taxa (after exclusion of 
rare ASVs as described above) for β-diversity analyses since individual 
samples differed substantially in their microbial biomass. While we 
performed a normalization of the library size using the geometric mean 
of pairwise ratios (gmpr) to account for zero-inflated count data (Chen 
et al., 2018) for the bacterial dataset, the data structure of the fungal 
dataset did not allow the application of this standardization method. 
ddPCR-derived abundance data of individual phylogenetic groups were 
used to explore quantitative differences between the treatments. For a 
detailed description of these methods, see Supplementary Materials and 
Methods. 

2.8. Soil microbial extracellular enzymatic activity, growth, and 
respiration 

We measured the potential extracellular activities of the four hy
drolytic enzymes betaglucosidase, exochitinase (N-acetyl-β-glucosami
nidase), protease (leucine-aminopeptidase) and acid phosphatase, 
following microplate fluorometric assays as described in (Canarini et al., 
2021). Microbial growth- and respiration-rates were determined under 
ambient temperatures in the field directly after sampling. Respiration 
rates were measured on 400 mg fresh soil subsamples and calculated as 
the difference in CO2 concentration after the incubation period of 26 h. 
Gas samples were analyzed on a Trace GC Ultra (ThermoFischer, Wal
tham, USA). Community level gross growth rates were determined on 
the same samples following a stable isotope method that is based on the 
incorporation of 18O from labelled water into microbial DNA as 
described earlier (Spohn et al., 2016; Walker et al., 2018). 18O-incubated 
soils were amended with 1 ml RNAlaterTM Stabilization Solution 
(ThermoFisher Scientific), stored cool in the field and at − 80 ◦C in the 
laboratory in Vienna until DNA extraction. We calculated microbial 
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mass-specific respiration- and growth-rates by relating the gross rates to 
the microbial biomass carbon concentrations obtained by chloroform 
fumigation extraction. For a more detailed description, see Supple
mentary Materials and Methods. 

2.9. Statistical analyses and data visualization 

All analyses were performed in R studio Version 4.1.2 (R Core Team, 
2017, version 4.1.2). Significances of relationships were tested against a 
p < 0.05 threshold. Severe outliers from the variability of the entire 
dataset were identified via Grubb’s test (extreme studentized deviant 
method) (function grubbs.test() within package outliers (Komsta, 2011)) 
and excluded them from further analyses. 

For all obtained univariate variables, we applied linear-mixed-effects 
models (lmes) to test the fixed effects of ‘sampling site’ and ‘soil cover 
type’ and their interaction, while also accounting for the random effect 
by the replicate sampling block within each site (model <- lmer(vari
able ~ soil cover * site + (1|samplingblock:site). Samples collected 
under moss- and biocrust-cover within the same replicate sampling 
block were treated as dependent samples. We used the packages: lme4 
(Bates et al., 2015), lmerTest (Kuznetsova et al., 2017), emmeans (Lenth 
et al., 2022), and car (Fox, 2019). Model results were inspected with the 
anova() function. We used post hoc tests (adjust=’tukey’) to investigate 
pairwise differences between soil cover types (emmeans(model, pair
wise ~ soil cover|site, adjust=’tukey’) and sites respectively emmeans 
(model, pairwise ~ site|soil cover, adjust=’tukey’)). 

We checked for homogeneity of variances and normality of residuals 
by inspecting frequency histograms, boxplots of residuals, QQ-plots and 
via Shapiro and Levene tests for the model residuals. If model assump
tions were not met, we applied log or sqrt transformations. In case of no 
agreement after transformation, we performed pairwise non-parametric 
two-sided Wilcox tests (function wilcox.test()) for the two factors ‘soil 
cover’ and ‘site’ and used respective subsetted datasets for the investi
gation of differences between (a) different soil cover types within the 
same site and (b) the difference between the sites for the same type of 
soil cover. 

The phyloseq package (McMurdie and Holmes, 2013) was employed 
for handling the multivariate datasets on SOM chemical composition 
and amplicon sequencing. For multivariate visualizations, we performed 
Principal Coordinates Analyses (PCoAs) using the function ‘ordinate ()’. 
To explore differences between the soil cover types and the two sites, we 
first calculated Bray-Curtis dissimilarity matrices with the function 
phyloseq::distance(phyloseq.object, method = “bray”). Subsequently, 
we performed permutational analysis of variance (permanova) with the 
‘adonis()’ function (999 permutations) implemented in vegan (version 
2.5–7, Oksanen et al., 2020) and checked for homogenous dispersal of 

the groups using the betadisper() function (999 permutations). Pairwise 
multilevel comparisons were performed using the paiwise.adonis() 
function (999 permutations, p.adjust.m=’bonferroni)’. 

Plots were generated using ggplot2 (Wickham, 2016), and partly 
edited using Inkscape version 0.92.4 (Inkscape, 2020). 

3. Results 

3.1. Physicochemical soil parameters and stoichiometry 

Soil cover specific effects were visible in soil stoichiometry with 
higher C:N and lower N:P ratios under mosses than under biocrusts 
(Table 1). This observation was likely linked to the reduced soil N 
contents that were found under mosses. 

Several soil parameters exhibited site specific differences (Table 1). 
In Telephone Bay, soil texture was characterized by higher silt content 
and pH was higher than in Fumarole Bay, where soils were more sandy. 
Fumarole Bay was further characterized by an almost twice as high soil P 
pool, and a tendency for higher soil C and N contents. Soil δ15N values 
were higher, hinting towards greater ecosystem N losses and hence a 
comparatively more open N cycle at this site. 

In general, both sites showed indications for poorly developed soils. 
These included relatively low clay contents of around 3 % accompanied 
by a high proportion of coarse fragments, such as small stones and sand 
particles, and the absence of distinct soil horizons. Further, soil C:N and 
P:N ratios were high (Table 1). 

3.2. Microbial biomass and stoichiometry 

Microbial biomass was higher in soils under biocrusts than under 
mosses (Table 2). Altogether, the patterns of microbial biomass-C, − N, 
and − P were very similar to each other. We noted the on average highest 
values under biocrusts in Fumarole Bay, lowest values under mosses in 
Fumarole Bay, and intermediate values in Telephone Bay. The fact that 
differences in soil microbial biomass between soil cover types were more 
pronounced in Fumarole Bay than in Telephone Bay caused an inter
active effect with sampling site. Bacterial and fungal gene copy numbers 
per gram dry soil used as additional biomass proxy confirmed a 
consistent pattern to the biomass estimates obtained by chloroform 
fumigation extraction method (Table 2). 

The type of soil cover also affected microbial stoichiometry, as mi
crobial biomass C:P and N:P ratios were significantly lower under 
mosses than under biocrusts (Table 2). Microbial C:N ratios were how
ever unaffected, presumably due to homeostatic behavior. 

Table 1 
Soil pools and stoichiometry. Presented are means ± standard errors (n = 4). Exceptions with (n = 3) are depicted with (◦). Soil texture (sand, silt, and clay content 
[%]) was analyzed in one composite soil sample per sampling site (*). P-values of linear mixed effects (lme) model ANOVA results or Wilcox tests are stated with 
respective (F-) and (w-) test statistics in parenthesis. In case of Wilcox tests, no test results for the interactive effect between site and soil cover are available (N.A.).   

Fumarole Bay Telephone Bay Soil Cover effect Site effect Site x Soil cover effect  

Moss Crust Moss Crust 

pH 5.36 ± 0.18 5.49 ± 0.29 6.14 ± 0.09 (◦) 5.95 ± 0.08 p = 0.991 (2e-4) p = 0.051 (5.87) p = 0.232 (1.82) 
Sand [%] 78.75 (*) 60.66 (*)    
Silt [%] 18.16 (*) 36.29 (*)    
Clay [%] 3.09 (*) 3.05 (*)    
Soil C [mg g− 1 DW] 13.39 ± 2.35 17.87 ± 3.37 10.88 ± 1.34 (◦) 10.10 ± 0.29 p = 0.365 (0.96) p = 0.090 (4.03) p = 0.229 (1.80) 
Soil N [mg g− 1 DW] 0.69 ± 0.26 1.32 ± 0.28 0.36 ± 0.05 (◦) 0.60 ± 0.09 p ¼ 0.025 (9.92) p = 0.071 (7.54) p = 0.376 (0.94) 
Soil P [mg g− 1 DW] 0.39 ± 0.01 0.39 ± 0.04 0.21 ± 0.02 (◦) 0.21 ± 0.01 p = 0.774 (0.09) p ¼ 9.96 e-5 (77.2) p = 0.804 (0.07) 
Soil C/N (molar) 17.77 ± 1.70 (◦) 14.09 ± 0.93 30.28 ± 0.54 (◦) 17.77 ± 2.22 p ¼ 6.4 e-4 (23.83) p ¼ 6.4 e-4 (23.85) p ¼ 0.024 (7.09) 
Soil N/P (molar) 1.73 ± 0.65 3.36 ± 0.66 1.68 ± 0.11 (◦) 2.82 ± 0.36 p ¼ 0.003 (27.43) p = 0.645 (0.23) p = 0.473 (0.60) 
DOC [µg/g DW] 9.66 ± 3.89 25.79 ± 2.29 (◦) 22.59 ± 1.68 20.06 ± 2.93 p ¼ 0.031 (9.13) p = 0.288 (1.39) p ¼ 0.009 (18.30) 
TDN [µg/g DW] 2.06 ± 0.36 4.17 ± 1.03 1.43 ± 0.54 1.70 ± 0.77 p = 0.316 (1.09) p = 0.055 (4.52) p = 0.416 (0.71) 
TDP [µg/g DW] 13.43 ± 2.92 9.06 ± 0.63 3.04 ± 0.08 3.29 ± 0.24 p = 0.174 (2.38) p ¼ 0.003 (24.03) p = 0.134 (3.00) 
Soil δ13C [‰ VDB] − 25.86 ± 0.10 − 26.14 ± 0.04 − 25.76 ± 0.05 (◦) − 24.97 ± 0.39 p = 0.613 (w = 23) p ¼ 0.014 (w ¼ 7) N.A. 
Soil δ15N [‰ VDB] 8.46 ± 0.53 5.65 ± 1.31 1.20 ± 0.13 (◦) 0.68 ± 0.29 p = 0.152 (w = 15) p = 3.1 e-4 (w = 56) N.A.  
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3.3. Soil organic matter (SOM) composition 

The pyrolysis – GC/MS biomarker fingerprinting approach revealed 
a significant difference in the structural SOM composition between soils 
covered by mosses and biological soil crusts (Fig. 1). The comparison of 
soil organic matter pools between Fumarole Bay and Telephone Bay 
indicated exceedingly similar fingerprints under the biocrusts, while a 
higher, yet not significant degree of variability in the chemical compo
sition was observed under the two moss species. 

Soils under biological soil crusts showed significantly higher abso
lute abundances of carbohydrates, lipids, and N-containing compounds 
and tended to have more aromatics and phenols than soils under mosses 
(see Supplementary Figure S1). In contrast, the type of soil cover did not 
affect the absolute abundance of general and unknown compounds 
(moss: 8.38 ± 0.57; crust: 7.35 ± 1.15 mg C g− 1 DW M ± SE; lme: F =
0.67, p = 0.430; data not shown). 

Carbohydrates and aromatics and phenols had the highest relative 
contribution to the SOM pools after general and unknown compounds, 
which represented the largest fraction in all soils (moss: 71.7 ± 5.6; 
crust: 53.0 ± 3.3 %; M ± SE). Carbohydrates and aromatics and phenols 
were similarly abundant under moss cover in relative terms (carbohy
drates: 11.0 ± 3.2; aromatics & phenols: 12.7 ± 1.5 %; M ± SE), but 
under biocrusts, carbohydrates contributed on average 6 % more to the 
respective SOM pool than aromatics and phenols (carbohydrates: 22.5 
± 2.3; aromatics & phenols: 16.5 ± 0.9 %; M ± SE). 

3.4. Soil bacterial community composition 

Principal Coordinates Analysis displayed that the soil bacterial 
community composition differed predominantly by sampling site 
(Figure 2a). With respect to the effects of soil cover type, bacterial 
communities were clearly distinct in Fumarole Bay, while they showed a 

Table 2 
Microbial pools and stoichiometry. Presented are means ± standard errors (n = 4). Exceptions with (n = 3) are depicted with (◦). P-values of linear mixed effects (lme) 
model ANOVA results are stated with respective (F-) test statistics in parenthesis.   

Fumarole Bay Telephone Bay Soil Cover effect Site effect Site x Soil cover 
effect  

Moss Crust Moss Crust 

MBC [µg/g DW soil] 181.0 ±
35.0 

1374.8 ± 248.8 
(◦) 

975.1 ±
277.6 

1232.2 ±
165.5 

p ¼ 0.003 (23.56) p = 0.220 (1.85) p ¼ 0.021 (9.90) 

MBN [µg/g DW soil] 20.6 ± 6.3 173.4 ± 28.7 (◦) 99.5 ± 26.9 140.8 ± 21.2 p ¼ 4.90 e-4 

(52.68) 
p = 0.416 (0.76) p ¼ 0.007 (17.28) 

MBP [µg/g DW soil] 4.6 ± 0.9 12.3 ± 1.7 (◦) 5.5 ± 0.6 6.9 ± 1.9 p ¼ 0.005 (23.16) p = 0.404 (0.81) p ¼ 0.020 (11.37) 
microbial C/N (molar) 11.4 ± 2.9 8.5 ± 0.9 9.7 ± 0.4 9.6 ± 2.4 p = 0.450 (0.61) p = 0.885 (0.02) p = 0.498 (0.49) 
microbial C/P (molar) 50.2 ± 21.3 112.6 ± 7.9 170.9 ± 29.3 207.0 ± 45.0 p ¼ 0.020 (7.19) p ¼ 9.0 e-4 (19.14) p = 0.077 (3.75) 
microbial N/P (molar) 4.7 ± 1.4 13.5 ± 0.8 17.5 ± 2.7 23.0 ± 4.3 p ¼ 0.019 (7.30) p ¼ 0.001 (17.65) p = 0.562 (0.36) 
Bacterial & archaeal gene 

copies 
[g− 1 DW soil]  

2.34 e+8 

± 7.93 e+7 
1.26 e+9 

± 2.91 e+8 
4.03 e+8 

± 5.52 e+7 
4.06 e+8 

± 1.43 e+8 
p ¼ 0.013 (8.52) p = 0.438 (0.64) p ¼ 0.006 (11.04) 

fungal gene copies 
[g− 1 DW soil]  

1.67 e+6 

± 6.65 e+5 
4.28 e+7 

± 1.27 e+7 
4.46 e+6 

± 1.52 e+6 
1.42 e+7 

± 5.63 e+6 
p = 0.001 (18.46) p = 0.990 (2 e-4) p = 0.044 (5.05)  

Fig. 1. Soil organic matter composition determined via Pyrolysis − GC/MS biomarker fingerprinting. Principal Coordinates Analysis (PCoA) depicting dissimilarity 
in relative abundances of 513 considered compounds. Represented are means ± standard deviations of respective treatment groups (n = 4), except for Telephone Bay 
Moss (n = 3). Results of Permutational analysis of variance stated top right. PERMANOVA: Soil cover effect: p = 0.005 (F = 2.89), Site effect: p = 0.210 (F = 1.20), Soil 
cover x Site effect: p = 0.154 (F = 1.31). Soils under mosses are shown in green, soils under biocrusts are shown in brown. Samples collected in Fumarole Bay are 
depicted in triangles, samples collected in Telephone Bay are shown in squares. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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high level of similarity in Telephone Bay. This observation was also 
reflected in bacterial alpha diversity measures. In Fumarole Bay, we 
observed the on average highest bacterial richness (number of observed 
ASVs) and alpha diversity (inverse Simpson Index) under biocrusts 
(Supplementary Table S3), whereas the respective lowest values were 
noted under moss cover, a finding that corresponds to the observed 
microbial biomass pattern. Roughly 250 ASVs less were found under 
Polytrichastrum alpinum than under the respective biocrust at this site. 

Out of the total number of 1068 bacterial ASVs, only eight were 
shared among all samples, and 131 were shared among the four treat
ment groups. 111 ASVs occurred uniquely under Sanionia unicinata, 155 
under Polytrichastrum alpinum, 86 under biocrusts in Telephone Bay, and 
129 under biocrusts in Fumarole Bay, corresponding to 10 %, 8 %, 12 %, 
and 15 % of all taxa in the dataset, respectively. (Supplementary Figure 
S2a). Only five ASVs belonged to the domain of archaea, with all se
quences found in soils under Polytrichastrum alpinum. 

Calculating amplicon sequencing data to gene copy number cor
rected reads per gram dry soil allowed us to estimate absolute abun
dances of individual bacterial groups. Bacterial phylum abundance data 
and respective linear mixed effects model results are shown in Supple
mentary Table S2. The phyla Bacteroidota, Actinobacteriota, Proteo
bacteria, Verrucomicrobiota and Acidobacteriota were the five most 
abundant ones in all four treatment groups. Desulfobacterota were 
additionally very abundant under Polytrichastrum alpinum. In concor
dance with the observed microbial biomass pattern, many bacterial 
phyla occurred in highest abundances under biocrusts in Fumarole Bay. 
Cyanobacteria were most abundant under biological soil crusts, partly 
present under Sanionia unicinata, but not present at all under Poly
trichastrum alpinum. 

3.5. Soil fungal community composition 

The soil fungal community composition showed striking interactive 
effects between soil cover type and sampling site, with the communities 
under Polytrichastrum alpinum being clearly distinct from all other 
communities (Figure 2b). Hence, the difference between fungal com
munities under moss versus biocrust cover was very pronounced in 
Fumarole Bay, but only minor in Telephone Bay. Further, it resulted in 
the fungal communities under the two moss species being also more 
different to each other than those below biocrusts. 

Neither sampling site, nor the soil cover type influenced the number 

of observed fungal taxa or α-diversity (Supplementary Table S4). Of the 
190 fungal ASVs, over 80 % were specific to either one of the four 
investigated treatment groups (Supplementary Figure S2b). Soils under 
Polytrichastrum alpinum had the largest share, harboring 76 unique 
fungal taxa. Only two ASVs were shared among all treatment groups. 

The three most abundant fungal phyla in the dataset were Ascomy
cota, Basidiomycota and Mortierellomycota (Supplementary Table S2). 
Nonetheless, taxa that are unknown on the phylum level accounted for 
one third (32.6 %) of all obtained gene copy number corrected reads in 
the dataset and were found in greater abundances under biocrusts than 
under mosses (Supplementary Table S3). The phyla Glomeromycota, 
Rozellomycota, and Zoopagomyccota were solely detected in soils under 
Polytrichastrum alpinum. 

3.6. Soil microbial respiration, growth, and enzymatic activity 

For investigating the effects of differential soil cover on soil micro
bial activity, we normalized the presented respiration- and growth-rates, 
and the potential enzymatic activities with respect to their microbial 
biomass, as treatment groups varied substantially in this factor. 

Microbial biomass-specific respiration rates (Fig. 3a) and biomass- 
specific enzyme activities involved in N and P cycling (Fig. 4b, c, d) 
were higher under mosses than under biocrusts. For biomass-specific 
growth rates (Fig. 3b), we found interactive effects between soil cover 
type and sampling site. High growth rates under biocrusts in Telephone 
Bay were in strong contrast to low rates under biocrusts in Fumarole Bay 
(emmeans pairwise test: p = 0.087, t = -2.01), while those under the two 
investigated moss species were similar (emmeans pairwise test: p =
0.420, t = -0.86). Hence, an effect of soil cover was only visible in 
Fumarole Bay (emmeans pairwise test: p = 0.073, t = -2.26) but not in 
Telephone Bay (emmeans pairwise test: p = 0.373, t = 0.98). 

We detected site-specific effects for the microbial biomass-specific 
activities of C- and N- cycling enzymes. In soils of Fumarole Bay, the 
biomass-corrected β-glucosidase-, exochitinase-, and leucine amino
peptidase – rates exceeded those observed in Telephone Bay (Fig. 4 a, b, 
c). 

4. Discussion 

Our study is among the first to comparatively assess the influence of 
the two dominant forms of biological soil cover on subjacent soils in 

Fig. 2. Soil microbial community composition visualized via Principal Coordinates Analysis (PCoA). Shown are means ± standard deviations of the respective 
treatment groups (n = 4) and respective Permutational analysis of variance results. (a) Bacterial community composition determined via 16S rRNA amplicon 
sequencing. Depicted are differences in the relative abundance of 1068 considered taxa after excluding ASVs with < 0.1 % relative abundance. PERMANOVA: Soil 
cover effect: p = 0.007 (F = 2.12), Site effect: p = 0.001 (F = 3.75), Soil cover x Site effect: p = 0.03 (F = 2.28) (b) fungal community composition determined via ITS 
1 region amplicon sequencing showing differences in the relative abundance of 190 considered taxa after excluding ASVs with < 0.25 % relative abundance. 
PERMANOVA: Soil cover effect: p = 0.054 (F = 1.35), Site effect: p = 0.011 (F = 1.67), Soil cover x Site effect: p = 0.013 (F = 1.65). Soils under mosses are shown in 
green, soils under biocrusts are shown in brown. Samples collected in Fumarole Bay are depicted in triangles, samples collected in Telephone Bay are shown in 
squares. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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maritime Antarctica. We here provide evidence that numerous biolog
ical, chemical, and physical soil characteristics differ substantially under 
moss and biocrust cover, including nutrient concentrations and stoi
chiometry, SOM composition, microbial biomass, and community 
composition, as well as biomass-specific respiration rates and potential 
enzyme activities. Our data suggests that different types of biological 

soil cover have the potential to modify their immediate soil environment 
in different ways with possible repercussions for the functioning of 
subjacent soil microbial communities, biogeochemical cycling, and soil 
development. The soil characteristics in turn can also affect the soil 
cover. Further, we argue that the identity of the two investigated moss 
species exerted contributory impacts in addition. Species-specific traits 

Fig. 3. (a) Microbial biomass specific respiration rates (mg C g-1 MBC h− 1) and (b) microbial biomass specific growth rates (mg C g− 1 MBC h− 1). Respective ANOVA 
results from the linear mixed effect models (lme) are stated below each panel. Soils under mosses are shown in green, soils under biocrusts are shown in brown (n = 4, 
except for Biomass Specific Growth:Telephone Bay Crust n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 4. Potential extracellular enzymatic activities of four key enzymes involved in C-, N-, and P- cycling normalized to microbial biomass carbon (nmol substrate 
mg− 1 MBC h− 1) (a) β-Glucosidase (b) Exochitinase (c) Leucine Aminopeptidase (d) Acid Phosphatase. ANOVA results of linear mixed effect models (LME) are stated 
below each panel. Soils under moss soil cover are shown in green, soils under biocrusts are shown in brown (n = 4, except for Exochitinase: Fumarole Bay Moss n = 3). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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might have been responsible for the frequently observed interactive 
effects between soil cover type and sampling site, e.g., in the case of the 
composition of soil microbial communities. Even some site-specific ef
fects might have been accompanied or partly caused by confounding 
effects of moss identity. Particularly in the context of bacterial and 
fungal community composition, microbial biomass specific growth, and 
enzymatic rates, we suggest that Polytrichastrum alpinum exerted stron
ger direct and indirect effects on subjacent soils than Sanionia unicinata, 
due to its specific traits (i.e., larger plant biomass per unit of soil surface, 
and the occurrence of rhizoids). We hence advert that mosses should not 
be considered as a uniform group regarding their impacts on below
ground functioning. 

Compared to other cold ecosystems such as for example the Arctic 
tundra, soil C- and N-contents were low to moderate for topsoils 
(Table 1), which is a commonly recognized feature of Antarctica’s little 
developed ice-free soils (Bockheim and Haus, 2014; Bokhorst et al., 
2007). Due to their young age and the prevailing harsh conditions, these 
soils have received comparatively little inputs of organic matter and are 
hence poorly stratified and characterized by a high proportion of coarse 
skeletal fractions (Bölter, 2011). This underpins the great importance of 
biological soil covers as main contributors of soil organic matter buildup 
and hence for soil development in this ecosystem (Benavent-González 
et al., 2018). Whereas soil C- and P- contents did not differ under the two 
types of soil cover, soils under biocrusts were characterized by a higher 
soil N content. The observation was also reflected in lower soil C:N and 
higher soil N:P ratios under biocrusts than under mosses (Table 1). In 
contrast to soil C:N ratios of about 18–30 under the mosses that reflected 
inputs of the plant tissue, C:N ratios of around 14–17 under biocrusts 
indicated a greater contribution of microbial biomass (Mooshammer 
et al., 2014). We suggest that the relatively larger pool of soil N under 
biocrusts is most likely connected to the occurrence of diazotrophic 
cyanobacteria (Weber et al., 2022) or other potentially N2-fixing bac
teria in the crust consortium, and to the overall higher abundance of soil 
microbial biomass (− N). Another, yet minor effect that might have also 
contributed to the observed differences in N availability between the soil 
covers could be the comparatively more efficient N-sequestration and 
retention in mosses (Ayres et al., 2006). In this oligotrophic environment 
where the growth period is very short, the quick and efficient seques
tration of available nutrients might be a beneficial strategy for bryo
phytes (Rousk et al., 2016). Even though mosses were traditionally 
assumed to only have limited access to soil nutrients due to the lack of 
roots and a vascular system, evidence emerged that certain endohydric 
mosses are capable of N-uptake from the soil (Ayres et al., 2006). 
Finally, the higher soil N contents under biocrusts might also reflect 
slower microbial N-cycling rates or less N losses (Benavent-González 
et al., 2018). Altogether, our results indicate that soil microbial com
munities under moss cover may have less N available than under bio
crusts, but instead experience higher substrate inputs in form of moss 
litter or leachates, with a presumably high C:N ratio. 

Soil microbial biomass was lower under moss- than under biocrust- 
cover, yet with comparatively more pronounced differences in Fuma
role Bay than in Telephone Bay (Table 2). We acknowledge, that minor 
contributions of biomass deriving from the overlaying biocrust consortia 
to the extracted subjacent soil microbial biomass pool might be possible, 
but we mainly ascribe the observation to an interplay of various factors. 
First, differences in litter quality and quantity, as suggested by the 
observed difference in soil stoichiometry and SOM fingerprints between 
soils under mosses versus biocrusts, are known to strongly control soil 
microbial communities (Cleveland et al., 2014). Second, as also indi
cated in our study by lower soil N- contents under biocrusts and higher 
activities of N-scavenging enzymes under mosses, microbial commu
nities might be more prone to experience shortcomings of growth- 
limiting nutrients under moss cover than under biocrusts. Certain 
moss groups, such as the endohydric Polytrichaceae might be able to 
limit the growth of the soil microbial biomass pool by a comparatively 
more efficient sequestration of soil N. Third, microbial communities 

under mosses might experience increased top-down pressure by a more 
developed soil faunal community (Davis, 1981; Kinchin, 1990,1989), 
leading to a smaller microbial biomass pool with a higher turnover rate. 
Last, the two investigated moss species can generate chemically diverse 
and bioactive metabolites (Duan et al., 2021). Cytotoxic and growth- 
inhibiting substances, such as benzophenones, flavonoids, cinnamoyl 
and coumarin glucosides (Bhattarai et al., 2009; Duan et al., 2021; Seo 
et al., 2008) might have accumulated in the subjacent soil matrix. The 
fact that the differences between biocrust versus moss cover were 
stronger pronounced in Fumarole Bay, might relate to specific charac
teristics of the moss Polytrichastrum alpinum, such as e.g., its greater 
biomass, litter mass and the occurrence of rhizoids. 

Soil cover was the main factor determining SOM composition. We 
detected qualitative differences in terms of the occurring substances 
(Fig. 1), but also quantitative differences in four major compound 
classes (Supplementary Figure S1), suggesting distinct organic matter 
inputs by mosses and biocrusts that translate to the subjacent SOM 
compound pool. However, the SOM fingerprint also suggested that the 
chemical composition of SOM was more different to one another under 
the two moss species, than it was under the respective crusts. Hence, also 
moss-species-specific traits that shape the quality of litter, such as rhi
zoids or cuticular waxes, may be central drivers of the SOM pool 
composition. 

The fact that neither bryophytes (Turetsky, 2003) nor biocrusts 
(Erdtman, 1972) can synthesize lignin, might explain why only two 
lignin-derived compounds were identified in two soil samples, and in 
exceptionally low abundance (<1 % of the samples’ soil C content 
respectively). Possible sources of lignin derivates in soils of our study 
may include OM inputs by grasses, marine algae (Martone et al., 2009), 
bird guano or human activity (Held and Blanchette, 2017). Neverthe
less, carbohydrates, aromatic and phenolic substances, N-containing 
compounds, and lipids occurred in notably bigger quantities and were 
more abundant in soils under biocrusts than under mosses. For protec
tion and better coherence and integrity of the biocrust, cyanobacteria 
and other microbes synthesize extracellular polymeric substances (EPS) 
(Belnap et al., 2001; Belnap and Lange, 2001; Philippot et al., 2024), 
consisting of substantial proportions of carbohydrates, proteins, lipids, 
and other polymers like extracellular DNA (Flemming, 2016; Jung et al., 
2018). Soil algae excrete mucilage in an analogous manner (Broady, 
1979; Metting, 1981) and can accumulate a variety of fatty acids, lipids, 
oils, sterols, and hydrocarbons within their cells (Borowitzka, 1995; 
Rybalka et al., 2023). Phenolic compounds are important biochemical 
characteristics of lichens (Shukla et al., 2010) and possibly accumulate 
in the soil upon the decay of biocrusts (Benavent-González et al., 2018). 
Finally, soils under biocrusts were not only characterized by a higher 
absolute abundance of all major SOM compound classes, but also had a 
higher relative contribution of carbohydrates to their SOM pool. Pre
ceding desiccation, many biocrust organisms accumulate high concen
trations of soluble carbohydrates that help them keeping the structure 
and functioning of membranes and macromolecules in the cytoplasm 
intact (Elster, 2004; Pushkareva et al., 2016). Together with the known 
positive effects of biocrusts on soil aggregation (Weber et al., 2022), 
such higher contribution of carbohydrates might indicate a higher po
tential for OM storage or faster soil development, than under moss 
cover. 

We provided quantitative and qualitative insights into the soil mi
crobial communities found under biocrusts and mosses in maritime 
Antarctica. The most abundant bacterial phyla (Acidobacteria, Actino
bacteria, Protebacteria, Bacteroidota, Verrucomicrobiota and Cyano
bacteria) and fungal phyla (Ascomycota, Basidiomycota and 
Mortierellomycota) in our dataset were also denoted dominant in 
Antarctica by other studies (Boyd et al., 2013; da Silva et al., 2022; 
Doytchinov and Dimov, 2022). Antarctic soils are thought to harbor a 
relatively low bacterial diversity (Ji et al., 2022) and in concordance, 
also a low archaeal abundance and diversity is repeatedly recorded 
(Ayton et al., 2010; Cowan et al., 2014; Dragone et al., 2022; Richter 
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et al., 2014). The contribution of archaea to our dataset was also mar
ginal. Only five out of the more than 1000 considered ASVs obtained 
from 16S rRNA amplicon sequencing belonged to this domain. Our 
dataset comprised 216 fungal ASVs, fitting to the range of 100 – 350 taxa 
reported for Deception Island (Baeza et al., 2017; Held and Blanchette, 
2017; Rosa et al., 2020). The high proportion of fungal taxa unknown at 
phylum level in our dataset reflects the circumstance that only about 
1,000 taxa of fungi are currently described for Antarctica and that fungal 
diversity is less well documented in Antarctic soils than in other 
geographical regions (Bridge and Spooner, 2012; da Silva et al., 2020). 
We presume that several of these fungal taxa might live in symbiosis 
with green algae or cyanobacteria, forming lichen. Indeed, a diverse 
algal community had been documented for the soils of Deception Island 
(Câmara et al., 2021), but despite their importance for this ecosystem, 
generally even less data seems available on Antarctic edaphic algae 
(Pushkareva et al., 2016; Rybalka et al., 2023). 

The soil bacterial community composition was mainly determined by 
sampling site (Figure 2a). This presumably relates to the sites’ history, or 
local climatic or edaphic conditions (Opelt et al., 2007), such as e.g., the 
observed difference in soil pH. However, also the identity of the moss 
species might play an additional direct or indirect role in shaping sub
jacent microbial communities (Bach et al., 2009). For example, we 
detected substantial numbers of bacterial and archaeal taxa that were 
unique under Polytrichastrum alpinum and Sanionia unicianata respec
tively (Supplementary Figure S2a), and even several phyla (Fibro
bacterota, Nitrospirota, Candidatus Sumerlaeota, Candidatus 
Thermoplasmatota, Nanoarchaeota FCPU426, RCP2-54) were exclusive 
for either one species. The cyanobacterial family Nostocaceae depicts 
another example of a moss-species specific microbial group. Cyano
bacteria inhabit almost all terrestrial habitats (Makhalanyane et al., 
2015), but particularly their association with mosses is widely recog
nized and studied (Rousk et al., 2013; Warshan et al., 2017). As such, 
Nostocaceae certainly belong to the most studied groups. So far, mem
bers of this family have solely been recorded epiphytically on feather 
mosses (Benavent-González et al., 2018; DeLuca et al., 2002), but not 
with other moss groups. This fact might explain their absence under 
Polytrichastrum alpinum, while cyanobacterial DNA was likely intro
duced to the subjacent soil matrix via litter from Sanionia unicinata. The 
effects of soil cover on bacterial communities were also mainly associ
ated with the phylum cyanobacteria. As key group of the biocrust con
sortium (Belnap et al., 2001), their DNA occurred also in higher 
abundance in soils under biocrusts than under the mosses (Supple
mentary Table S1). Once more, an important role was taken by the 
filamentous Nostocaceae, which are known to dominate Antarctic bio
crusts (Büdel and Colesie, 2014). The soil fungal community composi
tion was dominated by the distinct fingerprint found under 
Polytrichastrum alpinum (Figure 2b), as also indicated by the largest 
number of unique taxa (Supplementary Figure S2b). One of the three 
phyla exclusively occurring under this species were Glomeromycota 
(Supplementary Table S2), which can form arbuscular mycorrhizal as
sociations with bryophytes (Brundrett and Tedersoo, 2018). 

Moss-associated bacterial (Navarro-Noya et al., 2014; Tveit et al., 
2020) and fungal (Davey et al., 2012; Kauserud et al., 2008) commu
nities can be strongly host-specific. However, this effect might not only 
be connected to direct species-specific interactions between microbial 
taxa and the moss but could also be due to specific microclimate- and 
nutrient-conditions that are formed by the plant (Jonsson et al., 2015). 
For our study, we suggest that differences in key characteristics between 
the two moss species i.e., the higher water retention capacity (Benavent- 
González et al., 2018) and the occurrence of rhizoids in Polytrichastrum 
alpinum, might be decisive for shaping the identity and abundance of 
bacterial, archaeal, and fungal groups underneath them. Although 
species-specific relationships between vegetation and soil microbial 
communities have been so far mainly demonstrated for vascular plants 
(Grayston and Prescott, 2005; Saetre and Bååth, 2000; Viitamäki et al., 
2022), they might also play a role in mosses (Bach et al., 2009). 

Potential soil enzymatic activity differed substantially between soil 
cover types. We mainly found stimulative effects by moss cover, similar 
to the results of previous studies (Benavent-González et al., 2018, Cheng 
et al., 2021). Considering the higher potential activity of exochitinase, 
leucine aminopeptidase, and acid phosphatase (Fig. 4b, c, d), microbes 
under mosses seemed to invest comparatively more resources per unit of 
biomass into N- and P-acquisition than microbes under crusts. We sug
gest that this observation relates to the differential SOM properties 
(Fig. 1), or to the microbial communities being adapted to experiencing 
high organic matter pulses from the mosses, e.g., in response to 
freeze–thaw or drying-rewetting cycles (Slate et al., 2019). In the case of 
enzymes that decompose N-containing polymers, enhanced activity 
under moss cover might also hint towards N-mining, to balance possible 
N-uptake by the plants (Ayres et al., 2006; 2021; Rousk et al., 2014). We 
additionally also detected site-specific effects with higher β-glucosidase, 
exochitinase, and leucine aminopeptidase activities per unit of microbial 
biomass in Fumarole Bay (Fig. 4a, b, c). While this matches the slightly 
higher soil C- and N-contents at this site (Table 1), we also suspect that 
the characteristics of the two investigated moss species exerted a con
founding effect. Via its rhizoids and larger biomass per unit of soil sur
face, Polytrichastrum alpinum might have provided more organic matter 
inputs into the soils of Fumarole Bay, both, as vital moss, and as dead 
biomass within the biocrust consortium. 

Biomass-specific respiration was also significantly higher under 
mosses than under biocrusts (Fig. 3a), which we mostly also ascribe to 
their distinct SOM properties (Fig. 1). Experiments with soils from 
maritime Antarctica confirmed that SOM decomposition rates were 
strongly influenced by the local composition of functional plant types, 
mainly through the variability in the chemical composition of their 
structural components (Bokhorst et al., 2007). However, decomposition 
rates also largely depend on soil temperature and moisture levels (Aerts, 
2006; Davidson and Janssens, 2006; Park et al., 2018; Smith, 2003). 
Effects might be especially pronounced in Antarctica, where microbial 
activity is often constrained by low temperatures, and/or low water- and 
carbon- availability (George et al., 2021, Hopkins et al., 2006). Besides 
their effect on SOM properties, mosses can increase soil moisture (Blok 
et al., 2011) and insulate soils (Koranda and Michelsen, 2021). We thus 
assume for our study that mosses might have altered soil conditions in 
direct or indirect ways that led to a smaller microbial biomass pool 
(Table 2), but at the same time caused the establishment of more active 
communities with higher respiration rates and enzyme activities on a 
mass-specific level (Fig. 3a, Fig. 4). 

To our best knowledge, microbial mass-specific growth rates have 
not yet been investigated under the influence of both, mosses (Purcell 
et al., 2023) and biocrusts in maritime Antarctica at in-situ temperatures. 
Microbial growth is generally limited by the availability of C (Soong 
et al., 2020). We hence infer from the comparable mass-specific growth 
rates below Polytrichastrum alpinum, Sanionia unicinata, and the bio
crusts in Telephone Bay, that the microbial communities of these 
oligotrophic soils benefited from organic matter inputs into the so called 
“moss and crust fertility islands” (Benavent-González et al., 2018). 
However, the exceptionally low mass specific growth rates under bio
crusts in Fumarole Bay imply that the soil microbial communities have 
been limited by something else besides C- availability. The assumption 
gets support by equally effective SOM decomposition under biocrusts at 
both sites, as indicated by similar mass-specific respiration rates. 

In summary, our study demonstrates distinct effects of mosses and 
biocrusts on belowground functions and microbial communities. Thus, 
considering the interconnectedness between soil cover types and the 
activity of subjacent microbial communities is necessary to deepen our 
understanding of soil biogeochemistry under the harsh conditions in 
Antarctica, and likely will become even more important under the 
aspect of ongoing rapid climate change. Substantial shifts in distribu
tion- and abundance patterns of mosses and biological soil crusts might 
occur along the Western Antarctic Peninsula (Benavent-González et al., 
2018). Both mosses, Polytrichastrum alpinum and Sanionia unicinata, will 
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likely respond to warming with increased growth and coverage (Hebel 
et al., 2021; Shortlidge et al., 2017), so their abundance in maritime 
Antarctica might overtake those of biocrusts in the future. However, 
establishing predictions from observations on how soil cover will 
respond to warming is difficult, as interactive effects with other climate 
change parameters such as changes in precipitation patterns will be 
decisive. Nevertheless, by highlighting how important the links between 
soil cover identity and belowground soil functions are in this vulnerable 
ecosystem, the results of our study will provide a baseline for future 
research in this area. 
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