
Diversity and functionality of soil prokaryotic communities in antarctic 
volcanic soils: insights from penguin-influenced environments 

Diego Segura1, Karen Jordaan1,2,  Beatriz Díez1,3,4,*, Javier Tamayo‑Leiva1,3,              
Sebastian Doetterl5, Daniel Wasner5, Jerónimo Cifuentes‑Anticevic1,                                   

Angélica Casanova‑Katny6,* 

1 Faculty of Sciences, Pontifical Catholic University of Chile, Santiago, Chile 

2 Centre for Microbial Ecology and Genomics, Department of Biochemistry, Genetics and 
Microbiology, University of Pretoria, Pretoria, South Africa 

3 Millennium Institute Center for Genome Regulation (CRG), Santiago, Chile 

4 Center for Climate and Resilience Research (CR), Santiago, Chile 

5 Soil Resources, Institute of Terrestrial Ecosystems, ETH Zurich, Zurich, Switzerland 

6 Laboratorio de Ecofisiología Vegetal y Cambio Climático, & Núcleo de Estudios Ambientales, 
Departamento de Ciencias Ambientales. Facultad de Recursos Naturales, Universidad Católica de 
Temuco, Temuco, Chile 

*Correspondence to:                                                                                                                               
Beatriz Díez (bdiez@bio.puc.cl) or Angélica Casanova-Katny.( mcasanova@uct.cl) 

Abstract 

In the nutrient-limited Antarctic terrestrial habitat, penguins transfer a significant amount of 
nutrients from the marine to the terrestrial ecosystem through their depositions (i.e., guano). 
This guano influences soil physicochemical properties, leading to the formation of ornithogenic 
soil rich in nutrients and organic matter. We hypothesize that soil prokaryotic communities will 
be strongly influenced by the contribution of nitrogenous nutrients from penguin rookeries, 
maintaining the influence over long distances. The objective was to establish how the soil 
prokaryotic diversity and community structure change with distance from a penguin colony, 
which provides large amounts of guano and nitrogenous compounds, and to study the effects 
of these nutrients on the functional role of these communities. Methods include volcanic soil 
sampling along a 1200 m transect from the penguin active rookery and the characterization of 
soil nutrient content and soil prokaryotic communities using 16S rRNA high-throughput 
amplicon sequencing. In contrast to our hypothesis, the results showed that the impact of guano 
from the penguin colony was restricted to the first 300 m. Probably because the penguin 
rookery was sheltered, strong wind and wind direction did not affect the transport of nutrients 
from the penguin rookery. Areas close to the penguin rookery were dominated by 
Proteobacteria and Bacteroidetes, while areas situated further away were dominated by 
Acidobacteria, Actinobacteria, Chloroflexi, Gemmatimonadetes, Nitrospirae, and 
Planctomycetes. Beta diversity analysis among the soil prokaryotic communities revealed a 
high degree of community heterogeneity, strongly associated with N compound characteristics 
(NH4, NO3, and %N), C, and pH. Inferences from N metabolism genes suggest a high potential 
of the microbial community for dissimilatory nitrate reduction genes (DNRA) to ammonium, 
assimilatory nitrate reduction (ANR), and denitrification. Although it is assumed that the 
nitrogenous compounds of the penguin colonies reach long distances and affect the prokaryotic 
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community, this effect can vary with wind directions or the morphology of the site, reducing 
the impact of the guano over long distances, as our results indicate. On the other hand, 
functional predictions give some clues about the main actors in nitrogen cycling, through 
processes like dissimilatory nitrate reduction, assimilatory nitrate reduction, and 
denitrification. 

Keywords: Penguins rookeries; Soil nutrients; Antarctic; Procaryotic community; 
Ornithogenic soils; Nitrogen cycle 

 

Introduction 

Global warming has a profound impact on the biosphere of the Antarctic Peninsula and nearby 
Archipelagos (IPCC 2022). Recent studies have demonstrated that the reduction in Antarctic 
ice sheets due to warming (Rignot et al. 2013) has led to the emergence of ice-free tundra zones 
(Paolo et al. 2015; Wouters et al. 2015; Bokhorst et al. 2019). These ice-free zones currently 
cover only up to 0.4% of the Antarctic continent (Ugolini and Bockheim 2008), but they 
already encompass a diverse range of terrestrial habitats characterized by varying geochemical 
soil properties, habitat characteristics, and the presence of macroscopic and microscopic life 
forms. 

Antarctic ice-free tundra regions are often colonized by sea animals such as penguins and seals 
and harbor unique vegetation consisting of mosses, lichens, and algae (Sun et al. 2002; Dai et 
al. 2020). The penguin population alone on the Antarctic Peninsula is estimated to comprise 
approximately 3.05 million breeding pairs (Naveen et al. 2020), leading to the formation of 
distinctive ornithogenic soil (Tatur et al. 1997; Tatur 2002). Penguins transfer significant 
amounts of external nutrients to the surrounding soils of their colonies, resulting in changes in 
physicochemical properties, increased organic matter, and elevated nitrogen (N) levels (Zhu et 
al. 2011; Kim et al. 2012a; Neufeld et al. 2015; Otero et al. 2018). This nutrient input occurs 
through direct deposition of their feces (i.e., guano) and atmospheric deposition via ammonia 
volatilization (Sun et al. 2000; Ellis 2005; Zhu et al. 2011; Riddick et al. 2012). However, 
substantial nutrient transport may not be restricted solely to penguin rookeries but can also 
occur extensively in other polar terrestrial tundra biomes through wind and water erosion of 
rookery surface soils (Aislabie et al. 2009; Bockheim 2015; Crittenden et al. 2015; Otero et al. 
2018). 

In general, it has been reported that soils influenced by penguin colonies harbor a high diversity 
of microorganisms and experience significant impacts of penguin guano on microbial 
composition and abundance (Aislabie et al. 2009; Kim et al. 2012a; Wang et al. 2015; Guo et 
al. 2018; Ramírez-Fernández et al. 2019), as well as on the activity of nitrogen-cycling 
microorganisms such as diazotrophs and denitrifiers (Pérez et al. 2017; Dai et al. 2020). These 
microbial communities are highly dependent on soil chemical and climatic factors and can 
respond rapidly to changes in soil nutrient content, water availability, and temperature (Pérez 
et al. 2017; Dai et al. 2020). Although only a few studies have addressed the microbial diversity 
and activity of soil nitrogen transformations in the Antarctic Peninsula (Pérez et al. 2017; Dai 
et al. 2020), these authors reported that biological nitrogen fixation activity is limited in 
penguin-influenced soils due to their high nitrogen levels. However, little is known about the 
microbial community composition and nitrogen cycling diversity influenced by active penguin 
rookeries in volcanic soil on Deception Island. The main objective of this study was to identify 
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the influence of penguins on the soils along a study transect by (i) examining how variations 
in soil chemical properties and vegetation influence the composition and relative abundance of 
the prokaryotic community, (ii) exploring co-occurrence patterns among taxa and soil chemical 
properties, and (iii) inferring potential nitrogen cycling processes. 

 
 
Fig. 1. Study site on the a west part of the Antarctic Peninsula, b Shetland Island Archipelago, and c 
Deception Island showing the penguin rookery at Punta Descubierta (PUNTA), (blue star S 62.99041°, 
W 60.72375°) and Collado Vapor (COLL) blue circle (S 62.98659°, W 60.72183°). The transect is 
characterized by different vegetation cover of d algae Prasiola cf. crispa (A), g Sanionia uncinata (SU), 
i bare soils (BS), and j Polytrichastrum alpinum (PA). Bare soils for sites were far away from the 
penguin colony (i.e., COLL BS1-BS4) and close to mosses S. uncinate and P. alpinum (i.e., PUNTA 
BS-SU and PUNTA BS-PA). PUNTA A soil below algae Prasiola cf. crispa, PUNTA SU soil under the 
moss Sanionia uncinata, PUNTA PA soil under the moss Polytrichastrum alpinum, PUNTA BS-SU bare 
soil close to the moss Sanionia uncinata, PUNTA BS-PA bare soil close to the moss Polytrichastrum 
alpinum 
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Material and methods 

Sampling site 

The study sites were located on Deception Island, which is the caldera of an active volcano in 
the South Shetland Islands near the Antarctic Peninsula and part of the Palmer Archipelago (S 
62.99041°, W 60.72375°) (Fig. 1). The climate in this region is classified as polar maritime, 
characterized by a mean annual temperature (MAT) of − 3 °C and mean annual precipitation 
(MAP) of 500 mm. The bedrock and soil parent material consist primarily of mafic-alkaline 
and intermediate volcanic rocks. The landscape of the island includes ash-layered glaciers, 
mountains, barren volcanic slopes, beaches, and crater lakes. It is also home to a diverse range 
of wildlife, including a chinstrap penguin colony (Pygoscelis antarctica) with over 50,000 
breeding pairs (Naveen et al. 2020; Strycker et al. 2020). Additionally, the island boasts a 
sparse but exceptional flora that transitions between moss and lichen at Punta Descubierta 
(penguin rookery) and extends to bare soils at Collado Vapor (for a detailed description of the 
flora in this area, refer to Araneda et al. 2021). 

In January 2019, a soil sampling campaign was conducted along a 1200 m transect that spanned 
from the Penguin rookery to Collado Vapor (S 62.98659°, W 60.72183°). A gradient was 
established from the area closest to the penguin colony to the farthest away, encompassing 
samples from both bare soil and vegetated soil areas, taking each sample at approximately 100–
200 m distance from each other. At the sites at the Punta La Descubierta active penguin 
rookery, we included soil under mosses and without mosses to compare the influence of 
vegetation; 50–100 g surface soil samples (0–10 cm) were collected in sterilized 50 ml Falcon 
tubes using sterile tweezers and gloves from both bare and vegetated soils and labeled based 
on the proximity to the penguin rookery. Samples closest to the penguin colony at Punta 
Descubierta were labeled PUNTA, while samples from the farthest point at the Collado Vapor 
area were labeled COLL. Vegetated soil samples were further categorized based on the type of 
vegetation cover, including areas under the algae Prasiola cf. crispa (A), under the moss 
Sanionia uncinata (SU), and under the moss Polytrichastrum alpinum (PA). Bare soil samples 
were designated as BS. Additionally, to account for differences that may arise due to vegetation 
cover, samples were differentiated by the type of moss present, including bare soil near 
Sanionia uncinata (BS-SU) and Polytrichastrum alpinum (BS-PA) (Supplementary Table S1). 
At each sampling point along the transect, three different soil samples of 50–100 g were 
collected, and from each set of three, three replicates were separated and stored at − 80 °C in 
the laboratory, resulting in a total of 81 soil samples for further analysis. Samples were 
transported to Julio Escudero Station during the day, stored at − 80 °C, and then transported 
per airplane to the laboratory at the Pontificia Universidad Católica. The cold chain was 
maintained throughout the flight in frozen thermos flasks inside coolers since the transport did 
not last more than 3 h, and there were no thawing problems. Microbiological and soil chemistry 
analyses were performed on these samples as follows. 

Physicochemical analyses 

The same soil samples used for microbiological studies were analyzed for the analysis of soil 
chemistry. Soil samples were dried, sieved (2 mm mesh), and sent to the Laboratory of 
Biogeochemistry and Applied Stable Isotopes (LABASI) for analysis using standard methods. 
Total carbon (C) and nitrogen (N) concentrations were determined using a Flash EA 2000 
elemental analyzer. Concentrations of NH4

+–N and NO3
−–N were determined following a 
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previously described protocol (Gerlach 1978; Keeney and Nelson 1982). PH was determined 
in a 1:2.5 soil/water suspension according to (Sadzawka et al. 2006). 

Extraction of soil DNA and PCR amplification of the 16S rRNA gene 

To extract soil genomic DNA, 1 g of frozen soil at − 80 °C was processed using the DNeasy 
PowerSoil extraction kit (Qiagen, USA) according to the manufacturer's instructions. The 
extracted DNA was stored in TE buffer (10 mM Tris–HCl and 1 mM EDTA, pH 8.0) at 
− 80 °C. The quantity and quality of the DNA were assessed using a Qubit® 2.0 fluorometer 
(Thermo Fisher Scientific, Waltham, MA, USA) and a Nanodrop ND-1000 spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA, USA). Additionally, the integrity of the DNA was 
evaluated through 1% (w/v) agarose gel electrophoresis. 

For the analysis of bacterial community diversity and composition, the V3-V4 region of the 
16S rRNA gene was amplified via PCR using the primer pair 358F (5'-
AGACTCCTACGGGAGGCAGCAGT-3') and 907R (5'-
GCCCCCGTCAATTCMTTTRAGTTT-3') following the method described by Weidner et al. 
(1996). PCR reactions were performed in a final volume of 25 μL, consisting of 2.5 μL of 
10 × PCR buffer (200 mM Tris–HCl, pH 8.4, 500 mM KCl) (Thermo Fisher Scientific, 
Waltham, MA, USA), 0.2 μL of Taq Polymerase® (Thermo Fisher Scientific, Waltham, MA, 
USA), 0.4 μM of each primer, and 1 ng of genomic DNA. The cycling conditions were as 
follows: initial denaturation at 95 °C for 5 min; 30 cycles of denaturation at 95 °C for 30 s, 
annealing at 60 °C for 1 min, and extension at 72 °C for 1 min, followed by a final extension 
at 72 °C for 5 min. An aliquot of the PCR product was electrophoresed on a 1.0% agarose gel, 
and the concentration was estimated using the Low DNA Mass Ladder as a standard (Gibco 
BRL, Thermo Fisher Scientific, Waltham, MA, USA). 

16S rRNA gene sequencing and bioinformatic analysis 

To identify the bacterial community, we performed 16S rRNA gene amplicon sequencing using 
2 × 250 bp paired-end reads on the Illumina MiSeq platform at Argonne National Laboratory, 
Illinois. A total of 81 samples were processed. Initial bioinformatic analysis was conducted 
using QIIME2 software (version 2-2020.2) (Kim et al. 2012b; Bolyen et al. 2019). The raw 
sequences (4,006,668) were quality-checked, assembled, and chimera-filtered using the 
DADA2 algorithm (Callahan et al. 2016). The resulting amplicon sequence variants (ASVs) 
were taxonomically classified via the QIIME2 q2-feature-classifier tool using the SILVA 132.1 
database (Quast et al. 2013). ASVs assigned to mitochondria and chloroplasts based on the 
SILVA 132.1 database were removed prior to rarefaction to maintain the focus on prokaryotic 
communities. The final ASV table was rarefied to 3859 reads per sample, excluding one sample 
(COLL_BS4.2.3) due to low sequencing depth. The DNA sequences were deposited in the 
NCBI BioProject database with the project identification number PRJNA820968. 

Co-occurrence network construction 

To investigate community-level interactions and assess how taxa clusters vary along the 
transect, a co-occurrence network was constructed using highly abundant ASVs from the entire 
transect. The community data were filtered to include only ASVs with a relative abundance of 
0.5% or higher. This filtering step aimed to remove poorly represented ASVs and reduce 
network complexity (Comte et al. 2016), resulting in a core community of 886 ASVs. 
Nonrandom co-occurrence patterns of ASVs were tested using the checkerboard score (C-
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score) under the null hypothesis of random community assembly (Caruso et al. 2011). 
Spearman correlations were calculated between the filtered ASVs (absolute abundances) and 
environmental variables with Benjamini‒Hochberg false discovery rate (FDR) p-value 
correction. Significant relationships with a correlation coefficient (ρ) of ≥  ± 0.7 and p < 0.01 
were selected and visualized as a co-occurrence network in Cytoscape 3.9.1 (Shannon et al. 
2003). The NetworkAnalyzer tool (Doncheva et al. 2012) was used to analyze the topological 
properties of the network. Taxa with a degree > 25 (i.e., highest degree) and betweenness 
centrality < 0. 12 (i.e., lowest betweenness centrality) were considered keystone taxa (González 
et al. 2010). Habitat generalists, opportunists, specialists, and strict specialists were classified 
in the entire dataset using Levin's niche breadth index with the spaa package (Zhang and Ma 
2013). ASVs with β-values > 5 and < 2.5 were defined as generalists and specialists, 
respectively. β-values between 5 and 2.5 were regarded as habitat opportunists. Strict habitat 
specialists were further identified using indicator values (IndVal) calculated with the labdsv 
package (Roberts 2023). Strict specialists were defined as ASVs with niche breadth β-
values < 2.5 and significant (p < 0.05) IndVal > 0.3 (Dufrêne and Legendre 1997). 

Prediction of N metabolic genes 

To infer the potential metabolic functions of microbial communities, profiles of microbial 
community metabolic functions were inferred from KEGG Orthology (KO) on the KEGG 
database using PICRUST2 software based on 16S rRNA counts of ASVs (Douglas et al. 2020). 
The ASV table was normalized by 16S rRNA copy number, and KO groups were defined based 
on the KEGG database (Kanehisa et al. 2016). Metagenomic contributions per ASV for the KO 
pathways were obtained using the PICRUST2_pipeline.py –stratified tool. We focused on 
genes related to N2 fixation, nitrification, denitrification, assimilatory nitrate reduction, and 
dissimilatory nitrate reduction. Genes were filtered by site, and gene abundances were 
calculated. Rarefaction analysis was performed, and taxa with the highest abundance of N 
metabolism-related genes were identified and plotted using GraphPad Prism8 software 
(GraphPad Software, San Diego, CA, USA). 

Statistical analyses 

All statistical analyses were performed using R software version 4.0.5 (http://www.r-
project.org) at a significance level of p < 0.05. Rarefied community data were square-root 
transformed to compare samples, while physicochemical parameters were z-score 
standardized. One-way analysis of variance (ANOVA) with Tukey’s post hoc test (p < 0.05) 
was used to determine significant differences in soil chemical properties among sampling 
locations. In cases where assumptions for ANOVA were violated, the nonparametric Kruskal‒
Wallis test was performed. Venn diagrams were generated to assess the shared and unique 
ASVs among the sampling sites (COLL, PUNTA, and PUNTA-A) to evaluate ASV dispersion. 
Alpha diversity indices, including observed ASVs, Chao1, Shannon‒Wiener, and inverse 
Simpson indices, were calculated using the phyloseq package (McMurdie and Holmes 2013) 
and visualized with boxplots. Kruskal‒Wallis tests with Dunn’s post hoc tests were used to 
assess significant differences in mean values of alpha diversity indices as well as the relative 
abundances of phyla between sampling locations. Spearman correlations were used to identify 
significant (ρ ≥  ± 0.7 and p < 0.01) relationships between environmental parameters and alpha 
diversity indices and relative abundances of taxa. P value correction for all multiple testings 
was performed using the Benjamini‒Hochberg false discovery rate (FDR) method. Beta 
diversity indexes were determined using weighted Unifrac distance with the phyloseq package, 
and the resulting distance matrix was visualized on a principal coordinate analysis (PCoA) plot 
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using ggplot2. Changes in community beta diversity were assessed using permutational 
multivariate analysis of variance (PERMANOVA; Anderson 2001) and homogeneity of group 
variances using beta-dispersivity tests (PERMDISP; Anderson 2006) with the adonis and 
betadisper functions in the vegan package, respectively. Tukey’s HSD (honest significant 
difference) test was used as a post hoc test for differences in variance. Constrained ordination 
was first tested to determine the impact of environmental variables on soil prokaryotic 
communities; however, due to insufficient modeling, unconstrained ordination (nonmetric 
multidimensional scaling [NMDS]) was subsequently used with the vegan package to explore 
such possible relations. Collinear environmental parameters were removed prior to analysis, 
and only significant (p < 0.05) variables were used for the plot. Continuous variables (i.e., 
physicochemical, alpha diversity indices, and relative abundances of taxa) are reported as the 
mean ± standard deviation. 

Wind directions and speed 

We installed an ATMOS 40 ultrasonic weather station (Metergroup, USA) at both the penguin 
rookery and Collado Vapor. Data are not shown in this paper, but we found that wind was 
variable in terms of speed, although with small variations from one station to another. The 
average wind speed at the Collado Vapor station was about 8 m/s with a maximum of 13 m/s, 
and at the penguin rookery station, the average wind speed was 5.5 m/s with a maximum of 
11 m/s. In both cases, the gust winds reached 30 m/s. The wind direction, analyzed annually, 
is focused in west-southwest (WSW) and east-northeast (ENE) directions, although at the 
Collado Vapor station, an important north (N) direction is also observed. In the case of the 
penguin rookery, there is a wide variety of winds from N to west (W) throughout the year. 

Results 

Characterization of physicochemical soil variables 

Table 1 presents the main physicochemical properties of all soil samples; additional data on 
the soil properties (water holding capacity [WHC], soil texture, and micronutrients) are 
available in Supplementary Table S2. Among the nine sampling locations, PUNTA-A (near 
the penguin rookery) exhibited significantly higher (Kruskal–Wallis with Dunn’s post hoc test, 
p < 0.05; Supplementary Table S3) levels of NH4

+-N (0.307 ± 0.05 ppm), NO3
−-N 

(0.186 ± 0.00 ppm), and %N (0.07 ± 0.03) than the other sites, whereas the COLL sites (bare 
ground, far distance to penguin rookery) showed significantly lower (Kruskal–Wallis with 
Dunn’s post hoc test, p < 0.05; Supplementary Table S3) levels of %N (0.011 ± 0.006), %C 
(0.142 ± 0.08), and P (0.29 ± 0.031 g/kg), but higher concentrations of other macro- and 
micronutrients (Al, Ca, Mg, Mn, and Na; Kruskal–Wallis with Dunn’s post hoc test, p < 0.05; 
Supplementary Table S3) compared with other sites. The PUNTA sites had significantly 
(Kruskal–Wallis with Dunn’s post hoc test, p < 0.05; Supplementary Table S3) higher levels 
of P (range, 1.54–2.91 g/kg) and DOC (range, 29.13–111.71 g/kg) than the PUNTA-A and 
COLL sites. Notably, the pH values varied across the sampling locations, with the PUNTA-A 
and PUNTA sites classified as strongly acidic (4.0–4.8 ± 0.13) and the COLL sites classified 
as moderately acidic (5.87 ± 0.20).  
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Prokaryotic diversity and community 

Illumina MiSeq generated a total of 4,006,668 raw reads from 81 samples. After data trimming 
and quality filtering, 1,490,589 high-quality sequences were obtained for further analysis. 
These sequences were assigned to 11,070 bacterial, 60 archaeal, and 526 unassigned ASVs. 
The dominant microbial taxa along the transect were Proteobacteria (23.09 ± 9.16%), 
Bacteroidetes (18.11 ± 7.07%), Acidobacteria (13.55 ± 5.22%), Actinobacteria 
(8.22 ± 4.67%), Verrucomicrobia (8.01 ± 2.64%), Gemmatimonadetes (7.90 ± 4.57%), 
Planctomycetes (6.63 ± 2.40%), Chloroflexi (5.25 ± 2.69%), Firmicutes (1.28 ± 1.30%), and 
Nitrospirae (1.20 ± 0.97%) (Fig. 2). Within Proteobacteria, Gammaproteobacteria 
(15.69 ± 9.99%), Alphaproteobacteria (5.75 ± 2.32%), and Deltaproteobacteria 
(1.65 ± 1.06%) were the most abundant classes along the transect. The community composition 
varied among the sampling locations along the transect, with higher relative abundances of 
Proteobacteria (43.48 ± 9.55%), Bacteroidetes (25 ± 6.63%), FBP (3.33 ± 1.66%), 
Deinococcus Thermus (0.82 ± 1.79%), and Fusobacteria (0.02 ± 0.02%) in the algae-covered 
soil at PUNTA-A, while Acidobacteria (15.94 ± 2.74%), Actinobacteria (12.48 ± 3.61%), 
Chloroflexi (6.86 ± 1.90%), Gemmatimonadetes (8.69 ± 4.19%), Nitrospirae (2.04 ± 0.48%), 
Planctomycetes (7.80 ± 1.86%), Verrucomicrobia (8.48 ± 2.02%), Thaumarchaeota 
(0.53 ± 0.66%), Euryarchaeota (0.12 ± 0.18%), and Latescibacteria (0.51 ± 0.47%) were more 
prominent at the COLL and PUNTA sites (Kruskal–Wallis with Dunn’s post hoc test, p < 0.05; 
Supplementary Table S4). 

The shared and unique ASVs along the transect were identified by considering taxa present in 
all samples (Supplementary Fig. S1, Supplementary Table S5). Interestingly, only a small 
percentage of ASVs (0.377%) were shared between all three soil groups (COLL, PUNTA, and 
PUNTA-A), indicating a diminutive core microbiome and heterogeneity among the 
prokaryotic communities (Supplementary Fig. S1). Both bare soil at COLL and the other soil 
at PUNTA locations, which are further away from the penguin rookery, had a higher percentage 
of shared ASVs (8.52%). Alpha diversity indices (Shannon and inverse Simpson index) and 
richness (observed ASVs, Chao1) for all samples are depicted in Fig. 3. Alpha diversity indices 
were significantly lower (Kruskal–Wallis test, p < 0.05) for PUNTA-A (Shannon 
H’ = 4.22 ± 0.64; Inverse Simpson = 31.40 ± 28.25; Observed ASVs = 267.78 ± 102.53, 
Chao1 = 299.38 ± 121.16) compared with other sites. In contrast, alpha diversity indices for 
bare soil (COLL-BS1, COLL-BS2, COLL-BS3, COLL-BS4, and both PUNTA-BS-SU, 
PUNTA-BS-PA) and the moss-covered sites (PUNTA-SU, PUNTA-PA) exhibited the highest 
diversity (Shannon H’ = 5.26 ± 0.39–5.73 ± 0.16; inverse Simpson = 101.53 ± 44.38–
180.06 ± 45.08) and richness values (observed ASVs = 395.67 ± 144.21–547 ± 70.41; Chao 
1 = 425.27 ± 171.53–610.24 ± 83.42) (Fig. 3). Spearman correlation analysis between alpha 
diversity indices and soil physicochemical properties revealed that species richness (Observed 
and Chao1) and diversity measurements (Shannon H’ and inverse Simpson) were positively 
correlated (p < 0.05) with WHC, Ca, and Na (Supplementary Table S6). 
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Fig. 2. Taxonomic compositions of Antarctic soil prokaryotic communities. Composition is based on the mean of three replicates at the phylum level. See 
Supplementary Fig. S1. COLL bare ground sites far away from penguin colony, PUNTA A soil below algae Prasiola cf. crispa, PUNTA SU soil under the moss 
Sanionia uncinata, PUNTA PA soil under the moss Polytrichastrum alpinum, PUNTA BS SU bare soil close to the moss Sanionia uncinata, PUNTA BS PA bare 
soil close to the moss Polytrichastrum alpinum 
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Fig. 3. Box plots illustrating the alpha diversity indices (observed ASVs, Chao1, Shannon diversity, inverse Simpson index) for Antarctic soils grouped by 
location. Median values and interquartile ranges are indicated on the plots. Stars indicate significant differences between environments (Signif. codes: 
***P < 0.001, **P < 0.01, *P < 0.05; Kruskal–Wallis with Dunn’s post hoc test). COLL BS1-BS4 bare ground sites far away from penguin colony, PUNTA A 
soil below algae Prasiola cf. crispa, PUNTA SU soil under the moss Sanionia uncinata, PUNTA PA soil under the moss Polytrichastrum alpinum, PUNTA BS 
SU bare soil close to the moss Sanionia uncinata, PUNTA BS PA bare soil close to the moss Polytrichastrum alpinum 
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Fig. 4. PCoA plot of prokaryotic communities for Antarctic soils based on weighted UniFrac distances. The color of the points indicates the 
sampling location and site source. The size of the points corresponds to the associated Shannon (H’) diversity index value. Ellipses indicate 95% 
confidence intervals. COLL BS1-BS4 bare ground sites far away from penguin colony, PUNTA A soil below algae Prasiola cf. crispa, PUNTA SU 
soil under the moss Sanionia uncinata, PUNTA PA soil under the moss Polytrichastrum alpinum, PUNTA BS SU bare soil close to the moss 
Sanionia uncinata, PUNTA BS PA bare soil close to the moss Polytrichastrum alpinum 
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The beta diversity ordination plot for the prokaryotic community displayed three indistinctive 
and separated groups: the closest to the penguin colony, including the algae-covered soil 
(PUNTA-A); the PUNTA sites covered with mosses (PUNTA-SU, PUNTA-PA, including the 
two bare ground PUNTA-BS-SU and PUNTA-BS-PA); and the bare ground situated far away 
sites at Collado Vapor (COLL-BS1, COLL-BS2, COLL-BS3, and COLL-BS4) (Fig. 4). The 
distinctness of these communities was confirmed by ANOSIM (R = 0.8547, p = 0.001) and 
PERMANOVA (R2adj = 0.5081, p = 0.001) tests, indicating significantly different 
communities. The beta-dispersivity analysis indicated compositional variance in soil 
prokaryotic communities among groups (F value = 9.9232, p = 0.0001), suggesting that the 
communities vary by location (i.e., location effect) as well as in the evenness in species 
distribution (i.e., dispersion effect). 

Potential effect of environmental parameters on the prokaryotic community 

NMDS with fitted environmental variables was performed to evaluate whether environmental 
variables might affect the prokaryotic community (Fig. 5). We noticed that the COLL and 
PUNTA prokaryotic communities were mainly associated with Na, carbon, TP/P levels, and N 
compounds (%N, NH4

+-N, and NO3
−), whereas the PUNTA_A sites were related to WHC, pH, 

and micro- and macronutrients (specifically Na, Si, and Mn). We then performed Spearman 
correlation analysis (ρ ≥  ± 0.7 and p < 0.01) to gain further insight into the physicochemical 
variables that are correlated with the relative abundance of individual taxa at the genus level. 
Variables that had the strongest positive associations (p < 0.01) included (1) Mg, Mn, and Na 
with Blastocatella, Flavisolibacter, and Gaiella, (2) pH with Blastocatella, Flavisolibacter, 
Gaiella, and Nocardioides, and (3) Ca with Blastocatella. Only a few variables were 
significantly negatively correlated, such as DOC, %N, and P with Blastocatella and 
Flavisolibacter (Supplementary Table S7). 
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Fig. 5. NMDS plot illustrating the potential influence of soil physicochemical parameters driving 
changes in prokaryotic communities. Only significant environmental variables (p < 0.05) are fitted to 
the ordination (black arrows). The color of the points indicates the sampling locations. COLL (COLL 
BS1-BS4 bare ground sites far away from penguin colony), PUNTA A soil below algae Prasiola cf. 
crispa, PUNTA all PUNTA sites (PUNTA SU soil under the moss Sanionia uncinata, PUNTA PA soil 
under the moss Polytrichastrum alpinum, PUNTA BS SU bare soil close to moss Sanionia uncinated, 
PUNTA BS PA bare soil close moss Polytrichastrum alpinum) 

Co-occurrence networks 

Co-occurrence analysis was conducted to identify associations between the most abundant 
ASVs (relative abundance > 0.5%) among the sampling locations. After applying stringent 
Spearman correlation cutoff values (ρ ≥  ± 0.7 and p < 0.01), a total of 554 ASVs were used for 
network construction. The checkerboard score (C-score) test using the filtered ASV dataset 
indicated nonrandom co-occurrence patterns (C-score = 80.81, p < 0.001) with segregated 
patterns (SES = 151.65). 
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Fig. 6. Network analysis of prokaryotic core ASVs (i.e., ASVs with relative abundance > 0.5%) based on significant (p < 0.01) Spearman correlations with 
ρ ≥  ± 0.7 showing the network for nodes colored according to location. Each node (circle) in the network represents a unique ASV, and an edge (connection) 
represents a strong and significant correlation (p < 0.01). Keystone taxa are indicated by triangles and highlighted by thick black borders, while strict specialists 
are denoted by squares. Environmental variables are denoted by white and numbered circles (1 = C, 2 = Ca, 3 = DOC, 4 = Fe, 5 = Mn, 6 = Mg, 7 = N, 8 = Na, 
9 = NH4 g/DW, 10 = NO3 g/DW, 11 = NO3 ppm, 12 = P, 13 = pH, 14 = WHC, 15 = Sand, 16 = Silt). The three main modules (I-III) are encircled and numbered 
accordingly. COLL = bare ground sites far away from penguin colony; PUNTA A soil below algae Prasiola cf. crispa, PUNTA all sites close to Punta La 
Descubierta penguin rookery (PUNTA SU soil under the moss Sanionia uncinata, PUNTA PA soil under the moss Polytrichastrum alpinum, PUNTA BS SU 
bare soil close to moss Sanionia uncinata, PUNTA BS PA bare soil close moss Polytrichastrum alpinum) 
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The resulting network consisted of 570 nodes and 3323 edges (3174 positive and 149 negative; 
Fig. 6). The average network distance between all pairs of nodes (characteristic path length) 
was 8.050 edges, with a diameter of 23 edges. The network exhibited a clustering coefficient 
of 0.548, a density value of 0.036, and a modularity index of 0.765. It was structured into highly 
connected nodes forming a highly clustered and modular topology (i.e., there were dense 
connections between the nodes in modules/groups in the network). The network clustered into 
three distinct modules: (i) Module I comprised nodes restricted to COLL sites and those shared 
between COLL and PUNTA locations. (ii) Module II mainly consisted of nodes at PUNTA-A 
sites. (iii) Module III was structured around nodes primarily belonging to PUNTA sites, along 
with other shared locations. Most of the environmental variables were correlated with nodes in 
Module I and comprised macronutrients (e.g., N compounds, C, Ca, DOC, Mg, P), 
micronutrients (Fe, Mn, sodium [Na]), pH, and soil structure. Among these, pH, DOC, Mg, 
Mn, Ca, and Na had the highest number of connections with nodes. Overall, pH positively 
correlated with Candidatus Udaeobacter (Verrucomicrobia); DOC associated negatively with 
Solirubrobacter (Actinobacteria), Pirellula (Planctomycetes), and UTCFX1 (Chloroflexi); Mg 
and Mn positively and negatively correlated with Candidatus Udaeobacter and Bryobacter, 
respectively; and Ca and Na positively associated with Candidatus Udaeobacter and 
Solirubrobacter. Although N compounds (NH4

+-N, NO3
−-N, and %N) had fewer co-

occurrences with nodes, they warrant some mention as correlations in Module I were all 
negative (e.g., %N and NO3

−-N with Nocardioides; UTCFX1, Ellin6067, and Sphingomonas 
with %N), likely reflecting the lower N concentrations at the COLL sites. 

The network nodes were assigned to 21 bacterial and 1 archaeal phylum, as well as unassigned 
taxa. Bacteroidetes (22.38%), Proteobacteria (20.22%), Acidobacteria (12.82%), 
Actinobacteria (8.84%), Verrucomicrobia (8.66%), Planctomycetes (5.96%), 
Gemmatimonadetes (4.69%), and Chloroflexi (4.51%) were widely distributed among the 
network, accounting for approximately 88.08% of all nodes (Supplementary Fig. S2). The 
majority of co-occurrences also existed between these phyla, especially between (1) 
Bacteroidetes and Bacteroidetes (e.g., Proteiniphilum and Gelidibacter; Gelidibacter and 
Cryomorpha), (2) Bacteroidetes and Proteobacteria (e.g., Flavobacterium and 
Rhodanobacter; Gelidibacter and Lysobacter), (3) Proteobacteria and Proteobacteria (e.g., 
Dokdonella and Rhodanobacter; Rhodanobacter and Nitrospira), and (4) Acidobacteria and 
Proteobacteria (e.g., Candidatus Solibacter and Rhodanobacter; RB41 and Sphingomonas). A 
complete list of co-occurring genera is provided in Supplementary Table S8. 

We noticed some interesting differences in the taxa comprising each module. Although all three 
modules consisted of the dominant phyla (Bacteroidetes, Proteobacteria, Acidobacteria, 
Actinobacteria, and Verrucomicrobia) and co-occurrences between these, each also had unique 
phyla and genera not shared with the other modules (Supplementary Table S9). For example, 
Thaumarchaeota (Archaea) was only found in Module I with correlations between 
Nitrososphaeraceae and Nitrospira (Nitrospirae), and Luteimonas (Proteobacteria). Module 
II had several unique phyla, more than Modules I and II, and included Armatimonadetes, 
Deinococcus-Thermus, FBP, Patescibacteria, and WPS-2. The most notable co-occurrences 
for these phyla were between (1) FBP and Bacteroidetes (e.g., uncultured bacterium with 
Pedobacter/Flavobacterium/Ferruginibacter/Chryseobacterium), (2) FBP and Proteobacteria 
(e.g., uncultured bacterium with Rhodanobacter/Nitrosospira/Mizugakiibacter/Dokdonella), 
(3) Deinococcus-Thermus and Bacteroidetes (e.g., Truepera with 
Gelidibacter/Taibaiella/Proteiniphilum/Lutibacter), and (4) WPS-2 and Proteobacteria (e.g., 
uncultured bacterium with Nitrosospira/Rhodanobacter/Alkanibacter/Mizugakiibacter). 
Finally, Atribacteria and Cyanobacteria were only found in Module III with correlations 
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between (1) uncultured Atribacteria and uncultured Acidobacteria, Bacteroidetes, and 
Opitutus (Verrucomicrobia) and (2) uncultured Cyanobacteria and uncultured Acidobacteria, 
Bacteroidetes, and Rhodanobacter (Proteobacteria). 

Based on centrality scores (betweenness centrality < 0. 12 and degree > 25), the keystone 
species identified included Acidobacteria (Blastocatella, Granulicella, uncultured bacterium), 
Actinobacteria (Nocardioides, Gaiella, Solirubrobacter, and uncultured bacterium), 
Armatimonadetes (uncultured bacterium), Bacteroidetes (Chryseobacterium, Flavobacterium, 
Gelidibacter, uncultured bacterium), Chloroflexi (UTCFX1, uncultured bacterium), FBP 
(uncultured bacterium), Firmicutes (Tissierella), Gemmatimonadetes (Gemmatimonas, 
uncultured bacterium), Nitrospirae (Nitrospira), Planctomycetes (Pirellula, uncultured 
bacterium), Proteobacteria (Alkanibacter, Dokdonella, Rhodanobacter, Sphingomonas, 
Mizugakiibacter, Nitrosospira, GOUTA6, IS-44, uncultured bacterium), and Verrucomicrobia 
(Candidatus Udaeobacter and Candidatus Xiphinematobacter). Out of the 554 ASVs used for 
network construction, only 21 ASVs (3.79%) were identified as strict specialists 
(Ferruginibacter, Flavobacterium, Proteiniphilum, Fluviicola, Rhodovastum, Rhodanobacter, 
Sporosarcina, Truepera, and Gemmatimonas), localized to PUNTA-A sites. The remaining 
ASVs acted as generalists (313/554, 56.49%), opportunists (133/554, 24%), and specialists 
(87/554, 15.70%). It is worth noting that some of the strict specialists served as keystone 
species belonging to FBP (uncultured bacterium), Planctomycetes (uncultured bacterium), and 
Gemmatimonadetes (Gemmatimonas). 

Identification of N metabolism genes 

Using in silico predictions to gain more information about the involvement of Antarctic soils 
in the N cycle, potential functionality from 16S rRNA gene sequences was predicted using 
PICRUSt2 software. Genes related to N2 fixation, nitrification, denitrification, assimilatory 
nitrate reduction (ANR), and dissimilatory nitrate reduction (DNRA) were of particular interest 
(Fig. 7, Supplementary Table S10). For all sites, the mean for weighted NSTI was 0,247 (data 
not shown). The most dominant N pathways across all locations were DNRA (~ 465,673 
copies), ANR (~ 272,066 copies), and denitrification (~ 625,584 copies). Microorganisms 
capable of catalyzing DNRA (Pseudomonas, Clostridium, Bacillus, Erwinia, Geobacter, 
Anaeromyxobacter), ANR, and denitrification (Rhodanobacter, Flavobacterium, Bacillus, 
Nitrospira) were more abundant at the PUNTA-A and PUNTA sites than at the COLL 
locations. Denitrification genes were identified at all sites, with particularly high copy numbers 
for nirK (~ 62,772 average copies) and norB (~ 70,886 average copies), along with abundances 
of Rhodanobacter (~ 30%) at penguin rookery sites (PUNTA-A). Furthermore, a significantly 
lower copy number of nirS genes was observed along the transect compared with nirK genes. 
Taxa identified as nirK-type and nirS-type denitrifiers are summarized in Supplementary Table 
S11. Based on the modeled gene abundances, more N (NO3

⁻-N) could be lost at the penguin 
rookery (possibly as NO, N2O, and/or N2) compared with the other locations. However, N 
(ammonium) could be conserved in soils through DNRA and ANR, leading to more available 
N for nitrification. N2 fixation and nitrification were the least abundant pathways along the 
transect, although with a higher copy number (91 copies at PUNTA-A and ~ 183 copies at bare-
ground COLL sites). Taxa possibly involved in N2 fixation include Bacillus, Clostridium, 
Rhizobium, Bradyrhizobium, and Frankia. 
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Fig. 7. Gene abundances associated with nitrogen metabolism pathways using PICRUST2. We searched the KO database for genes related to N2 fixation 
(KO2588-nifH, KO2586-nifD, KO2591-nifK, KO0531-anfG), nitrification (K10944-pmoA-amoA, K10945-pmoB-amoB, K10946-pmoC-amoC, K10536-hao), 
denitrification (K00370-narG, K00371-narH, K02567-napA, K02568-napB, K00368-nirK, K15864-nirS, K04561-norB, K02305-norC, K00376-nosZ), 
assimilatory nitrate reduction (K00367-narB, K00372-nasA, K00360-nasB, K00366-nirA) and dissimilatory nitrate reduction (K00362-nirB, K00363-nirD, 
K03385-nrfA, K00374-narl-narV, K15876-nrfH). COLL BS1-BS4 bare ground sites far away from penguin colony, PUNTA_A soil below algae Prasiola cf. 
crispa, PUNTA SU soil under the moss Sanionia uncinata, PUNTA PA soil under the moss Polytrichastrum alpinum, PUNTA BS SU bare soil close to the moss 
Sanionia uncinata, PUNTA BS PA bare soil close to the moss Polytrichastrum alpinum 
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Discussion 

Characterization of physicochemical soil variables 

Penguins are recognized as important biotransporters of nutrients, transferring various 
compounds from the sea to the land and increasing nutrient availability in soils (Santamans et 
al. 2017; Guo et al. 2018; Wang et al. 2019; Souza-Kasprzyk et al. 2022). Our data confirm the 
strong effect of this nutrient transfer on soil microbial communities (Table 1, Fig. 2). The 
observed variations in prokaryotic community composition were strongly associated with soil 
physicochemical properties, particularly nitrogen compounds (NH4, NO3, and %N), carbon, 
and pH (Table 1). In addition, our results show that the presence of vegetation at the penguin 
rookery (PUNTA sites) significantly influenced the soil geochemistry compared with the more 
distant COLL sites. The presence of penguin guano likely resulted in higher levels of %N, 
NH4

+-N, and NO3
−-N near the rookery, which in turn influenced the dominance of certain 

bacterial phyla (Fig. 2). Especially, the predominance of the phyla Proteobacteria and 
Bacteroidetes. However, the presence of an association between higher nitrogen levels and the 
dominance of certain bacterial phyla does not imply causation. Therefore, to elucidate the direct 
impacts of specific soil nutrients on microbial community structure, it is necessary to involve 
metatranscriptomic/metabolomic studies to understand the functional capabilities and 
metabolic pathways of the microbial communities in response to nutrient variations. Previous 
studies have also reported the impact of penguin guano on soil nitrogen levels and microbial 
communities (Zhu et al. 2011; Otero et al. 2018; Kim et al. 2012a). It has been shown that high 
nitrogen levels near the rookery may limit biological nitrogen fixation activity in the soil (Pérez 
et al. 2017; Dai et al. 2020). Furthermore, the elevated levels of nitrogen (N) compounds 
observed at the penguin rookery (PUNTA-A, Table 1) in our study align with previous findings 
that have reported similar ammonium and nitrate levels in ornithogenic soils (Tatur 2002; 
Abakumov 2018). Studies conducted in other Antarctic regions, such as the sub-Antarctic 
island of South Georgia, have also demonstrated high levels of N inputs from penguin guano, 
reaching values of 6000 ppm for NH4

+-N and 90 ppm for NO3
⁻-N (Speir and Cowling 1984; 

Vishniac 1993). Therefore, our results further support the notion that penguin colonies 
significantly influence the geochemistry of Antarctic soils but that the effects are more strongly 
localized around colonies than previously thought, in contrast to other reports showing a large 
impact at long distances (Crittenden et al. 2015; Bokhorst et al. 2019). The localized impact in 
this penguin colony could be related to wind speed and/or direction. The predominant and 
prevailing winds from the SW and NE hit the penguin colony area (PUNTA_A site) with little 
force compared with Collado Vapor (COLL sites) due to the local reliefs of the area. In 
addition, the difference in altitude between the two sites, in which the penguin colony is located 
at 55 m above sea level and the Collao Vapor is up to 155 m above sea level, means that the 
penguin colony area and the vegetation are more protected than the vegetation or habitat at 
Collado Vapor. 

Prokaryotic diversity and community composition 

The composition of the prokaryotic communities varied among the sampling locations along 
the transect (Fig. 2), with great heterogeneity among the ASVs between the different sites, i.e., 
bare ground (COLL sites; PUNTA BS-Su, PUNTA BS-PA), moss sites (PUNTA PA, PUNTA 
SA), and algae sites (PUNTA A), given that they share only 0.37% of all ASVs. 
(Supplementary Fig. S1). Areas near the rookery were dominated by Proteobacteria and 
Bacteroidetes, while areas further away were characterized by a higher abundance of 
Acidobacteria, Actinobacteria, Chloroflexi, Gemmatimonadetes, Nitrospirae, and 
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Planctomycetes (Fig. 2). This shift in community composition indicates that penguin guano 
influences the relative abundance of different bacterial phyla in the soil (Figs. 3–5) as well as 
species richness and diversity. This is illustrated by the correlation of N compounds (%N, 
NH4

+-N, and NO3
−) with several phyla and/or genera (Supplementary Table S7) and a strong 

difference in beta diversity between sites with changing soil physicochemical properties. These 
findings are consistent with previous studies that have reported changes in microbial 
composition and abundance in soils influenced by penguin colonies where soils in the 
proximity of penguin colonies possess low bacterial diversity (Aislabie et al. 2009; Kim et al. 
2012a; Wang et al. 2015; Guo et al. 2018; Ramírez-Fernández et al. 2019). Our analysis reveals 
a noteworthy pattern in the soil prokaryotic community composition along the transect, with 
Proteobacteria, Bacteroidetes, and Acidobacteria collectively constituting 57% of the 
community (Fig. 2). These findings are consistent with previous studies conducted in Antarctic 
and sub-Antarctic regions, which have also identified these phyla as major components of soil 
microbial communities (Yergeau et al. 2007; Pointing et al. 2009; Barbosa et al. 2016). Their 
dominant presence underscores their ecological significance in soil microbial dynamics. 
However, a critical observation is that only 0.377% of the ASVs were common across the three 
sites (PUNTA_A, PUNTA, and COLL). This low percentage of shared ASVs challenges the 
notion of a cohesive, generalist set of taxa (i.e., core community) prevailing in these 
environments. Instead, it suggests a high degree of specialization and diversity within the soil 
microbial community, indicating that each site might be adapting to specific micro-
environments and unique ecological roles, compelling us to have a closer look at how 
generalists and specialists are distributed in this environment. 

The notable higher relative abundance in Bacteroidetes at the penguin rookery sites (PUNTA-
A, Fig. 2, Supplementary Fig. S2) suggests that this phylum is directly influenced by the input 
of penguin guano, in line with Barbosa et al. 2016), who investigated the gastrointestinal 
microbial flora of chinstrap penguins and identified Bacteroidetes as one of the dominant taxa 
in their gastrointestinal tracts. The transfer of Bacteroidetes from penguin guano to the 
surrounding soils could have implications for the metabolic activities and potential 
pathogenicity of this phylum in the Antarctic ecosystem. Our co-occurrence network analysis 
provided insights into the interactions among the prokaryotic community members and 
environmental variables (Heino and Grönroos 2013) (Fig. 6, Supplementary Fig. S2). The 
network analysis revealed a highly connected and modular topology, with distinct modules 
corresponding to different sampling locations. Most associations between nodes, especially for 
keystone species, were positive, indicating similar or shared environmental exposures. In 
addition, co-occurrences of soil physicochemical properties with nodes (i.e., Sphingomonas, 
Solirubrobacter, Candidatus Udaeobacter, Gaiella, UTCFX1, Nitrospira, Ferruginibacter, 
Nocardioides, Marmoricola, Blastocatella, Pirellula) were also primarily positive, mainly 
occurring in Module I, which was not surprising given that many of the soil chemical variables 
at the COLL sites were either higher (pH, Mg, Mn, Ca, and Na) or lower (DOC, NO3, N, P) 
than that at the PUNTA and PUNTA-A sites, which may impact correlations. Our results are 
consistent with previous studies (Arunrat et al. 2023; Cao et al. 2023) showing the impact of 
the macro- and micronutrients on prokaryotic communities in various environments, although 
real-world interactions are far more complex and involve higher-order and indirect interactions 
than just “positive and negative” co-occurrences. Nevertheless, our results should be 
interpreted within the context of how environmental factors shape dominant prokaryotic 
communities in penguin rookery soils and possibly predict the impact these factors can have 
on interactions. Of note, the Spearman associations between ASVs and soil chemical variables 
in the network differed slightly from those when using the full ASV dataset. Since the co-
occurrence network was constructed with a subset of the data (i.e., only highly abundant 
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ASVs), associations between the two datasets will likely differ due to association paradox (e.g., 
Simpson’s paradox). 

The keystone species identified in the network analysis included the phyla Acidobacteria, 
Actinobacteria, Bacteroidetes, Chloroflexi, FBP, Firmicutes, Nitrospirae, Planctomycetes, 
Proteobacteria, and Verrucomicrobia, which play important roles in microbial community 
interactions and nutrient cycling processes. Notably, some of the identified keystones such as 
Flavobacteria and Sphingomonas are known to be involved in the degradation of complex 
organic matter while Nitrosospira, Rhodanobacter, and Gemmatimonas are involved in N 
cycling (Martikainen and Nurmiaho-Lassila 1985; Kostka et al. 2012; Asaf et al. 2020; Mujakic 
et al. 2022). The unique soil chemical properties near penguin rookeries likely shape the 
microbial community structure, as observed by the high degree of heterogeneity in the soil 
prokaryotic communities among the different sampling locations, and, thus, keystone species 
responsible for nutrient cycling. Similar observations have been reported in other studies 
investigating microbial communities in Antarctic soils, highlighting the importance of factors 
such as nutrient availability, pH, and vegetation cover (Kassen 2002; Yergeau et al. 2007; 
Chong et al. 2009; Pointing et al. 2009; Brenzinger et al. 2015). However, it is important to 
note that not all environmental data could be tested here and that there is still a considerable 
amount of unexplained variance, suggesting that other environmental factors, such as 
micronutrients and macronutrients, may also contribute to the observed heterogeneity (Fig. 3). 

Functional traits and nutrient cycling potential 

Our functional analysis using PICRUSt2 highlights the potential role of prokaryotic 
communities in Antarctic soil nitrogen cycling, particularly through DNRA, ANR, and 
denitrification pathways (Fig. 7, Supplementary Table S10). These processes are crucial in 
balancing nitrogen in the ecosystem, influencing both retention and loss. Also, our findings 
suggest that dominant members Proteobacteria, Acidobacteria, and Bacteroidetes may play a 
pivotal role in N-cycling, with pH as an important factor determining their abundance. The 
presence of genes linked to the above processes in penguin-influenced soils suggests potential 
nitrogen loss as N2O and N2 gas, emphasizing the importance of these microbial processes in 
Antarctic volcanic soils (Herold et al. 2018). This is particularly significant in the context of 
anticipated nitrogen limitations due to climate change (Rütting et al. 2011) and the expected 
increase in Antarctic plant biodiversity, which will lead to greater nitrogen demand (Hungate 
et al. 2003; Luo et al. 2004; Singh et al. 2018). Furthermore, our findings of potential high 
numbers of nirK-type denitrifiers and nitric oxide reductase (norB) genes in penguin rookery 
sites (PUNTA-A, Supplementary Tables S10 and S11) align with Sterngren et al. (2015), 
suggesting an increased denitrification potential in these soils. This raises concerns about N2O 
emissions, a potent greenhouse gas. Comparative studies, like those by Pointing et al. (2009) 
and Lee et al. (2012), indicate that seabirds and guano significantly shape soil microbial 
communities and nutrient cycling in polar Antarctic systems, highlighting the interplay 
between microbial community composition, functional potential, and environmental factors 
such as geographical location. 

Caveats and future research 

Our study has several limitations that need to be acknowledged. First, environmental variables 
could not be constrained to an ordination space (e.g., redundancy analysis) with the community 
dataset to determine which specific variables drive community change. Alternatively, 
unconstrained ordination was performed as an exploratory method. Therefore, we could only 
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speculate which variables were important in shaping community composition, but it is very 
likely that some of the environmental factors, such as the macro- and micronutrients, could 
have had a larger effect on the prokaryotic communities than anticipated, which might be tested 
in future studies. Second, although Spearman correlations were useful to indicate a relationship 
between environmental factors and alpha diversity indices and taxa, it should be noted that our 
correlations are impaired due to a lack of replication for the matching soil components to each 
observation as composite values were used to represent the soil matrix at a specific site. This 
issue highlights the need for more spatially diverse soil observations matching the data density 
of the microbial data due to the high variability in the system to which the microbes seem to 
react. Third, due to COVID-19 restrictions during this study, quantitative PCR could not be 
performed to validate the PICRUST results and to determine copy numbers of genes involved 
in the nitrogen cycle. Thus, PICRUST data should be interpreted with caution as this is not an 
accurate representation of functionality. Finally, although it has been shown that the impact of 
penguin guano on Antarctic terrestrial biodiversity may extend beyond the immediate vicinity 
of the rookery due to the transport of guano by wind, water, or other organisms (Crittenden et 
al. 2015; Zwolicki et al. 2015; Bokhorst et al. 2019), we found that the impact of nutrients on 
soil prokaryotic communities in this area of Deception Island is limited and may have not 
broader spatial implications in the Antarctic ecosystem as has been shown before. Future 
studies should investigate the extent of this influence and its potential long-term effects on soil 
microbial processes in Antarctica, filling some of the gaps in our understanding of the structure, 
role, and functioning of microbial communities in one of Earth’s most extreme environments 
(Lambrechts et al. 2019). 

Preserving the integrity of Antarctic ecosystems requires a comprehensive understanding of 
the ecological interactions and processes that underpin their functioning. It is worth noting that 
this study focused specifically on the prokaryotic community in Antarctic soil. However, the 
Antarctic ecosystem is home to a diverse array of organisms, including fungi, algae, and other 
microbial eukaryotes, as well as plants, which also play important roles in nutrient cycling and 
ecosystem functioning. Future research should aim to further explore the metabolic activities 
of these organisms, investigate the interactions between microorganisms and plants, and 
elucidate the mechanisms governing prokaryotic community assembly in Antarctic volcanic 
soils. By advancing our understanding of microbial responses to environmental changes and 
their roles in nutrient cycling, such studies contribute to a broader knowledge of ecosystem 
functioning and resilience in Antarctica and beyond. Such knowledge can inform conservation 
strategies and management practices aimed at protecting Antarctic biodiversity and 
maintaining the ecological balance of this unique and fragile environment. 

Conclusions 

The aim of this study was to investigate the effects of penguin guano deposition on the 
Antarctic soil prokaryotic community and its potential functions. Our findings demonstrate that 
penguin guano deposition has significant effects on (1) the soil physicochemical properties at 
the different locations and that the penguin rookery site had higher %N, NH4

+-N, and NO3
−-N 

levels compared with the other sites, (2) the soil prokaryotic community and diversity as shown 
by the high heterogeneity among communities and different sampling locations (particularly 
between the penguin rookery and the more distant sites), and (3) the potential N cycling 
functions of the prokaryotic communities. These findings contribute to our understanding of 
the intricate relationships between penguins, soil microorganisms, and potential nutrient-
cycling processes in the Antarctic terrestrial environment. 
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